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Resumen

En la conservacion del parque de edificios e infraestructuras, en particular las que constituyen
el Patrimonio histérico artistico, es primordial paliar los efectos derivados de la colonizacion
biolégica, pues ésta supone no sélo un problema estético sino que puede originar alteraciones
fisicas, quimicas y mineralégicas de los materiales que repercuten en una pérdida del valor de
la obra. Puesto que la colonizacién biolégica y la formacién de biofilms es inevitable, ya que es
consecuencia de la interaccion de la propia edificaciéon con el medio ambiente, una deteccion
precoz de esta colonizacioén, y en su caso, el conocimiento de la fase de desarrollo en la que se
encuentra, supondria una gran ventaja en la gestién del mantenimiento y rehabilitacion de las
construcciones, puesto que permitiria atajar el problema desde sus fases iniciales, incluso
antes de que dicha colonizaciéon pueda ser apreciada visualmente. Ademas, en el caso de
edificaciones con abundante colonizacién, supondria una herramienta muy util en el control de
la eficacia de los tratamientos empleados para su eliminacion y en la deteccion de la

recolonizacion.

Por lo tanto, esta tesis doctoral tiene por objeto el desarrollo e implementacion de una nueva
metodologia de deteccion precoz de la formacién de biofilms sobre rocas graniticas basada en
la medida de su color. Este nuevo método cumple una serie de requisitos indispensables para
su aplicacion en los bienes del Patrimonio: es no-destructivo, lo que permite subsiguientes
analisis sobre una misma muestra, de aplicacion on site, evitando asi la toma de muestra,
permite obtener resultados al momento, es barato y faciimente aplicable, de forma que
cualquier operario no especializado con un minimo de adiestramiento puede realizar las

medidas.

La hipétesis de partida que llevé al planteamiento de esta tesis es la idea de que la
colonizacion bioldgica que soportan las edificaciones puede ser cuantificada determinando el
color que generan los organismos que se instalan sobre sus superficies. Esta hipotesis esta
avalada por trabajos previos en los que por un lado se puso de manifiesto la existencia de una
relacidn directa entre la cantidad y el estado fisioldgico de organismos fototréficos presentes y
el cambio de color que generan al depositarse sobre una superficie (Prieto et al., 2002; Espafa
Patente No. P200002956, 2000), y por otro, al comparar diferentes métodos de cuantificaciéon

de biomasa fototréfica sobre rocas, se corrobord que existe una buena correlacion entre los
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resultados obtenidos con los métodos considerados como los mas adecuados (basados en la
cuantificacion de la clorofila-a) y aquéllos obtenidos a partir de la cuantificaciéon del color (Prieto
et al., 2004).

El campo de investigacion del proyecto de tesis se acotdé a los organismos pioneros en la
colonizaciéon de sustratos rocosos, en concreto a las cianobacterias por tratarse de los
principales constituyentes de los denominados “verdines” o biofilms fototréficos, asi como a las
rocas graniticas, por constituir un caso complejo en lo que a la determinacién de su color se
refiere al poseer un color espacialmente heterogéneo formado por las diferentes tonalidades de
sus minerales. Para alcanzar el objetivo principal se abrieron tres lineas de actuacion

diferentes:

12. Desarrollo de la metodologia de medida y caracterizacion del color de las rocas graniticas
(Prieto et al., 2010a; Sanmartin et al., 2011a).

22 Desarrollo de la metodologia de medida y caracterizaciéon del color de las cianobacterias
(Prieto et al., 2010b; Sanmartin et al., 2010a, 2011b).

32, Interaccidon superficies graniticas-cianobacterias: deteccion y cuantificacion de los

organismos sobre las construcciones (Fernandez-Silva et al., 2011; Sanmartin et al., 2012).

Estas tres lineas acabaron convergiendo en una 42 linea que investiga la aplicacion practica de
la medida del color a otros sustratos inorganicos naturales de interés en el ambito de los
estudios medioambientales aplicados al Patrimonio natural y cultural, como son el estudio del
color en rocas pizarrosas y su importancia como criterio de sustitucién en trabajos de
restauracion (Sanmartin et al., 2010b; Prieto et al., 2011), la caracterizacion del color en suelos
quemados como indicador de la intensidad de un incendio (Sanmartin et al., 2010c) y la medida
del color en sedimentos de rio para estimar su contenido en fitopigmentos (Sanmartin et al.,
2011c).

12. Desarrollo de la metodologia de medida y caracterizacion del color de las rocas

graniticas

A la primera linea de trabajo de tesis pertenece el Capitulo 1 que recoge el desarrollo de un
protocolo de medida para el estudio del color de las rocas graniticas ornamentales (Prieto et
al., 2010a). En este trabajo se determind por primera vez el area minima de medida y el
numero de medidas minimo necesario para caracterizar objetivamente el color de este tipo de
rocas. Para ello se emplearon dos instrumentos de medida del color por reflexion, un
espectrofotometro y un colorimetro, y las medidas de color se analizaron considerando el
espacio de color CIELAB teniendo en cuenta el grupo de coordenadas escalares (L*a*b*). Tres
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fueron los factores de variacion considerados en el estudio: el tipo de roca (color y textura), el
acabado superficial (pulido, apomazado, aserrado y flameado) y el cabezal de medida
(aberturas circulares de 5, 8, 10 y 50 mm de diametro). Los resultados obtenidos indican que
aunque todos los factores considerados afectan al area de medida minima y al nimero de
medidas minimo necesarios, si se trabaja con el numero de medidas y area para cada uno de
los cabezales de medida recomendados a partir de este estudio, las variaciones de color

obtenidas con los distintos cabezales podran ser obviadas.

Uno de los aspectos mas relevantes de esta investigacion es que aporta una metodologia de
estudio para la determinacion de las condiciones de medida de color en superficies
heterogéneas con diferentes texturas, que puede ser empleada en distintos materiales. Asi, fue
utilizada con éxito en rocas pizarrosas (Prieto et al., 2011) y en la 22 linea de investigacion de
este proyecto de tesis que trata la metodologia de medida y caracterizacién del color de las

cianobacterias.

Teniendo en cuenta que todas las rocas ornamentales puestas en obra presentan un acabado
superficial, en el Capitulo 2 se estudié la influencia del tipo de acabado comercial en el color,
brillo y rugosidad de las rocas graniticas ornamentales y la relaciéon existente entre estos tres
parametros estéticos (Sanmartin et al., 2011a). Los resultados demostraron que los diferentes
acabados sobre una misma roca (pulido, apomazado, aserrado y flameado) dan lugar a
cambios casi siempre perceptibles en su color, en especial en su claridad (L*), y que la
magnitud de tales cambios depende del color de la roca, siendo mayor en las mas oscuras. Sin
embargo, la variacién de los parametros de color (L*a*b*C*,,h,,) con los diferentes acabados
superficiales no depende de la rugosidad y no se pudo extraer ninguna conclusion en relacion a
la influencia de la rugosidad en el color de los granitos ornamentales. Se puso de manifiesto
que el brillo esta afectado por el color de las rocas, pero de forma diferente para acabados
pulidos y rugosos, y que, la variacion en el brillo también depende de la composicion mineral de
la roca. Ademas, brillo y rugosidad estan inversamente relacionados, pero sélo dentro del

rango de los valores bajos de rugosidad.

En este Capitulo 2 también se analiz6 la influencia de la inclusion o exclusion del componente
especular en el modo de medida. Se comprobd que trabajar con el componente especular
excluido (modo SCE) magnifica las diferencias en el color producidas por los distintos
acabados superficiales, por lo que cuando se trata de analizar diferencias es preferible este

modo en lugar del modo con componente especular incluido (modo SCI).

Los resultados obtenidos en este estudio permitieron ademas definir la zona tridimensional
dentro del espacio de color CIELAB que incluye el color de los granitos ornamentales

estudiados, que sera de gran utilidad cuando se emplea el criterio estético para la seleccion

—-11 -
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de una roca ornamental y también en la calibracion y puesta a punto de camaras digitales

para su uso como colorimetros en el Patrimonio.

22 Desarrollo de la metodologia de medida y caracterizacion del color de Ilas

cianobacterias

Siguiendo la metodologia de estudio desarrollada para la caracterizacion del color de
superficies heterogéneas (Capitulo 1), en la segunda linea de trabajo de tesis se establecié un

método de medida del color de biopeliculas (biofilms) sobre superficies sélidas (Capitulo 3).

Para ello se empled un cultivo mixto de tres cianobacterias formadoras de biofilms sobre rocas
graniticas, Nostoc sp. PCC 9104, Nostoc sp. PCC 9025 y Scytonema sp. CCC 9801, del que se
depositaron diferentes volimenes sobre filtros de celulosa blancos, simulando asi la
composicién y caracteristicas de un biofilm. El color del &rea cubierta por los microorganismos
fue entonces medido, al igual que en el Capitulo 1, con dos instrumentos de medida del color
por reflexion, un espectrofotometro y un colorimetro, y las medidas se analizaron considerando
el espacio de color CIELAB y el grupo de coordenadas escalares (L*a*b*) con el objeto de
analizar el efecto del grado de cobertura de los organismos y de su contenido en humedad en

la medida de su color.

Los resultados obtenidos pusieron de manifiesto que el nimero minimo de medidas necesario
para caracterizar el color del biofilm aumenta con el incremento de la heterogeneidad del
color de la superficie, que el contenido en humedad provoca cambios en los valores de
claridad (L*) y que, como era de esperar, el tamafo del cabezal de medida influye en el
numero de medidas necesario, que decrece al aumentar éste. Tomando todas las
consideraciones en conjunto se propone, realizar 10 medidas/9,62 cm? con cualquier tamafo
de cabezal, en una superficie, a poder ser completamente cubierta por la pelicula de

microorganismos y con un contenido en humedad superior al 50%.

En el Capitulo 4 se llevd a cabo un estudio de la relacion del color de las cianobacterias con
la composicién y/o abundancia de los pigmentos fotosintéticos y de la influencia de los
parametros medioambientales (luz y nutrientes) en el color de las cianobacterias formadoras
de biofilms (Sanmartin et al., 2010a). Para tal fin, se seleccionaron dos cepas de
cianobacterias formadoras de biofilms sobre rocas graniticas, Nostoc sp. PCC 9104 y Nostoc
sp. PCC 9025. Ambas cepas fueron aclimatadas en fotobiorreactores tubulares de cultivos
aireados en discontinuo (batch) durante dos semanas, con dos intensidades de luz distintas
(alta, 170 y baja, 65 umol fotén m? s™), empleando tres medios de cultivo diferentes: con
nitrato (BG-11), sin nitrato (BG-11y), y, sin nitrato y con baja concentracion de nutrientes (BG-
110/10). El contenido en pigmentos (clorofila-a, ficobiliproteinas ficocianinas y carotenoides

totales) fue medido a lo largo de todo el experimento junto con el color de las cianobacterias,
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que fue representado en el espacio de color CIELAB teniendo en cuenta el grupo de

coordenadas escalares (L*a*b*) y el grupo de coordenadas cilindricas o polares (L*C*,phap).

Los resultados confirmaron que los parametros de color CIELAB estan estrechamente
correlacionados con el contenido en pigmentos, de manera que las variaciones de estos
ultimos se encuentran reflejadas en las variaciones de color siendo sin embargo no todos los
parametros de color CIELAB igualmente sensibles a los cambios en la concentracién de
pigmentos. Asi, L* es el parametro de color CIELAB mas informativo, seguido de a*.
Asimismo, h,, se reveld como el parametro que guarda mas relaciéon con la apariencia de los

cultivos.

Este estudio supuso ademas una primera aproximacion a la definicién de la gama de color de
las cianobacterias, lo cual constituye una informacion esencial para el desarrollo de cualquier
metodologia de monitorizacién del crecimiento de este tipo de microorganismos, ya que limita
el campo de estudio desde el punto de vista de la colorimetria aplicada. Por primera vez, se
establecieron valores objetivos de color de diferentes cepas cianobacterianas creciendo en

diferentes condiciones de luz y nutrientes.

Dentro de la segunda linea de trabajo de tesis, el Capitulo 5 recoge la caracterizacion del
color de las cianobacterias para el analisis de su estado fisiologico después de un tratamiento
biocida (Sanmartin et al., 2011b). La eficacia de un biocida en la eliminacion de
microorganismos fototréficos puede ser probada cuantificando la degradacion de su
contenido en clorofila. Cuando la clorofila se degrada, se transforma en alguno de los
pigmentos de degradacion o feopigmentos y la relacidon entre éstos y la clorofila se puede

establecer mediante los indices o cocientes de feofitinizacion: Ayssis1s Y Asssiessa-

En este Capitulo 5 se demuestra la validez de las medidas de color representadas en el
espacio de color CIELAB para el control de la eficacia de un biocida quimico, comercial y
ampliamente extendido en el campo de la restauracién y conservacion del Patrimonio cultural
pétreo, Biotin T®, sobre una cepa cianobacteriana (Nostoc sp. PCC 9104) en sus dos modos

de crecimiento: forma planctoénica y biofilm.

Ambos indices de feofitinizacion (Asssia1s Y Aeesieesa) resultaron validos para estimar la
degradacion de la clorofila-a en la cepa estudiada. A su vez, los parametros de color CIELAB
se correlacionaron con ambos indices, lo que confirma que se puede conocer la actividad del
biocida y el estado fisioldgico del organismo a través de la caracterizacion de su color. Dentro
de los parametros de color CIELAB, L* resulté el mas informativo ya que se correlaciond con
ambos indices de feofitinizacién en los dos modos de crecimiento (forma planctéonica y
biofilm), le siguieron a* y C*,,, que se correlacionaron con Aggsessa €N ambos modos de

crecimiento.
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32, Interaccién superficies graniticas-cianobacterias: deteccion y cuantificacion de los

organismos sobre las construcciones

En las dos primeras lineas de trabajo se trataron los aspectos colorimétricos de las rocas
graniticas y las cianobacterias por separado, trabajando siempre en condiciones de laboratorio.
Sin embargo, para cubrir el objetivo principal del proyecto de tesis es necesario probar la
metodologia desarrollada en casos reales de colonizacién biolégica sobre superficies
graniticas. Para tal fin, y de forma previa al estudio de la deteccién y monitorizaciéon del
crecimiento de biofilms sobre fachadas graniticas empleando la medida del color, fue necesario

resolver ciertos problemas metodolégicos en el estudio de la interaccion roca-microorganismos.

Aunque la cuantificacion de la clorofila-a es el método de referencia por excelencia para la
cuantificacion de biomasa fototréfica, cuando se trata de estimar la cantidad de clorofila-a
presente en un material pétreo colonizado, este método presenta algunos problemas ya que la
extraccion de este pigmento de la roca da lugar a una subestimacién en la medida, tal como
apuntaban Prieto et al. (2004). Estos autores advertian sobre la necesidad de optimizar el
método de extraccion de la clorofila-a en sustratos rocosos y sefialaban que su recuperacion
no era completa debido a que la propia roca dificultaba la extraccion, resultando el limite de
deteccion de este pigmento demasiado alto para la cuantificacion de la colonizacién temprana.
La investigacion en la mejora del método de extraccién de la clorofila-a de biofilms fototréficos
sobre sustratos pétreos (Capitulo 6) fue necesaria para poder comparar este método con el

método basado en la medida del color puesto a punto en esta tesis.

Con este objetivo, se llevé a cabo una optimizacion del método de extraccion de clorofila-a
sobre roca granitica usando el método de superficie de respuesta de un disefio factorial
incompleto de 3° orden, que predice las condiciones experimentales 6ptimas para la maxima

extraccion de clorofila-a (Fernandez-Silva et al., 2011).

Se evaluaron tres pretratamientos mecanicos para determinar el mejor procedimiento en la
extraccion de clorofila-a con dimetil sulféoxido (empleado como solvente) en bloques de
granito inoculados con un cultivo mixto de tres cepas cianobacterianas que forman biofilms
sobre rocas graniticas, Nostoc sp. PCC 9104, Nostoc sp. PCC 9025 y Scytonema sp. CCC
9801. Dos de ellos, A y B, incluian la trituracion de la probeta de granito seguida, en el caso
del pretratamiento B de una sonicaciéon de los fragmentos de roca y extraccidon en bafio de
ultrasonidos. En el tercer pretratamiento, C, se sustituia la trituracion de la probeta por la
aplicacion de una sonda de ultrasonidos (sonicador) al extractante que bafa los bloques

enteros.

Para cada pretratamiento se utilizé un disefio de Box-Behnken para 3 factores experimentales
o variables de optimizacion: (1) relacién volumen de extractante/volumen de muestra, (2)

temperatura durante la extraccion y (3) tiempo de extraccion, siendo la clorofila-a extraida la
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Resumen

variable dependiente o de respuesta. Tras la incubacién en DMSO con las correspondientes
condiciones experimentales, se determind la concentracion de clorofila-a por

espectrofotometria UV-Vis.

El analisis de los resultados determiné que: (i) la aplicacién de ultrasonidos mejora la
extraccion de clorofila-a de los biofilms desarrollados sobre sustratos rocosos; (i) la precision
de la medida usando el método de espectrofotometria UV-Vis para el calculo de la
concentracion de clorofila-a disminuye cuando las muestras estan altamente diluidas, por lo
que son mas convenientes los métodos que requieren un menor volumen de extractante, vy,
(iii) la temperatura de extraccion es el factor experimental mas importante (comparado con los
otros dos analizados) en la extraccion de clorofila-a de los biofilms desarrollados sobre
sustratos rocosos. Con todo ello se propone un método que implica la aplicacién de
ultrasonidos directamente a la muestra intacta sin necesidad de triturarla (con lo que el
método de extraccion de clorofila-a deja de ser un método destructivo y pasa a ser un método
meramente invasivo) seguido de una incubacion en 0,43 ml de DMSO/cm® de muestra, a
63°C durante 40 minutos. Esta mejora fue empleada en un experimento de confirmacion en el
que se consiguio la recuperacion del 90% de la cantidad real (i.e. inoculada) de clorofila-a, un
incremento sustancial frente al 68% que era el maximo de recuperacion en trabajos

anteriores.

El Capitulo 7 se centra en la detecciéon y monitorizacion del crecimiento de biofilms fototréficos
y epiliticos en la fachada de granito de un edificio (Sanmartin et al., 2012). Se trata de un caso
real orientado a la conservacién preventiva, que proporciona una base para el establecimiento
de criterios de deteccién precoz del verdin y monitorizacién de su desarrollo en los edificios
graniticos, utilizando las variaciones de color registradas mediante un espectrofotémetro portatil
y representadas en el espacio de color CIELAB teniendo en cuenta el grupo de coordenadas

escalares (L*a*b*).

Con este trabajo se establecen por primera vez los limites de percepcion del enverdecimiento
(greening) sobre una superficie de granito en términos de incremento de los parametros de
color CIELAB L* (AL*), a* (Aa*) y b* (Ab*), cantidad de organismos (en peso seco) y cantidad
de clorofila-a extraida. Asimismo, se analiza la evolucion de los valores de L*, a* y b* en un
caso real de limpieza y recolonizacion natural de una fachada granitica, con el objetivo de
determinar qué parametro/s CIELAB refleja/n mejor el comienzo del enverdecimiento. Los
resultados indican que es el parametro b* (que define el componente amarillo-azul de un color)
el que proporciona mayor informacién, ya que es el que detecta la colonizacién mas temprana
y el que varia en mayor magnitud con el tiempo por lo que condiciona en mayor medida el
cambio de color total (AE*.,, AE*s, = [(AL*)? + (Aa*)? + (Ab*)*]"2).
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Ademas, los resultados expuestos en este Capitulo 7 presentan utilidad practica en la gestién y
mantenimiento de edificaciones con problemas de biodeterioro, al permitir detectar la
colonizacion cuando ésta es aun imperceptible al ojo humano e incluir indicaciones
relacionadas con el momento de limpieza y aplicacion de tratamientos para detener o revertir la

colonizacion fototrofica en las fachadas.

42, Aplicacion practica de la medida del color a otros sustratos inorgdanicos naturales:

rocas pizarrosas, suelos y sedimentos

La metodologia planteada en el Capitulo 1 para el analisis de los factores instrumentales y de
superficie que afectan a la determinacion del color de cualquier tipo de material heterogéneo en
color y textura, fue empleada para el estudio del color de rocas pizarrosas en el Capitulo 8.
Partiendo de la premisa de que los criterios para la seleccidén de rocas para reemplazar las
existentes en edificios histéricos deben estar basados en parametros geoldgicos, geotécnicos y
estéticos, entre los cuales se encuentra el color, en el Capitulo 8 se realizé un exhaustivo y util
estudio colorimétrico de las pizarras de techar de la Peninsula Ibérica (Prieto et al., 2011). Asi,
se determiné el color de cincuenta variedades comerciales de pizarra de techar, extraidas de
doce distritos mineros repartidos entre Espafia y Portugal, con un espectrofotometro portatil,
considerando el espacio de color CIELAB y teniendo en cuenta el grupo de coordenadas

escalares (L*a*b*) y el grupo de coordenadas cilindricas o polares (L*C*sphap).

El analisis de las condiciones de medida indicé que para la determinacion del color de este tipo
de rocas, el nimero de medidas minimo necesario es sustancialmente menor que en las rocas
graniticas (Sanmartin et al., 2010b) lo cual es, sin duda, debido a la mayor homogeneidad de
color y textura de las rocas pizarrosas con respecto a las graniticas. Asimismo, se definio la
zona tridimensional del espacio de color CIELAB en la que se encuadran las pizarras de techar
de la Peninsula Ibérica. La delimitacion de esta zona ofrece las mismas aplicaciones practicas

que las sefaladas en el Capitulo 2 para las rocas graniticas ornamentales.

Por su parte, el tono angular (h,,) resulté el parametro de color CIELAB mas util en cuanto a
la formacién de grupos de pizarras para cubierta colorimétricamente similares y el
componente especular excluido (SCE) es el modo mas sensible para detectar diferencias de

color (AE*,) entre dos variedades de pizarra.

Ademas, se establecieron las similitudes y diferencias en el color y la microestructura de las
diferentes variedades comerciales, asi como el grado de aceptacion para la sustitucién de un
tipo de pizarra por otra. Asi, cinco variedades de pizarra pueden reemplazar a y ser
reemplazadas por practicamente el resto de las cincuenta variedades y una unica variedad no

puede reemplazar ni ser reemplazada por ninguna otra pizarra.
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Resumen

El Capitulo 9 se planteé como una primera aproximacion al estudio de la relacion existente
entre el color que un suelo adquiere tras un incendio y la temperatura que alcanza, con el fin de
valorar el uso del color del suelo como indicador de la intensidad de un incendio (Sanmartin et
al., 2010c). A pesar de que han sido muchos los casos en los que se han descrito variaciones
apreciables en el color del suelo tras un incendio (como el ennegrecimiento debido a
carbonizacion parcial o total de la materia organica y el enrojecimiento debido a la
deshidratacion de los 6xidos de hierro), la variacion de los parametros de color y su relacion
con la intensidad del fuego no habian sido hasta ahora determinados en el contexto de los
suelos gallegos. Por este motivo, en este estudio se realizé una quema controlada en el
laboratorio de muestras inalteradas del horizonte superficial de un regosol umbrico empleando
lamparas de infrarrojos para alcanzar temperaturas de 200°C y 400°C a 1 cm de la superficie.
Sobre la superficie de cada una de las muestras quemadas y de las muestras sin quemar (que
fueron empleadas como control) se determind el color en 220 puntos con un colorimetro
portatil, considerando los espacios de color CIELAB y Munsell. Los resultados obtenidos
mostraron un descenso de la claridad en las muestras quemadas con respecto a las sin
quemar, reflejado en los valores de Value Munsell y L* CIELAB, asi como un descenso del
croma, marcado por el Chroma Munsell y C*,, CIELAB, probablemente debidos a la
carbonizacion de la materia organica. Ademas, se produjo un empardecimiento-enrojecimiento
del suelo reflejado en los valores de Hue Munsell, el descenso de h,, CIELAB, el aumento de a*
CIELAB y el descenso de b* CIELAB, que debe atribuirse simplemente a la desaparicion de los
componentes organicos del suelo que enmascaraban el color de los componentes inorganicos

coloreados, principalmente 6xidos de hierro.

La comparacioén entre los valores de los suelos quemados a 200°C y a 400°C, temperaturas
que se corresponden con incendios de intensidad ligera y moderada respectivamente, muestra
que los unicos parametros que establecen diferencias significativas son aquellos que se
refieren al Hue Munsell y hav CIELAB. En este caso, las diferencias pueden ser asignadas
principalmente a variaciones en el estado de deshidratacion de los compuestos de hierro como
el cambio de goethita, de un color anaranjado, a hematite, de color rojo sangre. Esto parece
indicar que sera el tono el parametro a tener en cuenta en el uso del color como indicador de la

intensidad de incendios en suelos de Galicia.

Para finalizar esta cuarta linea orientada a la aplicacién practica de la medida del color a otros
sustratos inorganicos naturales y concluir asi el trabajo de tesis, el ultimo capitulo presenta el
uso de las medidas de color en la estimacion de los fitopigmentos contenidos en sedimentos de

rio.

La cuantificacion de fitopigmentos en los sedimentos de rio recibe la atencién de los
especialistas porque proporciona informacidon sobre el efecto sinérgico que provocan los

nutrientes, en especial nitrégeno y fésforo, en el crecimiento de las algas y por tanto sobre la
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eutrofizacion del rio, un descriptor valido del estado tréfico y de la calidad de las aguas vy
sedimentos. El desarrollo de una metodologia no-destructiva, rapida, sencilla y econémica para
la cuantificacion del contenido de fitopigmentos en los sedimentos de rio, evitando la extraccion
y analisis quimico de los mismos, seria de gran utilidad en este campo. El Capitulo 10 muestra
la validez de las medidas de color realizadas con un espectrofotometro portatil y representadas
en el espacio de color CIELAB en la estimacion precisa de los fitopigmentos en sedimentos de

rio (Sanmartin et al., 2011c).

Se recogieron muestras de sedimentos con cilindros metalicos en tres zonas de baja
pendiente, favorables para la deposiciéon de sedimentos, a lo largo del cauce del rio Anliéns
(Galicia). En ellas se realizaron mediciones de color representadas en el espacio de color
CIELAB teniendo en cuenta el grupo de coordenadas escalares (L*a*b*) y el grupo de
coordenadas cilindricas o polares (L*C*;5hap), para posteriormente extraer con dimetil sulféoxido
y cuantificar por espectrofotometria UV-Vis su contenido en fitopigmentos (clorofila-a, clorofila-

b, feopigmentos y carotenoides totales).

Los resultados mostraron que los parametros de color CIELAB se correlacionaban
significativamente con el contenido en fitopigmentos permitiendo el desarrollo de ecuaciones de
prediccidon para el contenido en clorofila-a, clorofila-b, carotenoides totales y contenido total en
fitopigmentos a partir del parametro a* y el parametro C*,,. El mejor ajuste se alcanzé en la
prediccion de clorofila-a (Chl-a): Chl-a = 46,4 — 70,6 logio(a*) y Chl-a = —15,7 + 238,1 (1/C*,)

con un valor ajustado de R? de 0,84.
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Summary

In the conservation of buildings and structures, particularly those of historical and artistic
importance, it is essential to mitigate the effects of biological colonization, since this supposes
not only an aesthetic problem, but can also cause mineralogical, chemical and physical damage
to the materials, with the consequent loss of value. Biological colonization and biofilm formation
are unavoidable because they occur as a result of interactions between the building material
and the environment. However, early detection of biological colonization, and better knowledge
of the developmental stage would suppose a great advantage as regards management of the
maintenance and rehabilitation of the buildings, as this would tackle the problem at the first
stages, even before the colonization could be assessed visually. Moreover, in the case of
heavily colonized structures, early detection would be extremely useful for monitoring the
efficacy of the treatments used to eliminate microorganisms and for detecting any

recolonization.

Therefore, the overall aim of this doctoral research project was to develop and implement a
novel methodology for the early detection of biofilm formation on granite stone in buildings and
monuments, based on color measurements. This novel method satisfies various requirements
that validate its application to heritage structures: it is non-destructive (allowing further analysis
on single samples); it can be applied on site (avoiding sampling and allowing results to be
obtained immediately); it is relatively inexpensive and easily applied, so that any unskilled

operator with minimal training can perform the measurements.

The hypothesis that led to the approach used in this project is based on the idea that biological
colonization on structures can be quantified by determining the color generated by the
microorganisms involved. This hypothesis is supported by the findings of previous studies. One
of these studies demonstrated the existence of a direct relationship between the quantity and
physiological state of phototrophic organisms and the color change generated when they are
deposited on a surface (Prieto et al., 2002; Spain Patent No. P200002956, 2000). Another
study, which compared different methods of quantifying the phototrophic biomass on rocky
substrates, revealed a close correlation between the results obtained with the most appropriate
methods (i.e. those based on the quantification of chlorophyll-a) and those results obtained from

the color quantification (Prieto et al., 2004).
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The present research focused on the pioneering microorganisms in the colonization of rocky
substrates, specifically cyanobacteria, because these are the main constituents of the
phototrophic biofilms that form on building fagades. The study specifically evaluated biological
colonization on granite stonework, which is a complex case because of the spatially
heterogeneous color formed by the different colors of the constituent minerals. Three different

aspects were considered in order to achieve the overall aim of the study:

1. Fine-tuning of the methodology for measuring and characterizing the color of granite surfaces
(Prieto et al., 2010a; Sanmartin et al., 2011a).

2. Fine-tuning of the methodology for measuring and characterizing the color of cyanobacteria
(Prieto et al., 2010b; Sanmartin et al., 2010a, 2011b).

3. Interactions between granite surfaces and cyanobacteria: detection and quantification of
microorganisms colonizing the surface of buildings and monuments (Fernandez-Silva et al.,
2011; Sanmartin et al., 2012).

These three lines eventually converged in a 4" line of research that addressed the practical
application of color measurement in other natural inorganic substrates of interest in the field of
environmental studies. Some examples of practical applications include color characterization of
roofing slates as a decision-making tool for restoration work (Sanmartin et al., 2010b; Prieto et
al., 2011), color characterization of burned soils as an indicator of fire intensity (Sanmartin et al.,
2010c) and color measurements in riverbed sediments as an indicator of phytopigment content
(Sanmartin et al., 2011c).

1. Fine-tuning of the methodology for measuring and characterizing the color of granite

surfaces

The first research line (Chapter 1) involves the fine-tuning of a measurement protocol for the
color characterization of ornamental granite, originally developed by Prieto et al. (2010a). The
aim of this study was to determine the minimum area and the minimum number of
measurements required for objective characterization of the color of granite rocks. A
spectrophotometer and a tristimulus colorimeter were used to measure the color of granite
samples, and the reflectance measurements were analyzed with the CIELAB color parameters,
using Cartesian (L*a*b*) coordinates. Three parameters were considered as variable factors:
the type of rock (color and texture), the surface finish (polished, honed, sawn, and flamed), and
the target area of the measurement head (circular apertures of diameter 5, 8, 10, and 50 mm).
The results revealed that, although all of the factors considered affected the minimal area and
the number of measurements required, the different circular apertures of both instruments can

be disregarded if the number of measurements and area recommended in this study are used.
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Summary

One of the most important findings of this research is that it provides a methodology for
determining the conditions for color measurements on heterogeneous surfaces of different
textures, and can be used in different materials. The methodology was successfully used with
roofing slates (Prieto et al., 2011) and in the 2" research line in this doctoral research project, in
which the methodology for measuring and characterizing the color of cyanobacteria was fine-

tuned.

All ornamental stone in built structures has a certain type of surface finish, and Chapter 2
reports how the effects of the type of commercial finish on the color, gloss and roughness of
ornamental granite were studied and a relationship between these three aesthetic parameters
was established (Sanmartin et al., 2011a). The results demonstrated that different surface
finishes (polished, honed, sawn, and flamed or bush hammered) almost always produce notable
differences in color, especially in the lightness parameter (L*); the magnitude of these
differences depends on the color of the ornamental granite and is greatest in dark colored
rocks. However, the variation in the color parameters (L*a*b*C*,,h,,) with the different surface
finishes did not depend on roughness, and no general conclusions could be drawn regarding
the influence of the roughness on the color of ornamental granite. Gloss values were affected
by the color, but in a different way for smooth and rough surfaces. Variations in gloss also
depended on the mineral composition of the rock. Gloss and roughness were inversely related,

but only within the range of low roughness values.

The influence of the inclusion or exclusion of the specular component in the measurement
mode is also discussed in Chapter 2. It was found that exclusion of the specular component
(SCE mode) magnifies the differences in color produced by the different surface finishes, so

that this mode is preferred over the specular component included (SCI) mode.

The results obtained also enable identification of the three-dimensional color area of the
CIELAB space in which the color of the ornamental granites under study is defined. The
information obtained in this study should be taken into account when aesthetic criteria are used
to select ornamental granites for building and construction materials, and also to characterize

digital cameras for use as colorimeters in studies of cultural heritage monuments.

2. Fine-tuning of the methodology for measuring and characterizing the color of

cyanobacteria

Following the methodology developed for measuring color in heterogeneous surfaces (Chapter
1), the second research line in this doctoral research project established a methodology for

measuring the color of biofilms on solid surfaces (Chapter 3).

For this purpose, samples of a mixed culture of three types of cyanobacteria, Nostoc sp. PCC
9104, Nostoc sp. PCC 9025 and Scytonema sp. CCC 9801, which form biofilms on granite
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surfaces, were filtered under vacuum through nitrocellulose filter discs, to simulate the
composition and characteristics of a biofilm. The color of the areas coated by the
microorganisms was measured, as described in Chapter 1, with two contact-type color
measuring devices (spectrophotometer and colorimeter), and the reflectance measurements
were analyzed with the CIELAB color parameters, using Cartesian (L*a*b*) coordinates, in order

to analyze the effect of the coverage by organisms and their moisture content on their color.

The results showed that the minimum number of measurements required increased with
increasing heterogeneity of the color of the measured area, which depended on the
concentration of the microorganisms, and decreased with the diameter of the measuring head.
To control for the influence of the heterogeneity of the color of the area measured, the color of
cyanobacteria should be measured on filters that are completely covered by the
microorganisms, so that the color of the filter is totally concealed. The L* values were greatly
affected by the moisture content of the samples. Thus, the values of L* decreased exponentially
with moisture contents of up to 50%, which can be considered as the point from which a stable
asypmtote is reached on the corresponding graph. The color of cyanobacteria should therefore
be determined in samples with moisture contents of more than 50%. Considering all of the
above, at least 10 consecutive measurements/9.62cm? should be made at different randomly
selected points on the surface of filters completely covered by films of cyanobacteria in which

the moisture contents are higher than 50%.

Chapter 4 describes how the relationship between color and composition and/or abundance of
photosynthetic pigments and the efficiency of color measurements was used to evaluate the
extent to pigment production is affected by environmental parameters such as light intensity,
combined nitrogen and nutrient availability. This was tested with two cyanobacteria, Nostoc sp.
strains PCC 9104 and PCC 9025, which form biofilms on stone surfaces. Both strains were
acclimated, in aerated batch cultures for 2 weeks, to three different culture media, BG-11, BG-
110, and BG-11,/10, at either high or low light intensity. The chlorophyll-a, total carotenoid, and
phycocyanin contents were measured throughout the experiment, together with variations in the
color of the cyanobacteria, which were represented in the CIELAB color space, using Cartesian

(L*a*b*) and cylindrical (L*C*,h,,) coordinates.

The results confirmed that the CIELAB color parameters are correlated with pigment content in
such a way that variations in the latter are reflected as variations in color. However, not all
CIELAB color parameters are equally sensitive to changes in pigment concentrations. Thus, L*,
and to a lesser extent a*, is the most informative CIELAB color parameter, and h,y,, which refers

to the dominant wavelength, represents the major color perception attribute.

The color data recorded in Chapter 4 indicate the three-dimensional color area of the CIELAB

space in which both strains define their color. This is the first time that objective color values of
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different species of cyanobacteria growing in different environmental conditions have been
obtained, and is a preliminary step in defining the color gamut of cyanobacteria, which is
essential information for the development of any color-based methodology for monitoring

cyanobacterial growth.

The second research line (Chapter 5) involves the color characterization of phototrophic
microorganisms (cyanobacteria) for analysis of their physiological state after treatment with
biocides (Sanmartin et al., 2011b). The effectiveness of biocides against phototrophic
organisms can be tested by the degree of chlorophyll degradation. When chlorophyll
degrades, it forms a series of degradation products or phaeopigments, and the relation
between phaeopigments and chlorophyll can be established by the phaeophytination indexes

Aussia15 and Aggsjessa-

Chapter 5 discusses the suitability the CIELAB color measurements as a reliable method for
monitoring the effectiveness of the chemical biocide Biotin T® (which is commercially available
and widely used in the field of stone cultural heritage materials) against a cyanobacterial strain
(Nostoc sp. PCC 9104) in both planktonic and biofilm mode of growth. Determination of the
phaeophytination indexes (A4zs415 and Asesisesa), Which have proved useful for describing the
degradation of chlorophyll-a to phaeopigments in Nostoc sp. PCC 9104 planktonic and biofilm
biocide susceptibility assays, could be substituted by color measurements as there is a close
relation between these and the color parameters. This confirms that the effectiveness of a
biocide and the physiological state of a microorganism can be determined by color
characterization. Of the CIELAB parameters, L* appeared to be the best for describing the
biocidal activity of Biotin T® against Nostoc sp. in both planktonic and biofilm mode of growth.

Moreover, a* and C*,;, are correlated with the Agesis654 index in both modes of bacterial growth.

3. Interactions between granite surfaces and cyanobacteria: detection and quantification

of the microorganisms on the surfaces of buildings and monuments

In the first two research lines of this doctoral study, the colorimetric aspects of granite and
cyanobacteria were dealt with separately, always working under laboratory conditions.
However, to meet the main objective of the study, the methodology must be tested in real cases
of biological colonization on granite surfaces. For this purpose, and prior to the study of the
detection and monitoring of the growth of biofilms on granite fagades using color
measurements, it was necessary to resolve certain methodological problems in the study of

granite-microorganism interactions.

Although quantification of chlorophyll-a is considered the reference method of excellence for
quantifying phototrophic biomass, in the case of estimating the amount of chlorophyll-a present
in colonized rocky substrata, a relatively high value is obtained as the lower limit of detection;

this prevents early detection of stone biocolonization below this lower limit, as pointed out by
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Prieto et al. (2004). These authors suggested that the stone itself impedes total chlorophyll-a
extraction, and concluded that optimization experiments carried out on stone samples were

necessary.

Further research to improve the method of chlorophyll-a extraction from phototrophic biofilms
developed on rocky substrata (Chapter 6) was required for comparison of this method with the
color measurement method that was fine-tuned during the course of this doctoral research
project. With this aim, the method of extracting chlorophyll-a from phototrophic biomass
(biofilms) on granite surfaces was optimized, by use of a response surface analysis following a
Box—Behnken third order design, which predicts the optimal experimental conditions for

maximum extraction of chlorophyll-a (Fernandez-Silva et al., 2011).

Three different mechanical pretreatments were assayed to determine the best procedure for
complete extraction of chlorophyll-a with dimethyl sulphoxide (used as solvent) on granite
blocks inoculated with a mixed culture of three biofilm-forming cyanobacteria, Nostoc sp. PCC
9104, Nostoc sp. PCC 9025 and Scytonema sp. CCC 9801.

In methods A and B, inoculated blocks were crushed and in method B, the blocks were
pretreated by immersing them in an ultrasonic bath to enable application of ultrasound to the
whole of each sample. For pretreatment C, the intact blocks were sonicated by inserting the

narrow end of an ultrasonic generator into the extractant.

For each pretreatment, a Box—Behnken design was used for three-variable optimization or
experimental factors: (1) extractant-to-sample ratio, (2) temperature during the extraction, and
(3) time of incubation, considering the chlorophyll-a recovery as the dependent variable or
response variable. The samples were incubated in DMSO and then filtered; the concentration

of chlorophyll-a in the filtrates was then determined by UV-Vis spectrophotometry.

From the results obtained it can be concluded that: (i) the application of ultrasonic methods
improved extraction of chlorophyll-a from biofilms developed on rocky substrata; (ii) the
precision of the spectrophotometric method for calculation of the concentration of chlorophyll-a
decreases when samples are highly diluted, and thus methods requiring a lower volume of
extractant are more convenient; (iii) the temperature of extraction is the most important factor
(in comparison with the other two parameters analyzed) in extraction of chlorophyll-a from
biofilms on rocky substrata. Therefore, we propose the application of ultrasound directly to
uncrushed rock samples (so that the method of extraction of chlorophyll-a ceases to be
destructive and becomes merely an invasive method) followed by incubation in 0.43 ml
DMSO/cm? sample (vol/surface) at 63°C for 40 min, as an efficient method for extraction of
chlorophyll-a from rock materials. Experiments were performed at the predicted optimal
conditions to confirm the findings, and 90% of the chlorophyll-a was recovered, which is a

substantial improvement with respect to the expected recovery with previous methods (68%).
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Chapter 7 addresses the detection and monitoring of the development of epilithic phototrophic
biofilms on the granite fagcade of an institutional building in Santiago de Compostela (NW
Spain), and reports a case study of preventive conservation (Sanmartin et al., 2012). The
results provide a basis for establishing criteria for the early detection of phototrophic
colonization (greening) and for monitoring its development on granite buildings by the use of
color changes recorded with a portable spectrophotometer and represented in the CIELAB color

space, using Cartesian coordinates (L*a*b*).

This study established the threshold of human perception of greening on granite rock and its
value in terms of partial color differences (AL*, Aa* and Ab*), amount of phototrophic biomass
(dry weight) and chlorophyll-a content extracted. Likewise, the changes in the L*, a* and b*
CIELAB coordinates in a real case involving the cleaning and recolonization of a granite fagade
were analyzed, with the aim of determining the parameter or parameters that best indicate the
start of the greening process. The results show that parameter b* (associated with changes in
yellowness-blueness) provides the earliest indication of colonization and varies most widely
over time, so that it is most important in determining the total color change (AE*,,, AE*y, =
[(AL*) + (Aa*)” + (Ab%)7T™).

Moreover, the results outlined in Chapter 7 are of practical use in the management and
maintenance of buildings undergoing biodeterioration, even when it is not perceptible to the
human eye. The findings enabled development of a methodology for the management and
maintenance of buildings. The methodology could be used in making decisions about the
frequency of cleaning and biocide treatment required in the case of granite buildings affected by

greening.

4. Practical application of color measurement on other naturally occurring inorganic

substrates: slaty rocks, soils and sediments

The methodology proposed in Chapter 1 for the analysis of the instrumental factors and
surface-related features that affect the color determination in any type of heterogeneous
material (in terms of color and texture) was used to develop a protocol for characterizing the
color of roofing slate, as described in Chapter 8. Starting from the premise that the criteria for
selecting stones to replace existing stone in historic buildings must be based on geological,
geotechnical and aesthetic parameters, among which color is of great importance, a
comprehensive colorimetric study of roofing slates from the Iberian Peninsula was carried out,
for restoration purposes (Prieto et al., 2011), and is reported in Chapter 8. Thus, the color of fifty
commercial varieties of roofing slate mined in quarries from the twelve mining districts in Spain
and Portugal was analyzed by spectrophotometry, by considering the CIELAB color space and

using Cartesian (L*a*b*) and cylindrical (L*C*3h,,) coordinates.
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Analysis of the measurement conditions showed that the minimum number of measurements
required to determine the color of roofing slates is substantially less than the number required to
determine the color of granitic rocks (Sanmartin et al., 2010b). This is undoubtedly due the
greater homogeneity of the color and texture of slate than of granite. The three-dimensional
color area of the CIELAB space of roofing slate from the Iberian Peninsula was also defined.
Delimitation of this area offers the same practical applications as those cited in Chapter 2 for

ornamental granite.

The hue angle (hy,) was the most important CIELAB color coordinate in the formation of
homogeneous color groups of roofing slate specimens, and the specular component excluded
(SCE) mode was the most sensitive for detection of the total color difference (AE*,,) between

two varieties of roofing slates.

Moreover, the similarities and differences in color and microstructure of the different
commercial varieties were established, as was the degree of acceptance for the replacement
of one type of roofing slate by another. Thus, five commercial varieties of slate extracted from
the twelve different slate mining districts in the Iberian Peninsula can replace and be replaced
by the most of the other fifty varieties, and only one variety cannot replace or be replaced by

any other slate.

Chapter 9 describes a preliminary approach in the study of the relationship between color
changes in soil and the temperature reached as a consequence of fire, in order to assess the
applicability of soil color as an indicator of fire intensity (Sanmartin et al., 2010c). Although
many studies have described large variations in the color of the soil after fire (such as the
blackening due to partial or total destruction of organic matter and the red color caused by the
dehydration of iron oxides), variations in CIELAB color parameters and their relationship with
the intensity of the fire have not previously been identified in the context of Galician soils. For
this reason, controlled burning of undisturbed soil samples from the surface horizon of an
Umbric Regosol was conducted in the laboratory, with infrared lamps, until the temperature at
a depth of 1 cm reached 200°C or 400°C. Unburned samples were used as a control. The
color of the surface of the burned and unburned soil samples was determined at 220 points
with a portable colorimeter and represented in the CIELAB color space and with Munsell
notation. The results showed a decrease in lightness in the burned samples, reflected in the
values of Munsell hue and CIELAB L*, and a decrease in chroma marked by the Chroma
Munsell and C*,, CIELAB, probably due to carbonization of the material organic. There was
also slight browning-reddening of the soil, which was reflected in the values of Munsell Hue, a
decrease in CIELAB hg,, an increase in a* and a decrease in b*, which should be attributed
simply to the disappearance of the organic soil components that masked the color of the

inorganic components, mainly iron oxides.
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Summary

Comparison between the values in soils in which different temperatures were reached (200°C
and 400°C), shows that the parameters that establish significant differences are those refer to
the soil hue (Munsell Hue and CIELAB hg,). In this case, differences are mainly assigned to
variations in the state of dehydration of iron compounds, as goethite (orange color) is
converted to haematite (blood-red color). This suggests that soil hue is the parameter that

must be taken into account in using color as an indicator of fire intensity in Galician soils.

To end this fourth research line aimed at the practical application of color measurements to
other natural inorganic substrates, and therefore conclude this thesis, the final chapter presents
a non-destructive method for assessing phytopigments in riverbed sediments. The method
described is based on instrumental color measurements without any need for extraction and

chemical assay.

Quantification of phytopigments in riverbed sediments deserves further attention because it
provides information about eutrophic levels and, therefore, about sediment and water quality.
Due to the current interest in the study of eutrophication processes, there is a need to develop a
rapid, simple, cost-effective and non-destructive method of quantifying phytopigment content.
Chapter 10 demonstrates that it is possible to determine phytopigment contents in riverbed
sediments by means of a non-destructive colorimetric method employing the CIELAB color

parameters (Sanmartin et al., 2011c).

Surface riverbed sediment cores were collected in three low sloping areas (i.e. which are
favourable for sediment deposition) along the course of the Anlléns River (NW Spain). The
reflectance color measurements were analyzed with the CIELAB color parameters, using
Cartesian (L*a*b*) and cylindrical (L*C*;ha) coordinates. Phytopigments (chlorophyll-a,
chlorophyll-b, phaeopigments and total carotenoids) were extracted with dimethylsulphoxide

and determined spectrophotometrically.

The CIELAB color parameters were significantly correlated with phytopigment content (involving
logarithmic, inverse and simple data). Linear regression equations were used to predict
chlorophyll-a, chlorophyll-b and carotenoid contents, as well as the total pigment contents from
parameter a* and parameter C*,,, and values of adjusted R? close to 0.9 were obtained. The
closest relation between phytopigments and color parameters corresponded to chlorophyll-a
(Chl-a), which may be estimated by means of Chl-a = 46.4 — 70.6 logs(a*), and Chl-a = -15.7 +
238.1 (1/C*,p) as predictive equations.
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I. Del modo plancténico a la formacion y crecimiento del biofilm'

El estudio y descripcion de los microorganismos se ha venido realizando, desde los comienzos
de la microbiologia como disciplina, en sus formas planctonicas, es decir como células libres en
suspension creciendo en medios de cultivo nutritivos (Donlan, 2002). Sin embargo,
observaciones directas de una amplia variedad de habitats naturales han permitido comprobar
que la mayoria de los microorganismos persisten unidos a las superficies, dentro de un
estructurado ecosistema denominado biofilm (Costerton et al., 1987). Esta forma de asociacién
fue descrita por primera vez a finales del siglo XVII por el microscopista holandés Antonie van
Leeuwenhoek (1632-1723) quien, tras observar al microscopio la placa dental de sus propios
dientes, afirmd que las bacterias podian adherirse y crecer universalmente sobre superficies
expuestas. Ya en el siglo XIX el microbidlogo y edafélogo ruso Sergei N. Winogradsky (1856-
1953) desarroll6 un sistema que permite reproducir un ecosistema natural, la columna de
Winogradsky, y asi consigui6 aislar asociaciones de microorganismos (biofilms) sobre portas de
vidrio. Posteriormente en 1940, Heukelekian & Heller hacen referencia a un incremento
sustancial del crecimiento y actividad de las bacterias marinas al adherirse a una superficie
predeterminada, definiendo este fendmeno como el "efecto botella”, y en 1943 Zobell es el
primero en afirmar que el nimero de bacterias acumuladas en las superficies es mucho mas
elevado que en el medio circundante (en este caso el agua de mar). En 1978 Costerton et al.,
basandose en observaciones realizadas en la placa dental y en las comunidades sésiles en
arroyos de montafa, plantean una teoria que explica los mecanismos de adherencia de los
microorganismos a superficies vivas y a materiales inertes para formar biopeliculas, asi como el
conjunto de ventajas alcanzadas por estos conjuntos vivos en estos nichos ecoldgicos. Es
Costerton quien, ese mismo afio (1978), introduce el término biofilm definiéndolo como un
agregado de bacterias rodeadas por un "glicocalix" de fibras que permite su adherencia a las
superficies inertes y a otras células; lo cual supone un cambio de paradigma en el campo de la

microbiologia.

! El término inglés “biofilm” y su homdlogo en espariol “biopelicula” se emplearan indistintamente a lo largo de todo el
texto.
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La definicién actual de biofilm o biopelicula describe un concepto mucho mas complejo segun
el cual se frata de “comunidades universales de microorganismos (bacterias, hongos,
cianobacterias, algas, protozoos), complejas e interdependientes, asociadas a superficies
humedas (vivas o inertes) o a interfases (columnas de agua sujetas a gradientes), mediante
una matriz polimérica (EPS) de glicoproteinas extracelulares, de consistencia viscosa,
generada ex profeso y recorrida por canales de agua, los cuales permiten un intercambio
eficiente de agua, nutrientes y gases entre las poblaciones constitutivas y el ambiente exterior”
(Costerton, 2007). Asi, la capacidad de formacién del biofilm no esta restringida a ningun grupo
especifico de microorganismos, considerandose que, bajo condiciones ambientales adecuadas,
todos los microorganismos son capaces de formar biofilms. A este respecto, se ha demostrado
que muchas células necesitan estar sujetas a las superficies (formando parte de un biofilm)
para sobrevivir y proliferar; este requisito de supervivencia es conocido como “dependencia del

anclaje” (anchorage dependence, Pierres et al., 2002).

La principal caracteristica que distingue las biopeliculas del crecimiento plancténico es la
existencia de una matriz de sustancia polimérica extracelular (EPS) embebiendo el total de los
componentes del biofilm y adhiriendo éste a la superficie. La matriz constituye un medio
complejo esencialmente compuesto por agua (hasta un 97%), que contiene ademas polimeros
extracelulares, polisacaridos, proteinas, acidos nucleicos, lipidos/fosfolipidos, nutrientes
absorbidos y metabolitos. Pese a que la matriz extracelular es la caracteristica definitoria de la
biopelicula, su papel aun no es totalmente comprendido en la actualidad. A este respecto, la
mayoria de los autores defienden que la funcién primaria de la matriz extracelular es la de
proteger la biopelicula de la acciéon de agentes antimicrobianos, a través de la neutralizacién
quimica o la creacion de una barrera de difusién que impida a los microorganismos ser
alcanzados por estos (Lindsay & von Holy, 2006), y de los cambios ambientales adversos en
términos de humedad, temperatura, presion osmotica y pH. Asi por ejemplo, se sabe que las
cianobacterias incrementan la produccién de polimeros extracelulares frente a la limitacion de
luz o de nutrientes (Albertano et al., 2003). Otros autores sin embargo, consideran que el papel
mas relevante de los productos poliméricos extracelulares (EPS) ocurre durante las etapas
iniciales de la formacién del biofilm al facilitar la unién de las células al sustrato (Decho, 2000;
Barranguet et al., 2005), dar cohesion al biofilm incipiente y facilitar la interaccion entre sus

distintos componentes (Flemming & Wingender, 2001).

Los microorganismos que forman un biofilm también se diferencian de sus homdlogos en
suspension en que presentan comportamientos fenotipicos particulares que los diferencian de
sus formas libres en su modo de ubicacién, agrupaciéon y organizacidon colonial, movilidad,
adaptacién metabdlica y ambiental, y en su forma y tasa de crecimiento (Donlan, 2002).
Durante el complejo proceso de adhesion, los microorganismos alteran sus caracteristicas
fenotipicas como respuesta a la proximidad a una superficie. Ademas, durante los estados

iniciales de la formacion de la biopelicula, los microorganismos sésiles se encuentran en una
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yuxtaposicion estable con microorganismos de la misma especie y de otras especies, formando
de esta manera microcolonias. La interrelacién que se produce en estas microcolonias hace
posible el intercambio de material genético, que resulta en un cambio global en el fenotipo de la
biopelicula (Stolz, 2000), asi como la creaciéon de ambientes heterogéneos desde el punto de
vista fisico-quimico en los cuales los microorganismos asociados a la biopelicula presentan
caracteristicas fisiolégicas distintas de las planctdnicas. Muchos microorganismos alteran sus
procesos fisiolégicos para adaptarse a estos nichos particulares, por ejemplo creciendo
anaerobicamente (Stoodley et al., 2002). Ademas, los diferentes microorganismos contenidos
en la biopelicula responden a las condiciones de sus microambientes especificos, presentando
diferentes patrones de crecimiento. La cooperacion fisioldgica es el factor principal que ayuda a
conformar la estructura y establecer la eventual yuxtaposiciéon, haciendo de las biopeliculas
maduras, adheridas a las superficies, comunidades microbianas muy eficientes (Costerton et
al., 1994).

En un contexto amplio, la formacion de un biofilm (Figura 1) implica que los microorganismos
constituyentes, al dejar su condicion de células méviles (planctonicas), conforman poblaciones
no estratificadas de microorganismos, con una estructura y una interaccién multiespecie, asi
como un metabolismo concreto con tasa de crecimiento controlada y una ubicacion relativa
concreta. En la formacion del biofilm se distinguen varios pasos o fases (O'Toole et al., 2000;
Boonaert et al., 2001). En primer lugar, macromoléculas y moléculas organicas de distintos
origenes se fijan al sustrato por adsorcion, acondicionandolo para una eventual colonizacién
(Paso 1, Figura 1). A continuacién, los microorganismos se aproximan al sustrato mediante
movimientos propios y brownianos, y entonces se producen interacciones fisico-quimicas con
las moléculas adsorbidas que conducen a una adhesion primaria de las células (Paso 2, Figura
1). Esta adherencia al sustrato, como paso fundamental de la formacién del biofilm, es un
proceso complejo, regulado por el medio circundante, la superficie del sustrato y los
microorganismos (Ophir & Gutnick, 1994; O'Toole et al., 2000; Donlan, 2002). Tras ella, el
anclaje de los microorganismos se provoca mediante la excrecion de productos poliméricos
extracelulares (EPS) (Paso 3, Figura 1). A partir de este punto la multiplicacion celular lleva a la
proliferacion de las comunidades microbianas y a su adhesion permanente al sustrato. La
maduracion de la biopelicula corresponde al crecimiento tridimensional e involucra la
generacion de una arquitectura especifica y compleja del biofilm con canales y poros, asi como
una redistribucion de los microorganismos lejos del sustrato (Paso 4, Figura 1). La “arquitectura
del biofilm” (biofilm architecture, Lawrence et al., 1991) y en particular la disposicion espacial de
las microcolonias (grupos de microorganismos) en relacion con otras, tiene profundas
implicaciones para la funciéon de estas complejas comunidades (Donlan, 2002). La arquitectura
de la matriz del biofilm no es sélida y presenta canales que permiten el flujo de agua, nutrientes
y oxigeno incluso hasta las zonas mas profundas del biofilm. La existencia de estos canales no

evita sin embargo, que dentro del biofim se encuentren ambientes con diferentes
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concentraciones de nutrientes, pH y oxigeno (Pasos 5 y 6, Figura 1). Tras la maduracién del
biofilm, la ultima fase es de retorno de los microorganismos del biofim a un modo de
crecimiento plancténico, provocado por una reduccion en la produccion de exopolimeros (Paso
7, Figura 1. O'Toole et al., 2000). Por consiguiente, los microorganismos que abandonan la

biopelicula cierran el ciclo de vida de la misma (Costerton, 2007).

Células Maviles (Planctdnicas) \
Iiotile Cells (Planktonic) N\

Bacterias / Cianobacterias Filamentosas /
=  Bactetia O Algas / Algae Filamentous Cyanobactetia Nematodos / Nematodes
@ Distomeas/ @ Cianobacterias / V\ Hongos / Furgi Pratozoos/ Protozoa
Diatoms Cyanobactena

Figura 1. Representacién esquematica de la formacién de un biofilm. Adaptado de Cuzman (2009). (1) Establecimiento
de las macromoléculas y moléculas organicas sobre la superficie a colonizar, (2) adhesion reversible de los
colonizadores primarios, (3) transiciéon a la adhesion irreversible, multiplicacién y comienzo de la producciéon de EPS
(sustancia polimérica extracelular), (4) comienzo del desarrollo tridimensional de la estructura del biofilm, (5) adhesion
de colonizadores secundarios y desarrollo continuo del biofilm, (6) maduracién del biofilm con una estructura expresa
(arquitectura del biofilm) formando un micro-ecosistema especifico, (7) fase/estado de homeostasis que mantiene en
equilibrio al biofilm, con un crecimiento continuo de la estructura dotada de canales (Ch “channel’), y a los

microorganismos que se desprenden y retornan a un modo de crecimiento planctonico.

El reconocimiento de la importancia de los biofilms constituye un fenémeno reciente y aunque
sélo hace un par de decenios que se viene investigando la fisiologia de estas comunidades, se ha
puesto de manifiesto la existencia de importantes mecanismos de comunicaciéon microbiana que
afectan a la estabilidad de la biopelicula permitiendo la organizacién/desorganizacion de la
actividad y el asentamiento/desprendimiento de su soporte. Asi, existe un mecanismo de
comunicacion bacteriana de efecto positivo (Quorum Sensing) y otro negativo (Quorum
Quenching). Las proteinas responsables de estos mecanismos de comunicacion bacteriana o
Quorum Sensing (QS) y de bloqueo de comunicacién bacteriana o Quorum Quenching (QQ)
fueron descubiertas a comienzos de los noventa (Fuqua et al, 1994). Segun los trabajos
publicados por Otero et al. (2004) y Otero & Romero (2010), la deteccién del quorum o Quorum
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Sensing (QS) describe la capacidad de un microorganismo para percibir y responder a la
densidad poblacional mediante la regulacion de la expresién génica, siendo asi capaz de
desarrollar un comportamiento social coordinado mediante la produccion de pequefias moléculas
sefial. Si estas moléculas senal son eliminadas del medio, es decir, si cortamos la comunicacion
entre los organismos se produce el proceso contrario denominado interceptacion del quérum o

Quorum Quenching (QQ).

Il. Interaccion biofilm-sustrato: colonizacién biolégica de superficies expuestas
al exterior

La formacion de un biofilm requiere la presencia de un sustrato y son pocos los sustratos que
no se ven afectados por biofilms, ocupando los biofilms subaéreos la mayor parte de la
superficie terrestre (Krumbein et al., 2003). En ciertos casos su presencia resulta beneficiosa,
ya que estabilizan y fertilizan suelos (Acea et al., 2001, 2003), sedimentos (Liess & Francoeur,
2010) y rocas (Prieto et al., 2005, 2006). En otros casos su aparicidén, que suele producirse
desde las primeras etapas de exposicién de practicamente cualquier superficie a la intemperie
(Figura 2, Silva et al., 1997; Gaylarde & Morton, 1999; Warscheid & Braams, 2000), provoca no
so6lo un cambio estético derivado de la presencia de pigmentos biologicos (Urzi et al., 1992)
sino también un problema evidente en términos de biodeterioro (“cualquier cambio indeseable
en las propiedades de un material, originado por la actividad vital de los organismos”, Hueck,
1965) y envejecimiento acelerado (Warscheid & Braams, 2000). El desarrollo de los biofilms
degrada activamente los materiales al producir condiciones acidas/alcalinas, retener la
humedad y absorber el calor de forma diferencial en funcién de la coloracién que presenten
(Krumbein, 1988; Garty, 1990; Warscheid et al., 1991, 1996), por lo que su desarrollo resulta
especialmente dafino al producirse sobre superficies valiosas desde un punto de vista artistico

e historico (Figura 2, Dornieden et al., 2000).

El sustrato representa para los microorganismos formadores del biofilm un espacio o superficie
donde desarrollar su actividad bioldgica, asi como la fuente de energia para su desarrollo
(Gorbushina & Krumbein, 2000). Por esta razon, en el caso de superficies inertes es necesario
un proceso de colonizacién secuencial en el que el sustrato en cuestion se va convirtiendo
poco a poco en el ecosistema adecuado para los colonizadores implicados. Asi, la secuencia
de colonizacién no es caprichosa sino que responde a la propia estrategia de los organismos.
Los colonizadores primarios del sustrato son por lo general los microorganismos autotréficos
tales como diatomeas, algas, bacterias fotoautotréficas sensu lato y cianobacterias, que sélo
necesitan agua y una minima cantidad de sales minerales para asentarse y poder desarrollarse
sobre el sustrato (Saiz-Jimenez & Arifio, 1995). Su crecimiento por lo general provoca el
denominado verdin (greening) que raramente es uniforme formando manchas de tonalidad

verdosa en areas humedas y con una presencia mayor en los lugares sombreados que en los
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expuestos, debido a que los ultimos se secan mas rapidamente (Barberousse et al., 2006;
Smith et al.,, 2011). Es la duracion del periodo de humedad, mas que la frecuencia, lo que
resulta crucial para predisponer un sustrato a su colonizacién por este tipo de organismos, que
resulta favorecida ademas, cuando existe vegetacion adyacente (Saiz-Jimenez & Arifio, 1995;
Smith et al.,, 2011). En el caso concreto de las cianobacterias (bacterias oxigénicas
fotoautotrdéficas), éstas poseen una serie de capacidades como: tolerancia a la desecacién y al
estrés hidrico, a altos niveles de sales, resistencia a altas temperaturas y uso eficiente de
radiaciones de baja intensidad de la luz solar, que explican su presencia generalizada en
ciertos sustratos soportando las condiciones ambientales mas extremas (e.g. Friedmann,
1980). La presencia de los organismos pioneros da paso a la formacién evolutiva de consorcios
microbianos mas complejos al permitir el asentamiento de otras especies (microorganismos
heterétrofos) con el consecuente crecimiento del biofilm, en el que se incluyen ahora liquenes,
bacterias heterétrofas, hongos, bridfitos sensu lato e incluso plantas superiores (Ortega-Calvo
et al., 1991a; Saiz-Jimenez, 1992; Tiano, 1993; Tomaselli et al., 2000; Crispim et al., 2003;
Sterflinger, 2010). Estos nuevos organismos son mas deteriorantes para el sustrato, ya que la
mayor parte (bacterias heterétrofas, hongos y liquenes) metabolizan la materia organica
producida por los fotoautétrofos y secretan acidos organicos que degradan quimicamente el
sustrato (Warscheid & Braams, 2000). Ademas, provocan un dafio fisico causado por la
penetracion de las estructuras filamentosas de anclaje, particularmente las hifas de los hongos,
dentro de las cavidades porosas de la superficie (Hirsch et al., 1995; Prieto et al., 2000; Silva &
Prieto, 2004), que al humectarse se expanden ejerciendo presion en el interior del poro y
abriendo fisuras que pueden derivar en la formacion de ampollas y el desprendimiento del
material (detachment/spalling). También, la superficie mucosa y por lo general cargada
negativamente (Costerton et al, 1978) del biofilm favorece la adsorcion de cationes y de
moléculas organicas, y la adherencia de particulas transportadas por el viento (polvo, polen,
particulas de carbdn elemental, cenizas volantes, etc.) dando lugar a una patina oscura mas
consistente y dificil de eliminar, que recibe el nombre de patina negra (black crust) (Camuffo,
1995). Estas patinas ademas del origen biogénico en ambientes contaminados, pueden
presentar otros origenes, como el biogénico en ambientes no contaminados (Aira, 2007;
Gaylarde et al., 2007; Prieto et al., 2007; Silva et al., 2009) y el no-biogénico (Del Monte et al.,
2001; Aira, 2007; Prieto et al., 2007; Silva et al., 2009).

Debido a que provoca un cambio estético de los elementos sobre los que se asienta, el aspecto
del biofilm debe ser tenido muy en cuenta. En lo que se refiere a su coloracién, ésta varia
segun el tipo de organismos y particulas que lo conforman. El color de los organismos esta
determinado por el tipo y abundancia de pigmentos biol6gicos que poseen, que a su vez varian
en funcién de las condiciones ambientales, tales como cambios en nutrientes, luz, temperatura,

radiacion ultravioleta y pH (e.g. Tandeu de Marsac, 1977; Collier & Grossman, 1992; Soltani et
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al., 2006). De modo general, los pigmentos bioldgicos presentan tonalidades: rojizas

(carotenoides vy ficobiliproteinas ficoeritrinas), amarillentas (carotenoides), verdosas (clorofilas y

Figura 2. Diversidad de biofilms subaéreos (terrestres). (a) “La casa de esqui”, también llamada “La casa del futuro” o

“Futuro”, disefiada por el arquitecto finlandés Matti Suuronen en 1965 en Munich (Baviera, Alemania). Su exterior,
compuesto por plastico y fibra de vidrio reforzada con poliéster, poliuretano-poliéster y polimetacrilato de metilo
(plexiglas), presenta una visible colonizacion bioldgica. Se trata de un ejemplo de la presencia de biofilms en objetos de
arte contemporaneo. (Imagen extraida de Cappitelli et al., 2006). (b) Detalle del exterior de “Futuro”, mostrando una
zona de crecimiento del biofilm formado esencialmente por cianobacterias y arqueas (Cappitelli et al., 2006). (c) Detalle
de la fachada este (donde se encuentra ubicada la Puerta Santa) de la Catedral de Santiago de Compostela (A Corunia,
Espafia), construida en su totalidad en roca granitica. La colonizacion bioldgica en esta zona es variada con presencia
de bridfitos, liquenes, algas y cianobacterias. (d) Detalle de la pared con un abundante verdin en la parte superior del
claustro del monasterio de San Martin Pinario situado en Santiago de Compostela (A Corufia, Espafia). (e) Detalle de
pared y suelo con visible colonizacion biolégica de una de las construcciones de la villa romana de Chedworth, una de

las mayores villas romanas en Gran Bretafa, situada en Gloucestershire (Inglaterra).

ficobiliproteinas aloficocianinas) y azuladas (ficobiliproteinas ficocianinas), asi como pardas-
oscuras-negras debidas a las melaninas y scytoneminas (Garcia-Pichel & Castenholz, 1991;
Proteau et al., 1993). Los pigmentos biolégicos no son comunes a todos los microorganismos,
las ficobiliproteinas por ejemplo son exclusivas de cianobacterias y algas rojas (Glazer, 1977) y

las scytoneminas so6lo aparecen en cianobacterias (Garcia-Pichel & Castenholz, 1991), por lo
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que en ciertas ocasiones el color del biofilm puede orientar acerca del tipo de microorganismo
que lo forma. Sin embargo, es dificil determinar visualmente a qué tipo de pigmento y
microorganismo es debida la coloracién de la biopelicula; asi por ejemplo, una biopelicula
rosada cubriendo una de las superficies de piedra caliza de las ruinas mayas de Edzna
(Campeche, México) debia su color a una concentracién alta de carotenoides pertenecientes al
alga Trentepohlia umbrina (Gaylarde et al., 2006), mientras que una coloracién similar presente
en los frescos realizados por Luca Signorelli en la Capilla de San Brizio (Catedral de Orvieto,
Umbria, Italia) era debida a las ficobiliproteinas rojizas (ficoeritrinas) pertenecientes a
organismos cianobacterianos (Cappitelli et al., 2009). En otros casos, sobre todo cuando el
biofilm es de escaso grosor y su coloracién no es la mas habitual, como es el caso de los
colores azulados y rosados, resulta dificil a simple vista determinar si el color es propio del
sustrato o se debe a la colonizacion biolégica (Figura 3, Gaylarde et al., 2006). Existen algunos
trabajos en los que el color del biofilm (determinado cualitativamente) se relaciona con el tipo
de pigmento y/o microorganismo; algunos ejemplos son las biopeliculas de color naranja
debidas a algas y bacterias y las peliculas de color grisdceo producidas principalmente por
hongos que se encontraban en la roca calcarea de la torre barroca de Noto en Siracusa (Sicilia,
Italia) (Urzi & Realini, 1998) y las biopeliculas de color negro de las piedras del exterior del
templo de Bayén (Angkor, Camboya) formadas por especies del género Dematiaceous
(ascomicetos) que producian un alto contenido en melanina (Sterflinger, 2000). A este
respecto, sin embargo, cabe senalar que el conocimiento de la magnitud de la diversidad
microbiana que se encuentra en los biofilms subaéreos esta lejos de ser completo, ya que
mediante las técnicas tradicionales de cultivo se aislan, y por tanto identifican, menos del 1%
de la diversidad total (Ward et al., 1990). En los ultimos afios, se han desarrollado diversos
métodos moleculares para permitir la identificacion de microorganismos en muestras
ambientales (Amann et al., 1995). Técnicas de biologia molecular como la electroforesis en gel
con gradiente desnaturalizante (EGGD), el analisis de polimorfismo conformacional de un solo
filamento o de cadena sencilla (PCCS) y la hibridacion fluorescente in situ (HISF) apuntan la
posibilidad de que bacterias haléfilas o halotolerantes, alcaléfilas y también arqueas formen
parte de los biofilms subaéreos que se encuentran en superficies del Patrimonio histérico
artistico (Saiz-dJiménez & Laiz, 2000; McNamara et al., 2003; Ortega-Morales et al., 2004;
Cappitelli et al., 2007; Pifar et al. 2009).

Por lo general, los materiales sintéticos (Figura 2a, b) se consideran mas resistentes a los
dafios quimicos, fisicos y bioldgicos producidos por la presencia del biofilm que los materiales
naturales (Figura 2c, d, e) (Cappitelli et al., 2006). En cualquier caso, la disponibilidad de agua
y nutrientes en el sustrato es el principal factor limitante de la colonizacion biolégica y del
consiguiente desarrollo del biofilm, y las condiciones ambientales junto a las caracteristicas del
sustrato determinan el tipo de biofilm asi como su velocidad de crecimiento (Silva et al., 1997).

En este sentido, el conjunto de las propiedades de un sustrato que determina su capacidad
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para ser colonizado por microorganismos se ha denominado biorreceptividad (Guillitte, 1995).
Caracteristicas como una alta porosidad y rugosidad superficial favorecen a priori la
colonizacion biolégica y formacion del biofilm, al facilitar la adhesion de los microorganismos al
sustrato, aumentando por tanto su biorreceptividad (Caneva et al., 1991; Silva et al., 1997;
Warscheid & Braams, 2000; Prieto & Silva, 2005; Miller et al., 2006). Sin embargo, la influencia
exacta de las propiedades del sustrato en el crecimiento microbiano y resultante

biorreceptividad no esta aun completamente clara (Miller et al., 2012).

e b A"
| R

Figura 3. Columnas de marmol en el interior de una iglesia de la costa mediterranea. La columna de la derecha
presenta una coloracion rojo anaranjada que a simple vista parece propia del material y en realidad es debida a una

biopelicula.

Cinéndonos al ambito litoldgico, la presencia de biofilms también supone uno de los principales
problemas que atafien a la conservacion del parque de edificios, tanto a aquellos que
pertenecen al Patrimonio histérico-artistico como a los de reciente construcciéon (Herrera &
Videla, 2004; Crispim & Gaylarde, 2005; Gorbushina, 2007; Scheerer et al., 2009). La mayor
parte de los monumentos elaborados por la humanidad estan construidos con piedra natural o
la incluyen como elemento auxiliar. Entre las rocas mas utilizadas para este fin se encuentran
las de mayor durabilidad, es decir, de alta resistencia a la meteorizacion como son los
marmoles y las rocas graniticas. La aparicion de biofilms sobre este tipo de construcciones
suele ser epilitica (sobre la superficie) debido en parte a la baja porosidad de este tipo de rocas
(Prieto et al., 1999, 2000; Silva et al., 1999). Rocas mas porosas como calizas y areniscas

presentan en muchos casos un crecimiento endolitico (en el interior de la roca) del biofilm
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(Saiz-dimenez et al., 1990; Miller et al., 2010). Los biofilms endoliticos han sido clasificados en
mas detalle por Golubic et al. (1981) en funcion de su presencia en grietas
(chasmoendoliticos), en poros (criptoendoliticos), o si muestran una verdadera capacidad de
perforacién de la matriz de piedra (euendoliticos). El clima de la zona también influye en este
aspecto, Warscheid et al. (1996) consideran que mientras en los climas templados los
microorganismos tienden a colonizar la superficie de las rocas, en los climas tropicales y
subtropicales prefieren penetrar en el interior del sustrato con el fin de protegerse de la luz del
sol y la desecacion. Matthes-Sears et al. (1997), sin embargo, sugieren que los
microorganismos se ven obligados a convertirse en endoliticos no por proteccién frente a las
condiciones ambientales adversas sino en la busqueda de mayores nutrientes y un mayor
espacio. Segun la mayoria de los autores, las poblaciones endoliticas son extremadamente
dificiles de eliminar y altamente deteriorantes, al contribuir a la disminuciéon de la cohesion
entre los granos minerales a profundidades de hasta varios milimetros (e.g. Ascaso et al.,
1998; Miller et al., 2010), aunque Hoppert et al. (2004) a este respecto apuntan que, dado que
sus tasas de crecimiento en el interior de la roca son bajas, las poblaciones endoliticas rara vez
estan asociadas a procesos de biodeterioro. En el caso de biofilms epiliticos, el biodeterioro
esta provocado en primera instancia por la decoloracion a la que dan lugar en la superficie, que
ocasiona no solo un problema estético sino también un problema fisico ya que en las areas
oscuramente coloreadas decrece el albedo, absorbiendo mas radiacién solar, lo que repercute
en un aumento de los ciclos frio/calor y humectacion/secado, que termina causando un estrés
fisico en el biofilm y un estrés mecanico en el interior de la roca (Warke et al., 1996; Warscheid
& Braams, 2000; Sand et al., 2002). Las temperaturas que se alcanzan en las superficies
pétreas colonizadas por organismos oscuros fueron registradas por Garty en 1990, mostrando
una diferencia en mas de 8°C con respecto a las dreas sin colonizar. Una variacion muy similar
de temperatura fue obtenida por Carter & Viles (2004) en bloques de roca calcarea con y sin
cobertura liquénica, mostrando ademas los mayores gradientes de temperatura justo por

debajo del biofilm liquénico.

Diversos estudios han demostrado que las cianobacterias constituyen la biomasa mayoritaria
que se desarrolla sobre las superficies de piedra natural (Ortega-Morales et al., 2000; Gaylarde
et al., 2001). Existen dos teorias sobre el efecto concreto de biodeterioro que provocan este
tipo de organismos, junto con los organismos fotoautotréficos en general, sobre las superficies
pétreas. Mientras algunos autores consideran despreciable la accion agresiva de las
cianobacterias y algas sobre el sustrato, otros reportan datos que apuntan a un mecanismo de
deterioro directo en el que en primer lugar se produce un deterioro fisico llevado a cabo por el
biofilm, que emplea la masa de filamentos entrecruzados reunidos en la matriz mucosa de las
vainas de cianobacterias y algas para extraer los granos minerales de la roca y las particulas
de la superficie (Ortega-Calvo et al., 1991a, 1991b). En contra de lo que pueda parecer muchas

cianobacterias, no necesariamente filamentosas, presentan esta dafiina habilidad (Scheerer et
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al., 2009). A partir de ahi mediante contracciones y expansiones, la biopelicula hace que se
desprendan los granos minerales y particulas, contribuyendo a la desagregacion gradual del
material (Ortega-Calvo et al., 1991a, 1991b). Ademas, la formacion de biofiims de
cianobacterias y algas produce una mayor retencién de agua en la superficie del material,

incrementando los procesos de hidrdlisis y otros mecanismos de meteorizacion.

Una conclusién comun a todos los estudios relativos al biodeterioro de los materiales pétreos
provocado por la aparicion de biopeliculas, es la necesidad de invertir esfuerzos en la
deteccion precoz de la colonizacion bioldgica, es decir cuando el biofilm adn se encuentra en
las primeras etapas de su formacién, ya que en ese momento la intervencién seria minima y
se enmarcaria en el campo de la conservacion preventiva, que se define como “todas
aquellas medidas y acciones que tienen como objetivo evitar o minimizar futuros deterioros o
pérdidas” (ICOM-CC, 2008). Una intervencién mayor para la eliminacion de biofilms ya
formados debe ser cuidadosamente evaluada, ya que en muchos casos supone un deterioro
importante de la superficie tras la eliminacion de la biopelicula (Figura 4). Ademas, en el
caso de aplicar a continuacién algun tratamiento, incluido la simple limpieza con agua, éste
puede exacerbar una futura colonizacion biolégica (Young, 1997). A finales de los afios
noventa Young (1997) apuntaba que tras la limpieza de las fachadas de edificios en Escocia
(Reino Unido), la reaparicion de particulas inorganicas en superficie tardaba varios afios en
producirse, sin embargo, el crecimiento de las algas verdes (greening) ocurria en pocos
meses. Dos ejemplos de la aplicacién de tratamientos de restauraciéon que han llevado a un
aumento de la colonizacién microbiana, son el empleo de un consolidante a base de
extractos de plantas locales utilizado en las ruinas mayas de Joya de Cerén (El Salvador), el
cual favorecié el crecimiento de hongos y actinomicetos (Caneva & Nugari, 2005), y los
consolidantes sintéticos de polilaurilmetacrilato y poliisobutiimetacrilato empleados en la
catedral de Milan (ltalia) en los afos setenta que favorecieron también el crecimiento de
hongos (Cappitelli et al., 2007).

Las acciones contra la colonizacion bioldgica y el desarrollo de biofilms se pueden dividir en
cuatro grandes categorias (Scheerer et al., 2009): (1) control indirecto mediante la modificacion
de las condiciones ambientales, generando condiciones que resulten adversas para los
microorganismos, (2) eliminacién mecanica, (3) empleo de productos quimicos (biocidas), y, (4)
métodos fisicos de erradicacién, como el uso de un campo electromagnético o el uso de
ultrasonidos. La primera de las acciones resulta la mas recomendable, sin embargo en pocas
ocasiones se puede aplicar debido a la gran adaptabilidad de los microorganismos, en especial
bacterias y cianobacterias, a los cambios externos, no pudiendo aplicarse nunca por razones
obvias en casos de superficies expuestas a la intemperie. Segun las dimensiones de la
superficie a tratar, en la eliminacién mecanica se puede emplear el bisturi o chorros de aire,
agua o diversos abrasivos a presion. El principal inconveniente de este tipo de técnicas es

que pueden dafar el sustrato por microabrasién debido al contacto directo entre los agentes
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Figura 4. Escultura en marmol en Villa Dosi Delfino situada cerca de Pontremoli (Massa-Carrara, Italia). En la fotografia
de la izquierda se observa el estado de la escultura antes de realizar las labores de limpieza. A la derecha aparece un
detalle de la misma escultura tras haber eliminado los biofilms que la recubrian, en esta fotografia se aprecia el dafio
causado por los organismos a la superficie.

Imagenes cedidas por el Dr. Piero Tiano, presentadas en “International conference on microbiology and conservation:
of microbes and art”. Florencia (ltalia), 16-19 June 1999 y publicadas por Kluwer Academic en “Of microbes and art: the

role of microbial communities in the degradation and protection of cultural heritage” (2000).

abrasivos y la superficie. A pesar de esto, la limpieza de las fachadas de piedra de edificios
colonizados es una intervencion frecuente que supone un gasto econdémico considerable
puesto que debe realizarse de forma periédica ya que, aunque se consiga eliminar el total de
los biofilms visibles, éstos vuelven a aparecer en un plazo de tiempo mas o menos corto. Una
medida de mantenimiento Util a este respecto es realizar la limpieza en las fases incipientes de
la formacién de los biofilms, de manera que el area a tratar sea menor y la limpieza mas facil y
eficaz, lo que repercutira también en un menor coste econdémico. Los biocidas, por su parte,
son un tratamiento frecuente, en especial en el caso de la rehabilitacion de edificios antiguos
por lo general profusamente colonizados. Sin embargo, en ocasiones presentan efectos
perjudiciales sobre la piedra como por ejemplo la decoloracion u oxidacién/reducciéon de
algunos componentes como el hierro y la formacion sales en superficie (Caneva et al., 1991;

Kumar & Kumar, 1999; Warscheid & Braams, 2000). La ecotoxicidad de algunos biocidas
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comerciales también los vuelve débiles candidatos para su uso en ambientes externos, y la
presencia de nitrégeno en algunas formulaciones puede servir de nutriente para los
microorganismos (Warscheid & Braams, 2000). Pero sin duda el aspecto mas negativo de la
aplicacion de un biocida es que la eliminacion de la comunidad microbiana habitual pueda dar
lugar a una sucesion de nuevos microorganismos mas perjudiciales para el sustrato, debido a
que la inhibicién de grupos especificos de microorganismos favorece el crecimiento de otros
(Webster et al., 1992; Warscheid & Braams, 2000). La ultima de las estrategias, los métodos

fisicos, se vuelve peligrosa y muy costosa al querer aplicarla sobre grandes superficies.

lll. Deteccion y cuantificacion de la colonizacién biolégica y desarrollo del
biofilm. Medida instrumental del color y sistema CIELAB

Partiendo de la base de que todas las superficies pétreas, mas tarde o mas temprano, van a
ser colonizadas por organismos vivos (con la correspondiente formacion de biopeliculas) y que
dicha colonizacién supone no sélo un dafio estético, sino también quimico y fisico que aumenta
a medida que la colonizaciéon avanza, la deteccion precoz de la formacion del biofilm
constituiria un importante progreso en lo que atafie a la conservacion preventiva de edificios,

monumentos y esculturas construidos en piedra.

En la deteccidon temprana de estos procesos de colonizacion bioldgica, algas y cianobacterias
son clave ya que debido a su caracter autétrofo suelen ser pioneras en la colonizacion de
superficies pétreas. Por ello, las investigaciones desarrolladas en este campo han ido dirigidas
principalmente a la deteccion y cuantificacion de este tipo de microorganismos. Martin (1990)
realiz6 una recopilacion de la metodologia tradicional utilizada en el estudio de la agresion
bioldgica en obras de piedra de interés histérico artistico; dicho autor clasifica los métodos
empleados para la cuantificacion de la presencia de microorganismos en métodos
morfoldgicos, microbiolégicos, histoquimicos y bioquimicos, quimicos y fisicoquimicos. En la
presente introduccién para una mejor compresion se considera una clasificacion distinta,
diferenciando tres clases de métodos: morfolégicos y estructurales, microbiolégicos y

extractivos.

Los métodos morfoldgicos y estructurales son utilizados por la mayoria de los autores para el
reconocimiento de las especies colonizadoras. Implican técnicas de visualizacién del material
pétreo en campo, con observaciones macroscopicas (Urzi et al., 1992; Krumbein, 1993), o en
laboratorio donde la microscopia permite conocer de manera mas detallada las caracteristicas
del microorganismo y por tanto su identificacion y clasificacion. Para este fin se realizan
observaciones directas con el estereomicroscopio, que permite el reconocimiento de las
estructuras fisioldgicas especificas de los organismos (Prieto et al., 1995; Shirakawa et al.,

2003); el microscopio optico (MO), que permite el reconocimiento de la morfologia y estructura
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celular especifica de cada grupo de microorganismos con una preparacion de muestra muy
sencilla (Arifio, 1996); los colorantes vitales fluorescentes junto con el uso del microscopio de
fluorescencia (Tayler & May, 1991) y la bioluminiscencia (Ranalli et al., 2000), aportando cada
una de estas técnicas un tipo de informacion, en muchos casos complementaria a la ofrecida
por el resto. Técnicas aparecidas mas recientemente para el mismo fin, son las observaciones
directas con microscopio electronico de barrido (Ortega-Calvo et al., 1991a; Prieto et al., 1997),
en modo de electrones retrodispersados (MEB-ERD), microscopia de barrido a bajas
temperaturas (MEB-CRIO), microscopia laser confocal (MLC) y microscopia electronica de
transmision (MET) (De los Rios et al., 2008), que permite la observacion tridimensional del

microorganismo con una ampliacién de hasta 10.000 aumentos.

Los métodos microbioldgicos por su parte, se basan en el recuento de colonias después de un
periodo largo de incubacién en medios especificos y condiciones adecuadas de luz y
temperatura (ICR-CNR, 1988); de esta manera se conoce el numero de unidades formadoras
de colonias por gramo de muestra (UFC/g). Si la incubacion se realiza en medio liquido se
emplea el estadistico de McCrady (Hurley & Roscoe, 1983) para determinar el nimero mas
probable de organismos por gramo de muestra (NMP/g). Dos ejemplos de la aplicacion de
estos métodos en muestras tomadas sobre monumentos son los estudios realizados por
Ortega-Calvo et al. (1993) y Hyvéarinen et al. (2002).

Con los métodos extractivos la biomasa se estima a partir de la cantidad extraida de diversos
componentes celulares presentes en los microorganismos (Bartolini & Monte, 2000), como
determinadas proteinas (Schwenzfeier et al., 2011), ATP (Tiano et al., 1989), ADN (Saiz-
Jimenez & Laiz, 2000; Tomaselli et al., 2000), lipidos y polisacaridos (Di Pippo et al., 2009). En
el caso de microorganismos fototréficos el contenido de pigmentos fotosintéticos en general, y
en particular el contenido en clorofila-a (Bell & Sommerfeld, 1987; Nagarkar & Williams, 1997;
Prieto et al., 2004; Schumann et al., 2005; Eggert et al., 2006), es un buen indicador de la
presencia y cantidad de microorganismos, resultando probablemente el método mas prolijo y
uno de los mas fiables. Asociados a estos métodos extractivos suelen emplearse los métodos
fisiologicos, en los que la biomasa fotoautotréfica se estima a partir del aumento inicial de la
tasa de respiracion (Bartolini & Monte, 2000). Por otro lado, a través de la medida de las
actividades enzimaticas tales como la actividad deshidrogenasa y la actividad enzimatica total,
medida a partir de la hidrdlisis del diacetato de fluoresceina (DAF), también se puede estimar la
actividad microbiana; asi lo han hecho autores como Tayler & May (2000) que emplearon la
medida de la actividad deshidrogenasa en monumentos antiguos de piedra arenisca y Prieto et
al. (2004) que utilizaron la medida de DAF en experimentos de laboratorio realizados con roca

granitica.

Si bien todas las técnicas anteriormente citadas presentan ventajas y su uso esta ampliamente

difundido en investigacion, también muestran ciertos inconvenientes. Asi, ademas de ser todas
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ellas costosas y lentas en su ejecucion, la mayor parte son destructivas y deben ser llevadas a
cabo en el laboratorio lo que implica la necesidad de realizar una toma de muestra previa, lo
cual en el caso de estudios realizados sobre superficies del Patrimonio monumental supone un
gran inconveniente, resultando en muchos casos imposible. Para solventar estos problemas
una posibilidad es recurrir a técnicas basadas en metodologias 6pticas que, debido al pequefio
tamafio de los organismos en cuestion deben tener un alto poder de magnificacién y de
resolucion. A este respecto dos de las caracteristicas fisicas de los microorganismos
fototroficos pueden ser empleadas: la fluorescencia emitida por su clorofila y el color al que dan
lugar al acumularse sobre una superficie sélida. De cada una de estas caracteristicas surge
una técnica de deteccion y monitorizacion del crecimiento de biofilms en superficie: (i) la
medida de la emision de fluorescencia de la clorofila in vivo y (ii) la medida instrumental del
color empleando un espectrofotobmetro o un colorimetro triestimulo. En ambos casos es posible
realizar una monitorizacion de la superficie, incluso de gran tamafio como la fachada de un
edificio, ya que ambas técnicas son no-destructivas (no-invasivas) y de aplicacion on site,

evitando asi la toma de muestra.

Son varios los trabajos donde se ha aplicado el método de deteccion in vivo de la presencia de
clorofila mediante espectrofluorimetria y la cuantificacion del area colonizada como porcentaje
del area total (Guillite & Dreesen, 1995; Brechet et al., 1996, 1997; McStay et al., 2001; Miller et
al., 2006, 2010). Sin embargo, la medida de fluorescencia presenta algunas desventajas frente
a la medida de color, como son que la sefial de fluorescencia se produce en un corto espacio
de tiempo, que depende de las condiciones fisiolégicas de los organismos (no tomando en
cuenta las células muertas) y, principalmente, que es muy dificil abordar el analisis de los
espectros con caracteristicas desconocidas, es decir, la técnica requiere un conocimiento
basico de las caracteristicas espectrales de los parametros investigados con el fin de elegir las
bandas correctamente y separar contribuciones de fluorescencia debidas a factores externos a
los microorganismos, como son la fluorescencia de algunos minerales (Lognoli et al., 2003). El
carbonato calcico, la fluorita, la scheelita y los minerales de uranio son algunos de los
componentes minerales que pueden presentar fluorescencia, que por lo general consiste en
una amplia banda de emisién en la region azul del espectro, por ejemplo en el caso del

carbonato célcico con un maximo de emisién alrededor de 420 nm (Cecchi et al., 2000).

En lo que respecta a la medida instrumental del color para la cuantificacion de la colonizacién
biolégica sobre fachadas de edificios, Newby et al. (1991) fueron de los primeros autores en
relacionar la medida de la reflectancia, que puede obtenerse a través de un espectrofotémetro
0 un colorimetro triestimulo, con el cambio de color provocado por la acumulacién de particulas
sobre una superficie sélida. Basandose en un trabajo previo de Ball (1989), Newby et al. (1991)
definieron el ensuciamiento (soiling) de un edificio como “un efecto 6ptico, un oscurecimiento
de la superficie que se puede medir como un cambio en la reflectancia de la luz, y que

generalmente esta relacionado con la deposicion de particulas procedentes del aire sobre la
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superficie del edificio”. Afos después y tomando en cuenta esta definicion, Gorbushina &
Krumbein (2000) afirmaron que muchos, si no la mayoria, de estos cambios espectrales estan
relacionados con el crecimiento de las biopeliculas coloreadas; dichos autores consideran que
las particulas transportadas por el viento (polvo, polen, particulas de carbén elemental, etc.) y
los microorganismos a menudo actian concomitantemente para producir el ensuciamiento del
edificio, apuntando que, ya en 1853 Ehrenberg habia llegado a la conclusién de que los
microorganismos, en parte debido a sus productos extracelulares viscosos, podian atrapar
particulas del aire de manera mas eficiente que la superficie de la roca limpia, ie. sin

biopelicula (Krumbein, 1995).

El empleo de colorimetros triestimulo y espectrofotdmetros portatiles para cuantificar el color
generado por microorganismos fototréficos que se desarrollan de forma epilitica sobre
sustratos pétreos, no empezé a difundirse hasta finales de los noventa. Asi, como parte de un
programa de investigacion mas amplio financiado por Historic Scotland (http://www.historic-
scotland.gov.uk/), investigadores de la Robert Gordon University (Aberdeen, Escocia. Reino
Unido) realizaron una serie de experimentos en edificios de piedra arenisca, en los que se
monitorizaba mediante un colorimetro portatil triestimulo el cambio de color en sus fachadas
provocado por la colonizaciéon biolégica (algas) tras la aplicacion de varios tratamientos
biocidas (Urquhart et al., 1995; Young et al., 1995; Young, 1997). En esa misma época, Urzi &
Realini (1998) publicaron un estudio donde correlacionaban el color naranja o gris, determinado
instrumentalmente con un colorimetro portatil triestimulo, de las patinas biolégicas en la roca
calcarea de la torre barroca de Noto en Siracusa (Sicilia, Italia) con los microorganismos
responsables, algas y bacterias u hongos respectivamente. Por su parte, Viles y colaboradores
trabajaron entre 1987 y 1995 en el British National Materials Exposure Programme (N.M.E.P.)
en el que la colonizacién microbiana, el ensuciamiento (soiling) y el deterioro (decay) de
muestras de piedra caliza emplazadas en mas de 20 sitios de Gran Bretafia (Reino Unido)
fueron monitorizados por un periodo de 1, 2, 4 u 8 afios dependiendo de las condiciones
climaticas y de contaminacion de la ubicacién. Para ello emplearon un espectrofotémetro
portatil ademas de técnicas de caracterizacién, como la microscopia electrénica de barrido
(Viles et al., 2002). Posteriormente, el estudio se centré en las construcciones de piedra caliza
localizadas junto a las carreteras con diferentes flujos de trafico de Oxford (Inglaterra, Reino
Unido) que fueron monitorizadas durante un periodo de tres afos (Viles & Gorbushina, 2003).
Viles sigui6 trabajando en esa misma linea en afios posteriores, tras haberse aplicado en 1999
la Oxford Transport Strategy (OET) con el fin de restringir el acceso, en particular de los
vehiculos privados, al centro histérico de la ciudad; registrando los cambios en las pautas de
crecimiento de organismos y en el ensuciamiento de las construcciones de Oxford (Thornbush
& Viles, 2004, 2006).

Por otra parte, la validez del uso del color como estimador de la biomasa de organismos

fototroficos sobre superficies pétreas fue demostrada por Prieto et al. (2004), a partir de
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comparaciones entre los métodos mas usuales de cuantificacion de biomasa fototréfica, como
es la medicion de la clorofila-a in vitro y la actividad enzimatica total medida a partir de la
hidrolisis del diacetato de fluoresceina (DAF); demostrando ademas, a partir de experimentos
de laboratorio, que existe una relacién directa entre la cantidad de organismos fototroficos
depositados sobre una superficie y el color que generan (Prieto et al., 2002). Estos mismos
autores realizaron a continuacién un trabajo de campo, en el que empleaban un
espectrofotometro portatil para sélidos para monitorizar el crecimiento de biofilms inducidos en
varios frentes de una cantera de cuarzo a cielo abierto (Prieto et al., 2005). El crecimiento de
los biofilms tenia como finalidad enmascarar el color blanco brillante del mineral reduciendo asi
el imparto visual de la explotacidon minera. De estos ultimos trabajos se concluye, que una de
las principales ventajas de la medida instrumental de color para la cuantificacién de la biomasa
fototrofica sobre sustratos de una coloraciéon mayormente clara y homogénea, es que permite
detectar la colonizacién biolégica de forma precoz, incluso antes de que ésta sea percibida por
el ojo humano (Prieto et al., 2002, 2005). Esto supone una importante ventaja en la gestion y
mantenimiento de superficies recién expuestas a la intemperie, asi como en superficies
tratadas en las que se ha eliminado la biopelicula existente, ya que en muchos casos aunque
aparentemente la superficie tratada quede limpia, una observacion mas rigurosa deja patente
que algunas de las estructuras biolégicas permanecen entre los granos de la piedra, facilitando

asi la re-instalacion de los organismos (Prieto et al., 1995).

En lo que se refiere al andlisis de las medidas instrumentales de color, en practicamente la
totalidad de los estudios realizados en este campo es el espacio de color CIELAB (CIE
Publication 15-2, CIE, 1986) el que se emplea para representar y analizar los valores
obtenidos. El espacio CIELAB 6 CIE 1976 L*a*b* intenta reproducir un espacio de color que
sea mas "perceptivamente lineal" que otros espacios de color como RGB o CMYK.
Perceptivamente lineal significa que un cambio de la misma cantidad o magnitud en un valor de
color debe producir un cambio casi de la misma importancia visual. Especificamente con este
propdsito fue desarrollado este espacio por la Commission Internationale d'Eclairage (Comision
Internacional de la lluminacién: CIE), y estd basado en el espacio de color CIE 1931 XYZ (CIE,
1932) y fuertemente influenciado por el espacio de color Munsell (Munsell, 1905).
Considerando que el color depende de tres factores: la fuente luminosa, el objeto iluminado y el
observador que capta la imagen, la CIE establece este espacio sobre la base de cuatro puntos
fundamentales: fuente estandar de iluminacién, condiciones exactas de observacion, unidades

matematicas apropiadas y curvas del observador estandar (Wyszecki & Stiles, 1982).

El espacio CIELAB (Figura 5), que suele representarse como una esfera, un clindro o un cubo
aunque esto no se ajuste a la realidad, esta basado en el modelo de los colores opuestos y
cada color se localiza dentro de un espacio tridimensional de tres ejes (L*a*b* 6 L*C*;phqp). Asi,
cada color esta definido por tres coordenadas cartesianas, escalares o lineales, L*a*b*, donde

L* es una medida de la claridad que varia de 100 (blanco absoluto) a 0 (negro absoluto), y a* y
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b* definen las componentes de color rojo-verde y amarillo-azul, respectivamente. Asi, un valor
negativo de a* define un color mas verde que rojo, mientras que un valor positivo de b* define
un color mas amarillo que azul. Ademas de este grupo de coordenadas escalares (L*a*b*) el
espacio CIELAB puede ser representado mediante otro sistema de coordenadas cilindricas o

polares que sustituye a* y b* por,
croma C* , =~a** +b*’

y, tono angular 4, = arco - tangente(b */ a*) .

En la percepciéon humana del color se distinguen tres caracteristicas principales que
corresponden a los tres pardmetros basicos del color: claridad, croma y tono. La consideracion
de las coordenadas cilindricas (L*C*,,hzp) €n lugar de las escalares (L*a*b*) permite cuantificar
el color del mismo modo en que es percibido, es decir teniendo en cuenta estos tres atributos
de apreciacion visual: claridad (su analogo en CIELAB es L*), croma (su analogo en CIELAB es

C*ap) y tono (su analogo en CIELAB es hy,).

Una de las ventajas del espacio de color CIELAB frente a otros es que permite cuantificar la
diferencia de color entre dos muestras mediante la combinacion de las diferencias de sus tres
coordenadas, tanto escalares como cilindricas, en un espacio euclidiano. Este es el
fundamento de la formula clasica de 1976 de diferencia de color CIELAB (Wyszecki & Stiles,

1982), que asume la uniformidad del espacio de color:

AE*, = \/(AL *)2 + (Aa *)2 + (Ab *)2 6 AE*,, = \/(AL *)2 + (AC * )2 + (AH * )2

Esta formula de distancia euclidea para medir la diferencia de color ha sido progresivamente
revisada y mejorada debido al reconocimiento de la falta de uniformidad de este espacio. La
mayoria de las férmulas de diferencia de color utilizadas en la actualidad parten de las
coordenadas del espacio CIELAB, introduciendo factores de ponderacion (weighting functions),
indicados por S (en oftros textos, W), que consiguen una mas estrecha relacion entre las
diferencias de color calculadas y percibidas respecto a CIELAB; y los niumeros k, factores
paramétricos (parametric factors) que representan variables dependientes de las condiciones
de observacion. Estos factores de ponderacion (S) y factores paramétricos (k) se introducen
sobre las diferencias CIELAB de claridad, croma y tono para corregir la falta de uniformidad
perceptual del espacio, y asi surgen las férmulas de diferencia de color CIE94 (CIE Publication
116-1995, 1995):

% 2 A * 2 AH* 2
AE*,, (k, ‘kp:k,)= ALY Cu + ab
kLSL kCSC kHSH
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y CIEDE2000 (CIE Publication 142-2001, 2001), que incluye ademas un factor denominado
término de rotacion (Rr) y una transformacion especifica de la coordenada a*, que afecta

principalmente a los colores con bajo croma (colores neutros):

2 2 2
AE, (k, ik k)= AL + AC + AH +R, _ACHAHT
kLSL kCSC kHSH kCSCkHSH

Em ambas ecuaciones los factores paramétricos: los valores ki, k¢, ky sirven para ajustar las

1/2

contribuciones relativas de claridad, croma y tono, y asi, adoptando los valores k =1, kc=1,
ky=1, las formulas que se obtienen son CIE94(1:1:1) y CIEDE2000(1:1:1); mientras que
aumentando la contribucion relativa a la diferencia de claridad, k =2, kc=1, ky=1, las formulas
son CIE94(2:1:1) y CIEDE2000(2:1:1). En cuanto a la importancia relativa de estas
correcciones (CIE94 y CIEDE2000), los autores destacan que la mejora de CIE94 sobre
CIELAB es notablemente superior a la mejora de CIEDE2000 sobre CIE94 (Melgosa et al.,
2004).

El espacio de color CIELAB intenta linealizar las diferencias de color perceptibles por el ojo
humano, usando la métrica de diferencias de color descritas por las elipses de MacAdam
(MacAdam, 1942). Las relaciones no lineales para L*, a* y b* pretenden emular la respuesta no
lineal del ojo humano. Ademas, los cambios uniformes de los componentes en el espacio de
color L*a*b* tienen por objeto corresponder a cambios uniformes en el color percibido, por lo
que las diferencias relativas de percepcion entre dos colores en el espacio L*a*b* se pueden
aproximar tratando cada color como un punto en un espacio tridimensional, con tres

componentes: L*, a*, b* y tomando la distancia euclidea entre ellos.

Son varias las causas que podrian justificar la aceptacion generalizada de CIELAB en los
estudios cientificos, asi como en las aplicaciones industriales. Entre esas causas cabria citar el
caracter oponente de sus coordenadas L*a*b*, la asociaciéon de su otra terna de coordenadas
L*C*aphap con los tres atributos clasicos del color (claridad, croma y tono) o incluso su analogia
respecto al espacio de color Munsell (Munsell, 1905), con el que mucha gente esta bien

familiarizada.

La instrumentacion para la medida del color disponible en la actualidad muestra fundamentos
similares, diferenciandose normalmente en el grado de sofisticacion y en la configuraciéon que
presenta el aparato, la cual depende de la aplicacién concreta a la que se destina (Capilla et
al., 2002). Las medidas instrumentales de color estan sujetas a las condiciones de medida del
espectrofotometro o del colorimetro como son la configuracién éptica y geometria de medida o
de iluminacién-observacion (0/45, 45/0, d/0, ...), el iluminante (A, C, D65, F11, ...) y el
observador (observadores estandar CIE 1931 - 2° y CIE 1964 - 10°), pudiendo estos dos

ultimos, iluminante y observador, prefijarse para generalizar el proceso de medida obteniendo
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asi medidas fiables y reproducibles que resultan comparables entre si. La configuracion optica
y geometria de medida de un colorimetro o un espectrofotometro es propia del aparato y viene
determinada por dos valores, X/Y, donde X es el valor que indica la direccion del haz que
ilumina la muestra, e Y, la direccion de medicién del haz reflejado. Segun como se ilumine la
muestra (X) y cdmo se coloque el detector de luz reflejada con respecto a ésta (Y), los
resultados pueden mostrar alguna discrepancia, por lo que, cuando se vaya a emplear mas de
un instrumento en la medida es recomendable comparar los resultados de las mediciones para
poner de manifiesto esas diferencias instrumentales (e.g. Campos Acosta et al., 2004). Entre
las geometrias de medida mas comunes estan 0/45 y 45/0, que corresponden respectivamente
a la situacién en la que la muestra y el blanco de referencia son iluminados normalmente, es
decir con 0° de inclinacién, mientras que el detector esta colocado de forma que registra la
radiacion reflejada a 45° y viceversa. También existen aparatos cuya configuracion optica o
geometria es de esfera integradora, en estos casos la geometria se indica con una “d” que
indica o que la muestra se ilumina difusamente, esto es con luz proveniente de todos lados
(d/Y), o que en el detector se mide la componente total difusa (X/d). Asi, si la iluminacion es
difusa y el detector se encuentra colocado normalmente a la muestra, la geometria es d/0, si se
encuentra desplazado 8°, d/8, si se encuentra desplazado sélo 6°, d/6, etc. Si la iluminacion
esta colocada en la normal a la muestra y al detector llega la componente total difusa, la
geometria es 0/d, si la iluminacién se encuentra desplazada 8°, 8/d, si se encuentra desplazada
solo 6°, 6/d, etc.

3 _a +a
+b

L* =756

Figura 5. Espacio de color CIELAB. (1) Representacion clasica del espacio de color CIELAB en una esfera, donde
aparecen reflejados los dos grupos de coordenadas, escalares (L*a*b*) y polares (L*C*5hab); (2) Representacion real
del espacio de color CIELAB, que no es ni una esfera, ni un cilindro, ni un cubo, sino un cuerpo sélido de limites
irregulares. (Adaptado de: http://www.brucelindbloom.com/index.html?ColorCheckerRGB.html); (3) Planos de color a*—

b* con un valor de claridad (L*) constante.
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Cuando se mide con las geometrias 0/45 y 45/0, se excluye automaticamente la componente
especular de la reflectancia, es decir “aquélla que viene de una direccion concreta y se refleja
con un angulo igual de salida”. Por esta razén en materiales lisos y brillantes éstas son unas
geometrias recomendables. Cuando la geometria es de esfera integradora con luz difusa (X/d 6
d/Y), cuyo uso es recomendable para los materiales heterogéneos en textura, es preciso
ajustar en el aparato la inclusién (SCI) o exclusién (SCE) de la reflectancia especular, lo cual se
consigue mediante lo que se llama una trampa o6ptica (tapén blanco). En el modo SCE, con
componente especular excluida, la reflectancia especular esta excluida de la medicién y sélo se
mide la reflectancia difusa. Cuando se utiliza el modo SCI ambas reflectancias estan incluidas.
Precisamente dada la necesidad de excluir la componente especular de las mediciones con la

esfera integradora, muchos instrumentos emplean una geometria 8/d 6 6/d en lugar de 0/d.

Espectrofotdmetro Konica Minolta

Figura 6. Izquierda: Instrumentos de medida del color por contacto. Arriba: Colorimetro portatil triestimulo Minolta con
procesador de datos DP-310 y cabezal de lectura CR-300. Medio: Espectrofotémetro portatil GretagMacbeth CE-XTH.
Abajo: Espectrofotometro portatil Konica Minolta CM-700d. Derecha: Realizacion de la medida instrumental de color on

site.

Teniendo en cuenta tales premisas antes de comenzar la medicion, las medidas obtenidas por
un espectrofotdmetro o por un colorimetro triestimulo (Figura 6) serian completamente
equivalentes aunque ambos aparatos no son instrumentalmente iguales. La diferencia

fundamental entre un espectrofotémetro y un colorimetro consiste en que el colorimetro trabaja
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unicamente en el espectro de luz visible y selecciona una longitud de onda determinada
mediante filtros fijos, mientras que un espectrofotémetro es capaz de trabajar en otras regiones
del espectro electromagnético (ultravioleta e infrarroja) y posee un monocromador para
seleccionar la longitud de onda deseada. Ademas, el colorimetro funciona como una camara
digital RGB, cuyos canales de color se ajustan espectralmente a las funciones de igualacion
CIE combinando las sensibilidades espectrales del sensor, la lente y los filtros coloreados RGB.
Por esta razén los colorimetros dan valores triestimulo relativos mientras que los

espectrofotémetros proporcionan mediciones espectrales.

Con todo lo expuesto hasta el momento, parece posible en principio medir el color en cualquier
situacién que se presente. Sin embargo, las aplicaciones practicas de la medida del color son
tan extensas y variadas que en algunas situaciones es necesario definir una serie de conceptos
particulares asociados al objeto concreto de estudio. En ciertas areas como la alimentaria,
dental y textil, la medida instrumental del color posee una amplia tradicion, por lo que el
desarrollo e implementacion de los métodos de medida se encuentran muy avanzados,
existiendo incluso en ciertos casos, como el vino y el aceite, métodos oficiales para la
determinacioén de su color. Sin embargo en otras areas, como la que recoge el objetivo principal
de esta tesis, asi como areas afines relacionadas con sustratos inorganicos naturales, tales
como rocas, suelos y sedimentos, la medida instrumental del color apenas ha sido aplicada, lo
que lleva a la necesidad de determinar un procedimiento de medida previo a la aplicacién de la
técnica (Artigas et al., 2002).
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. From a planktonic lifestyle to formation and growth of biofilms

Historically, microorganisms were considered as free-living unicellular life forms and
characterized on the basis of their growth in different culture media (Donlan, 2002). However,
advances in microscopic and molecular techniques have made possible the direct observation
of a wide variety of natural habitats, and it has been established that most microorganisms live
attached to surfaces within a structured biofilm and not as free-floating organisms (Costerton et
al., 1987). The discovery of microbial biofilms, in the late seventeenth century, can be attributed
to the Dutch microscopist Antonie van Leeuwenhoek (1632-1723), who, after observing the
“animalcules” in plaque from his own teeth, affirmed that bacteria could adhere and grow
universally on exposed surfaces. In the nineteenth century, the Russian microbiologist and soil
scientist Sergei N. Winogradsky (1856-1953) developed a system of simulating natural
ecosystems (the Winogradsky column), and thus managed to isolate associations of
microorganisms (biofilms) on glass slides. In 1940, Heukelekian & Heller observed the “bottle
effect” in marine microorganisms, whereby bacterial growth and activity were substantially
enhanced by the incorporation of a surface to which these organisms were able to attach. In
1943, Zobell observed that the number of bacteria on surfaces was much higher than in the
surrounding medium (in this case, seawater). On the basis of observations of dental plaque and
sessile communities in mountain streams, Costerton et al. (1978) proposed a theory of biofilms
that explained the mechanisms whereby microorganisms adhere to living and nonliving
materials, as well as the benefits afforded by this ecologic niche. The term biofilm was coined
by Costerton in 1978, in an article in Scientific American, in which he stated that, “in nature (but
not in laboratory cultures) bacteria are covered by a "glycocalyx" of fibres that adhere to
surfaces and to other cells”. This supposed a paradigm shift in the way microbiologists viewed

the growth and ecology of microorganisms.

The current definition of a biofilm describes a more complex concept: "a universal community of
microorganisms (bacteria, fungi, cyanobacteria, algae, protozoa), complex and interdependent,
linked to wet surfaces (biotic or abiotic) or interfaces (subject to water column gradients) by a

polymeric matrix (EPS) of extracellular glycoproteins with viscous texture, generated ex profeso
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and travelled by water channels, which allow an efficient water, nutrients and gas exchange

between constituent populations and the outside environment "(Costerton, 2007).

The capacity for biofilm formation is not restricted to any specific group of microorganisms; under
suitable environmental conditions all microorganisms can form biofilms. In this regard, it has been
shown that many cells must attach to solid surfaces (forming part of a biofilm) to survive and

proliferate, a requirement for survival known as "anchorage dependence" (Pierres et al., 2002).

The main feature that distinguishes sessile biofilm cells from their motile or free-floating
planktonic counterparts is the existence of a matrix of extracellular polymeric substance (EPS)
that embeds all components of the biofilm and enables it to adhere to surfaces. The biofilm
matrix is a complex milieu, comprising mainly water (up to 97%) and a mixture of EPS such as
polysaccharides, proteins, nucleic acids, lipids/phospholipids, absorbed nutrients and
metabolites. Although the extracellular matrix is the defining characteristic of the biofilm, its role
is not yet fully understood. Most authors believe that the primary function of the extracellular
matrix is to protect the biofilm from antimicrobial action and from adverse changes in humidity,
temperature, osmotic pressure and pH. The extracellular matrix acts via chemical neutralization
or the creation of a diffusion barrier that prevents antimicrobial agents reaching the
microorganisms (Lindsay & von Holy, 2006). It is also known that cyanobacteria increase their
production of extracellular polymers under light- and nutrient-limiting conditions (Albertano et al.,
2003). However, other authors consider that the most important role of the matrix occurs during
the initial stages of biofilm formation when it facilitates cell attachment to the substrate (Decho,
2000; Barranguet et al., 2005); this gives cohesion to the nascent biofilm and facilitates

interaction between its various components (Flemming & Wingender, 2001).

It has also been established that sessile cells are physiologically distinct from planktonic
microorganisms and that biofilms exhibit a distinct phenotype from their free-floating
counterparts. The main phenotypic differences are related to location, grouping and colonial
organization, mobility, metabolic and environmental adaptation, and form and growth rate
(Donlan, 2002). During the complex process of adhesion, microorganisms alter their phenotypic
characteristics in response to their proximity to a surface. During the initial stages of biofilm
formation, sessile microorganisms form microcolonies within which they are in stable
juxtaposition with microorganisms of the same and other species. Interactions within these
microcolonies enable exchange of genetic material, which results in an overall change in the
phenotype of the biofilm (Stolz, 2000). This also creates physico-chemically heterogeneous
environments in which microorganisms associated with biofilm have different physiological
characteristics than the planktonic cells. Many microorganisms alter their physiological
processes to adapt to these particular niches (e.g. by growing anaerobically) (Stoodley et al.,
2002). In addition, the different micro-organisms in the biofilm respond to the conditions of their

specific micro-environments by presenting different growth patterns. Physiological cooperation
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is the main factor that helps form the structure and establish equilibria, so that mature biofilms

(i.e. attached to surfaces) are highly efficient microbial communities (Costerton et al., 1994).

During biofilm formation, the constituent microorganisms usually leave their status of motile cells
(planktonic) to form unstratified populations of microorganisms within which several species of
microorganisms interact; each species has its own metabolic rate, with a controlled growth rate
and specific, relative location within the biofilm (Figure 1). Several stages of biofilm formation
can be distinguished (O'Toole et al., 2000; Boonaert et al., 2001). In the first stage,
macromolecules and organic molecules from different sources are adsorbed onto the substrate
and thus prepare it for possible colonization (Step 1, Figure 1). The microorganisms then
approach the substrate by self-propulsion and Brownian motion; physicochemical interactions
with the adsorbed molecules lead to initial adhesion of cells (Step 2, Figure 1). Adherence to the
substrate, which is a key step in biofilm formation, is a complex process regulated by the
surrounding medium, the surface of the substrate and the microorganisms themselves (Ophir &
Gutnick, 1994; O'Toole et al., 2000; Donlan, 2002). The subsequent attachment of the
microorganisms is caused by excretion of EPS (Step 3, Figure 1). From this moment, cell
division leads to the proliferation of microbial communities and their continued adherence to the
substrate. Maturation of the biofilm involves three-dimensional growth via the generation of a
specific and complex 3D structure of channels and pores, often referred to as biofilm
architecture (Lawrence et al., 1991) and redistribution of microorganisms away from the
substrate (Step 4, Figure 1). The architecture of the biofilm, in particular the spatial arrangement
of microcolonies (clusters of microorganisms) in relation to others, has important implications for
the function of these complex communities of microorganisms attached to surfaces or
associated with interfaces (Donlan, 2002). The architecture of the biofilm matrix is strongly
substrate dependent; it is not solid, but has channels that allow the flow of water, nutrients and
oxygen to even the deepest parts of the biofilm. However, the existence of these channels does
not preclude the existence of environments in which the pH and concentrations of nutrients and
oxygen will differ within the biofilm (Steps 5 and 6, Figure 1). Once the biofilm is mature, some
of the microorganisms will return to a planktonic mode of growth, as a result of a decrease in
exopolymer production (Step 7, Figure 1. O'Toole et al., 2000). The microorganisms leave the

biofilm, thus completing the life cycle (Costerton, 2007).

Recognition of the importance of the biofilm phenomenon is recent, and therefore a concerted
effort to study microbial biofiims began only two decades ago. However, study of these
communities has already revealed the existence of important mechanisms of microbial
communication that affect the stability of the biofilm and enable organization/disorganization
and settlement/release. Thus, some bacterial communication mechanisms have positive effects
(Quorum Sensing), and others have negative effects (Quorum Quenching). The proteins
responsible for bacterial communication (Quorum Sensing) and blockage of communication

(Quorum Quenching) were discovered in the early 1990s (Fuqua et al., 1994). According to
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studies published by Otero et al. (2004) and Otero & Romero (2010), Quorum sensing (QS)
refers to the ability of microorganisms to regulate their gene expression according to population
density and thus develop a type of social behaviour coordinated by producing small signal
molecules. If these signal molecules are removed from the environment, the communication

between organisms will break down; this is known as Quorum Quenching (QQ).

Células Maviles (Planctinicas) \
Maotile Cells (Planktonic) \

Bacterias / Cianobacterias Filamentogas /
=  Bacteria O Algas/ Algae Filarmentous Cyanobacteria Mematodos / Mematodes
@ Diatomeas/ @ Chanobacterias/ H IF Protozoos / Pratozoa
Diatams Cyanobacteria V\ angos hung!

Figure 1. Schematic model of the phases involved in biofilm formation on a solid surface. Adapted from Cuzman (2009).
(1) Establishment of macromolecules and organic molecules on the surface being colonized; (2) Reversible adhesion of
primary colonizers; (3) Transition to irreversible adhesion, followed by multiplication and start of production of
extracellular polymeric substance (EPS); (4) Start of three-dimensional development of the biofilm structure; (5)
Adhesion of secondary colonizers and continuous development of the biofilm; (6) Mature biofilm with an expressed
structure (biofilm architecture) and forming a specific micro-ecosystem; (7) Biofilm homeostasis during which continuous
growth of the structure with channels (Ch "channel") takes place and some microorganisms break off and return to a

planktonic mode of growth.

Il. Biofilm-substrate interaction: biological colonization of surfaces exposed to
outdoor conditions

Biofilm formation requires the presence of a substrate, and as very few substrates are not
affected by biofilms, all of the earth’s surface is covered by subaerial biofilms (Krumbein et al.,
2003). Moreover, biofilms usually appear from the early stages of exposure of almost all outdoor
surfaces under all types of environmental conditions (Figure 2, Silva et al., 1997; Gaylarde &
Morton, 1999; Warscheid & Braams, 2000). In some cases, the presence of biofilms is
beneficial as it stabilizes and fertilizes soils (Acea et al., 2001, 2003), sediments (Liess &

Francoeur, 2010) and rocks (Prieto et al., 2005, 2006). However, the presence of biofilms
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sometimes leads to aesthetic deterioration of the surface, which is associated with staining by
biogenic pigments (Urzi et al., 1992), and is an important problem in terms of biodeterioration
(“the undesirable change in the properties of a material caused by the activities of organisms”;
Hueck, 1965) and accelerated aging (Warscheid & Braams, 2000). The presence of biofilms
actively degrades materials because the films produce acidic/alkaline conditions, retain
moisture and absorb heat differently depending on the coloration (Krumbein, 1988; Garty, 1990;
Warscheid et al., 1991, 1996). From the viewpoint of cultural heritage, the development of

biofilms on valuable surfaces is particularly detrimental (Figure 2, Dornieden et al., 2000).

For biofilm-forming microorganisms, substrates provide a surface for development of biological
activity and also supply the energy required for development (Gorbushina & Krumbein, 2000).
Therefore, for inert surfaces, a sequential process of colonization is required in which the
substrate in question gradually becomes suitable for the colonizers. Thus, the sequence of
colonization is not random, but responds to the microorganisms’ own strategies. The primary
colonizers of the substrate are generally autotrophic microorganisms such as diatoms, algae,
photoautotrophic bacteria sensu lato and cyanobacteria (e.g. Grant, 1982), which only need water
and a minimal supply of mineral salts to settle and grow on the substrate (Saiz-Jimenez & Arifio,
1995). Growth of these microorganisms often leads to the formation of greenish patches in damp
areas, in a phenomenon often referred to as greening; this is more apparent in shaded areas than
in exposed sites because the latter dry out more readily (Barberousse et al., 2006; Smith et al.,
2011). The duration of the dampness (rather than the frequency of wetting) is crucial in
predisposing a substrate to colonization by these types of microorganisms, and colonization is
more rapid in sites with adjacent or overhanging vegetation (Saiz-Jimenez & Arifio, 1995; Smith et
al., 2011). Cyanobacteria (oxygenic photoautotrophic bacteria) have several characteristics that
enable them to withstand extreme environmental conditions, such as tolerance to desiccation and
water stress, tolerance to high levels of salts, high temperature resistance and efficient use of low-
intensity sunlight radiation; these features explain the widespread presence of cyanobacteria on
certain substrates (e.g. Friedmann, 1980). The presence of photoautotrophic microorganisms,
cyanobacteria and algae (primary colonizers) leads to the formation of more complex microbial
associations, which in turn enables settlement of other species (heterotrophic microorganisms)
and the concomitant growth of a biofilm, which now includes lichens, heterotrophic bacteria, fungi,
bryophytes sensu lato and sometimes even higher plants (Ortega-Calvo et al.,, 1991a; Saiz-
Jimenez, 1992; Tiano, 1993; Tomaselli et al., 2000; Crispim et al., 2003; Sterflinger, 2010).
Heterotrophic microorganisms (bacteria, fungi and lichens) may have more severe effects on
substrates because most of them metabolize organic matter produced by photoautotrophs, and
they secrete organic acids that chemically degrade the substrate (Warscheid & Braams, 2000).
Heterotrophic microorganisms also cause physical damage because their filaments (particularly
the hyphae of fungi) penetrate the porous cavities on the substrate surface (Hirsch et al., 1995;

Prieto et al., 2000; Silva & Prieto, 2004). When wet, the filaments expand and exert pressure
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within the pore; this causes fissures to open up, which can cause blistering and detachment (or
spalling) of the material. The slimy, usually anionic, surface of the biofiim (Costerton et al., 1978)
also favours cation adsorption. The adsorption of organic molecules and the adherence of
airborne particles (dust, pollen, particulate elemental carbon (PEC), fly ash, etc.) give rise to the
formation of hard crusts and patinas (also called black crusts), which are more difficult to remove
(e.g. Camuffo, 1995). Black crusts may have different origins from the biogenic crusts observed in
polluted atmospheres, as well as from the biogenic crusts observed in pollution-free environments
(Aira, 2007; Gaylarde et al., 2007; Prieto et al., 2007; Silva et al., 2009) and from crusts that are
non-biogenic in origin (Del Monte et al., 2001; Aira, 2007; Prieto et al., 2007; Silva et al., 2009).

Figure 2. Diversity of subaerial (terrestrial) biofilms: (a) The plastic ski-cabin known as “Futuro” (also “Futuro House” or

“The UFO house”) was designed by the Finnish architect Matti Suuronnen in 1965 in Munich (Bavaria, Germany). The
exterior, which consists of glass fibre-reinforced polyester filled with polyester-polyurethane foam, and the
poly(methylmethacrylate) (Perspex) windows display clear signs of microbial growth. This is an example of the presence
of biofilms in a contemporary work of art (Image extracted from Cappitelli et al., 2006); (b) Detail of the exterior of
"Futuro”, showing an area of biofilm growth mainly formed by cyanobacteria and archaea (Cappitelli et al., 2006); (c)
Detail of the Eastern fagade (where the “Holy Door”, which is only opened during “Holy Years”, is located) of the
Cathedral of Santiago de Compostela (A Corufia, Spain); the Cathedral is built entirely of granite. Biological colonization
in this area is by biofilms comprising bryophytes, lichens, algae and cyanobacteria; (d) Detail of “greening” at the top of
one of the granite walls of the cloister of San Martifio Pinario monastery, also located in Santiago de Compostela (A
Corufia, Spain); (e) Detail of wall and floor significantly degraded by conspicuous growth of microorganisms in part of

the Chedworth Roman Villa, one of the largest Roman villas in Britain, located at Chedworth, Gloucestershire (England).
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The presence of microorganisms discolors substrates and causes aesthetic damage. The color
of the biofilm depends on the microorganisms and abiotic particles that form the film. The color
of the microorganisms is determined by the composition and/or abundance of their biological
pigments, which differ greatly depending on environmental conditions such as type and
concentration of nutrients, light intensity and quality, temperature, ultraviolet radiation and pH
(e.g. Tandeu de Marsac, 1977; Collier & Grossman, 1992; Soltani et al., 2006). In general,
biological pigments are reddish (carotenoids and phycobiliproteins, phycoerythrins), yellowish
(carotenoids), greenish (chlorophylls and phycobiliproteins, allophycocyanins) and bluish
(phycobiliproteins, phycocyanins) in color, although dark-brown-blackish coloration may also
occur as the result of the presence of melanins and scytonemin (Garcia-Pichel & Castenholz,
1991; Proteau et al., 1993). Biological pigments are not common to all of microorganisms; for
example, the phycobiliproteins are exclusive to cyanobacteria and red algae (Glazer, 1977), and
scytonemin only appears in cyanobacteria (Garcia-Pichel & Castenholz, 1991). Thus, the color
of the biofilm may indicate the type of microorganism involved, although this is difficult to
determine visually. For example, the color of a pink-stained limestone surface at the Mayan site
of Edzna (Campeche, Mexico) is caused by a high concentration of carotene-packed cells of the
alga Trentepohlia umbrina (Gaylarde et al., 2006), whereas the rosy discoloration of the
frescoes in the St. Brizio Chapel (Orvieto Cathedral, Umbria, Italy), painted by Luca Signorelli, is
probably caused by the presence of the phycobiliprotein phycoerythrin (a cyanobacterium)
(Cappitelli et al., 2009). In other instances, especially when the biofilm is thin and is not
aesthetically disagreeable (e.g. pinkish or bluish staining), it is difficult to determine by naked
eye whether the color is intentional or it has been altered by biological colonization (Figure 3,
Gaylarde et al., 2006). Some studies have related the color of the biofilm (determined
qualitatively) to the type of pigment and/or microorganism. Thus, the orange and grey patinas
on the calcarenite stone used to build the Baroque town of Noto in Syracuse (Sicily, Italy) have
been associated with algae and bacteria and fungi, respectively (Urzi & Realini, 1998), and
black biofilms on the exterior surfaces of the Bayon Temple Sandstone (Angkor, Cambodia)
have been found to caused by the Dematiaceous fungus (also called black fungus, an
ascomycete), which produces dark brown melanin pigmentation (Sterflinger, 2000). However,
knowledge of the extent of the diversity of the microbial microflora in subaerial biofilms is far
from complete, since traditional culture techniques isolate less than 1% of the microbial
community (Ward et al., 1990). Molecular methods that allow the identification and, to some
extent, enumeration of microorganisms in environmental samples have been developed in
recent years (Amann et al., 1995). The use of techniques such as denaturing gradient gel
electrophoresis (DGGE), single strand conformational polymorphism (SSCP) and fluorescent in
situ hybridization (FISH) has shown that halophilic or alkanophilic eubacteria and archaea may
also be present in the subaerial biofilms found on surfaces of art and cultural heritage (Saiz-
Jimenez & Laiz, 2000; McNamara et al., 2003; Ortega-Morales et al., 2004; Cappitelli et al.,
2007; Pifar et al. 2009).
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In general, synthetic materials (Figure 2a, b) are considered to be more resistant than natural
materials (Figure 2c, d, e) to the chemical, physical and biological damage produced by the
biofilm (Cappitelli et al., 2006). However, the availability of water and nutrients in the substrate
is the main limiting factor for biological colonization and biofilm development, and environmental
conditions, together with the characteristics of the substrate, determine the type of biofilm
formed and its growth rate (Silva et al., 1997). The combination of properties that determine the
ability of a substrate to be colonized by microorganisms has been termed bioreceptivity
(Guillitte, 1995). Properties such as high porosity and surface roughness favour biological
colonization and biofilm formation because they facilitate adhesion of microorganisms to the
substrate and thus increase its bioreceptivity (Caneva et al., 1991; Silva et al., 1997; Warscheid
& Braams, 2000; Prieto & Silva, 2005; Miller et al., 2006). However, is not yet clear how the
properties of the substrate affect microbial growth and the subsequent bioreceptivity (Miller et
al., 2012).

Figure 3. Marble columns in the interior of a church on the Mediterranean coast. The column on the right hand side has

a pinkish-orange color that appears to be due to the material, but is actually due to the presence of a biofilm.

Focusing on the field of lithology, the presence of biofilms is one of the main problems
concerning the conservation of new structures as well as historically and artistically important
structures (Herrera & Videla, 2004; Crispim & Gaylarde, 2005; Gorbushina, 2007; Scheerer et
al., 2009). From the beginning of civilization, important structures and monuments have been
built from, or based on, natural stone. Marble and granite, which are highly resistant to

weathering, are among the most commonly used types of stone. The biofilms that appear on
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structures built with this type of stone are usually epilithic (on the surface), partly because of the
low porosity of this material (Prieto et al., 1999, 2000; Silva et al., 1999). In more porous stone,
such as limestone and sandstone, endolithic growth (inside of the rock) of the biofilm is more
common (Saiz-Jimenez et al., 1990; Miller et al., 2010). Endoliths have been further classified
into chasmoendoliths (present in cracks), cryptoendoliths (present in pores) and euendoliths
(when they show a true ability to bore into the stone matrix) (Golubic et al., 1981). The local
climate also affects the depth of penetration of the organisms. Warscheid et al. (1996)
considered that although microorganisms in moderate climates tend to colonize the surface of
stones, their tropical and subtropical counterparts prefer to penetrate deeper into the rock profile
for protection against sunlight and desiccation. However, Matthes-Sears et al. (1997) suggested
that organisms do not become endolithic as a protective measure, but rather as a result of the
search for nutrients and space. According to most authors, endolithic populations are extremely
difficult to remove and are highly deleterious as they contribute to disrupting the cohesion of
mineral grains at depths of up to several millimeters (e.g. Ascaso et al., 1998; Miller et al.,
2010). However, Hoppert et al. (2004) reported that the growth rate of endolithic populations
within the rock is slow and that these populations are rarely associated with biodeterioration
processes. In the case of epilithic biofilms, biodeterioration is caused in the first instance by the
change in color of the surface, which causes aesthetic damage. The presence of this type of
biofilm also leads to physical problems because the albedo decreases in darker areas of the
stone surface (i.e. those covered by biofilm), so that more sunlight is adsorbed and the stone
experiences an increase in heating/cooling and wetting/drying cycles, which causes physical
stress on the biofilm and mechanical stress within the rock (Warke et al., 1996; Warscheid &
Braams, 2000; Sand et al., 2002). Temperatures on darkly colonized areas of stone have been
shown to differ by as much as 8°C relative to uncolonized areas (Garty, 1990). The above effect
has been demonstrated experimentally in limestone blocks with and without a lichen covering
as changes in surface temperature and thermal gradients were greater in the area below the
lichen (Carter & Viles, 2004).

Several studies have shown that cyanobacteria constitute most of the biomass on external
surfaces of natural stone structures (Ortega-Morales et al., 2000; Gaylarde et al., 2001). The
aggressive action of cyanobacteria (and photoautotrophic microorganisms sensu /ato) in
relation to the substratum where they develop has been considered negligible by some authors,
although this is controversial. Apart from the unaesthetic appearance, there are references in
the literature that indicate that decay occurs directly as a result of biofilm formation. Such decay
is mainly attributed to the mucilage formed by the cyanobacterial and algal sheaths that enable
the microorganisms to adhere to the substratum; the mucilage undergoes large changes in
volume owing to its water retaining properties (Ortega-Calvo et al., 1991a, 1991b). The mineral
grains and particles are removed by the mass of entangled filaments held in a slimy matrix (the

mucilage) in which particles of different sizes are embedded. Many cyanobacteria (not
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necessarily filamentous types) have been shown to have this ability (Scheerer et al., 2009).
Grains may be lost from stone surfaces as a result of the contraction and expansion of biofilms,
and this contributes to the gradual destruction of the materials (Ortega-Calvo et al.,, 1991a,
1991b). In addition, the formation of photoautotrophic biofilms results in moisture being retained
for longer at the surface, which increases the mechanical damage produced by the freezing and

thawing of water present in the pores of the building materials.

The need to invest efforts in early detection (i.e. during the first stages of formation of biofilm:
Figure 1) is often suggested in studies on the detrimental effects of stone-colonizing
microorganisms. Intervention to remove biological colonization at this moment would be minimal
and would be considered as preventive conservation, which is defined as “all measures and
actions aimed at avoiding and minimizing future deterioration or loss” (ICOM-CC, 2008).
Intervention for the removal of mature biofilms (Figure 1) should be carefully evaluated as it
often leads to significant deterioration of the surface (Figure 4). Furthermore, the application of
treatments after biofilm removal, including simple cleaning with water, may exacerbate future
microbial growth; for example, it was found that although re-soiling from inorganic material does
not occur for several years after cleaning building fagades in Scotland (UK), re-soiling in the
form of green algal growth (greening) occurred within only a few months (Young, 1997). The
following are examples of restoration treatments that have led to an increase in microbial
colonization: the use of a consolidant made from mucilaginous carbohydrate-like extracts from a
local plant (Escobilla) at the Mayan site of Joya de Ceren (El Salvador), which favoured fungal
growth, particularly of actinomycetes (Caneva & Nugari, 2005); the use of acrylic resins (poly-
isobutylmethacrylate) as synthetic consolidants on the fagade of the Milan cathedral (ltaly) in

the 1970s, which promoted development of melanin-producing fungi (Cappitelli et al., 2007).

Action against microbial growth and the development of biofilms can be divided into four major
categories (Scheerer et al., 2009): (1) indirect control by changing environmental conditions so
that they are adverse to the microorganisms, (2) mechanical removal of biodeteriogens, (3) use
of chemicals (biocides), and (4) physical eradication methods, such as the use of an
electromagnetic field or the use of ultrasound. The first action is the most recommendable, but
can rarely be applied because of the high adaptability of microorganisms, especially bacteria
and cyanobacteria, to external change; for obvious reasons it can never be applied to outdoor
exposed surfaces. Depending on the dimensions of the surface to be treated, biofilm can be
removed mechanically with the aid of a scalpel or a high-pressure jet of abrasive dust or stream
of fluid. The main drawback with these techniques is that the surface may be damaged by
microabrasion caused by direct contact between the abrasive and the surface. The stone
fagades of colonized buildings are often cleaned in this way, despite the damage caused and
the fact that the treatment is expensive and must be repeated periodically because
microorganisms re-appear quickly. In this respect, it is advisable to carry out cleaning at the

early stages of biofilm formation, so that the treatment area is smaller and the cleaning is
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easier, more efficient and thus less expensive than with older biofilms. Microbial abatement is
commonly achieved with biocides, especially in the case of rehabilitation of old buildings, which
are often profusely colonized. However, biocides often have detrimental effects on stone as
they can cause discoloration, oxidation/reduction of stone compounds and formation of salts,
which may crystallize on drying and lead to exfoliation (Caneva et al., 1991; Kumar & Kumar,
1999; Warscheid & Braams, 2000). The ecotoxicity of commercial biocides may make them
poor candidates for use in outdoor environments, and many countries have forbidden the use of
some of the previously most common (and effective) biocides. Furthermore, nitrogen-containing
biocides may serve as nutrients for surviving or newly attaching microorganisms (Warscheid &
Braams, 2000). The most negative aspect of the application of biocides is the fact that removal
of the existing microbial community may favour the growth of other harmful microorganisms
(Webster et al., 1992; Warscheid & Braams, 2000). Finally, physical methods of applying

biocides become dangerous and expensive when large areas are involved.

Figure 4. Marble sculpture at the Villa Dosi Delfino near Pontremoli (Massa-Carrara, ltaly). The photograph on the left
shows the state of the sculpture before cleaning. The photograph on the right shows a detail of the sculpture after
removal of the biofilm, revealing the extensive damage caused by the microorganisms.

These images are included courtesy of Dr. Piero Tiano, and were presented at the “International conference on
microbiology and conservation of microbes and art”. Florence (ltaly), 16-19 June 1999 and published by Kluwer
Academic in “Of microbes and art: the role of microbial communities in the degradation and protection of cultural
heritage” (2000).
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lll. Detection and quantification of biological colonization and biofilm
development. Instrumental color measurements and the CIELAB color
system

It can be assumed that all stone surfaces will be colonized at some stage by living organisms
(leading to biofilm formation) and that the settlement involves not only aesthetic damage, but
also physical and chemical damage, which increase as the colonization spreads. Therefore, the
early detection of biofilm formation would constitute significant progress as regards preventive

conservation of stone buildings, monuments and sculptures.

Identification of autotrophic microorganisms is a key step in the early detection of the biological
colonization processes as these organisms are often pioneers in the colonization of stone
surfaces (e.g. Grant, 1982). For this reason, research in this field has mainly focused on the
detection and quantification of these types of microorganisms. Martin (1990) reviewed the
traditional methods used to study biological damage in stoneworks of cultural heritage and
classified the methods used to quantify the presence of microorganisms as follows:
morphological, microbiological, histochemical and biochemical, and chemical and
physicochemical methods. A slightly different classification is considered here, and three types
of methods are distinguished: structural and morphological, microbiological and extractive

methods.

Structural and morphological methods are the most commonly used to identify and classify
pioneer species. These methods involve macroscopic observations of stone material in the field
(Urzi et al., 1992; Krumbein, 1993) and/or microscopic observations in the laboratory. Use of
the stereomicroscope enables recognition of specific physiological structures of microorganisms
(Prieto et al., 1995; Shirakawa et al., 2003); use of the optical microscope (OM) enables
recognition of specific cellular morphology and cellular structure of each group of
microorganisms with a very simple sample preparation (Arifio, 1996). Fluorescent probes (vital
dyes and fluorescent proteins) can also be used with the fluorescence microscope (Tayler &
May, 1991) and bioluminescence techniques (Ranalli et al., 2000) to enhance the fluorescent
signal. Each of these techniques provides a particular type of information, which is often
complementary to that offered by the other techniques. Direct observations can also be made
by conventional scanning electron microscopy (SEM) (Ortega-Calvo et al., 1991a; Prieto et al.,
1997), SEM in backscattered electron mode (SEM-BSE), low temperature SEM (LTSEM),
confocal laser scanning microscopy (CLSM) and transmission electron microscopy (TEM) (De
los Rios et al., 2008), all of which allow three-dimensional observations of the microorganism at

10,000x magnification.

Microbiological methods for biofilm quantification are based on counting colonies (number of
colony forming units per gram of sample, CFU/g) after a long incubation period in specific media

and suitable conditions of temperature and light (ICR-CNR, 1988). If the biofilm is incubated in

62—



General Introduction

liquid medium, the statistical approach originally suggested by McCrady (Hurley & Roscoe,
1983) is used to determine the most probable number of organisms per gram of sample
(MPNY/g). The studies carried out by Ortega-Calvo et al. (1993) and Hyvarinen et al. (2002) are

examples of the application of these methods in samples taken from stone monuments.

In extractive methods, the biomass is estimated from the amount of various cell components
present in microorganisms (Bartolini & Monte, 2000), such as certain proteins (Schwenzfeier et
al., 2011), ATP (Tiano et al., 1989), DNA (Saiz-Jimenez & Laiz, 2000; Tomaselli et al., 2000),
lipids and polysaccharides (Di Pippo et al., 2009). In the case of phototrophic microorganisms,
the content of photosynthetic pigments in general, and the content of chlorophyll-a in particular
(Bell & Sommerfeld, 1987; Nagarkar & Williams, 1997; Prieto et al., 2004; Schumann et al.,
2005; Eggert et al., 2006), is a good indicator of the presence and amount of microorganisms,
and is probably the most prolific and one of the most reliable methods. Physiological methods,
in which the biomass is estimated from the initial increase in respiratory rate (Bartolini & Monte,
2000), are often used in combination with extractive methods. Furthermore, microbial activity
can be estimated by measuring enzymatic activities, such as dehydrogenase activity and total
enzyme activity, via the hydrolysis of fluorescein diacetate (FDA). Tayler & May (2000)
measured dehydrogenase activity on sandstone from ancient monuments, and Prieto et al.

(2004) measured FDA in laboratory experiments carried out with granitic rock.

Although the above techniques have certain advantages and their use is widespread in
research, they also have some disadvantages. The main disadvantages are the associated
costs and the length of time they take. Moreover, most of the techniques are destructive and
require prior sample preparation and acquisition, which is always difficult or even impossible
task in the case of cultural heritage monuments. Techniques based on optical methods can be
used to overcome these problems. Because of the small size of the organisms in question, the
methods must use a high magnification and resolving power. In this respect two of the physical
characteristics of phototrophic microorganisms can be made use of: the fluorescence emitted by
their chlorophyll, and the color that they form when they accumulate on solid surfaces. Each of
these characteristics has enabled development of a technique for detecting and monitoring the
growth of biofilm on surfaces: (i) measurement of the fluorescence emitted by chlorophyll in vivo
and, (ii) instrumental color measurement with a spectrophotometer or a tristimulus colorimeter.
Large surfaces such as building facades, can even be monitored as both techniques are non-

destructive (non-invasive) and they are applied on site, so that sampling is not required.

Several studies have investigated the use of chlorophyll-a fluorescence in vivo for direct
quantification and monitoring of phototrophic colonization of lithotypes (Guillite & Dreesen,
1995; Brechet et al,, 1996, 1997; McStay et al., 2001; Miller et al., 2006, 2010). However,
fluorescence measurements have some disadvantages relative to color measurement: the

fluorescence signal occurs within a short time, depending on the physiological conditions of the
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organisms (not taking into account the dead cells), and moreover, it is very difficult to analyze
spectra with unknown characteristics. In other words, the technique requires basic knowledge of
the spectral features of the parameters investigated so that the bands are chosen correctly to
enable contributions from factors other than the microorganisms, such as the fluorescence of
certain minerals within in the same spectral region (Lognoli et al., 2003). Calcium carbonate,
fluorite, scheelite and uranium ores are some of the mineral components that may emit
fluorescence, which usually consists of a broad emission band in the blue region of the
spectrum. Carbonate calcium, for example, has an emission maximum at about 420 nm (Cecchi
et al., 2000).

In relation to the quantification of biological colonization on building fagades by instrumental
color measurements, Newby et al. (1991) were the first authors to relate measurements of
reflectance (which can be obtained with a spectrophotometer or tristimulus colorimeter) to the
color change caused by deposition of particles (from natural sources as well as pollutants) on a
solid surface. On the basis of a previous study by Ball (1989), Newby ef al. (1991) defined
soiling of building materials as “an optical effect, a darkening of the surface that can be
measured as a change in light reflectance, and is generally related to the deposition of airborne
particulate matter onto the building surface”. Several years later and taking this definition into
account, Gorbushina & Krumbein (2000) stated that many of the spectral changes are related to
the growth of massively pigmented biofilms. Krumbein (1995) considered that airborne particles
(dust, pollen, particulate elemental carbon (PEC), fly ash, etc.) and microorganisms often act
concurrently to fouling (soiling) of the building, and noted that as early as 1853, Ehrenberg had
came to the conclusion that microorganisms can trap airborne particles, in their slimy

extracellular products, more efficiently than the rock surface itself.

The use of portable tristimulus colorimeters and portable spectrophotometers to measure the
color generated by phototrophic microorganisms developed epilithically on stony substrates
came into common use in the late 1990s. As part of a larger research programme funded by
Historic Scotland (http://www.historic-scotland.gov.uk/), researchers at Robert Gordon
University (Aberdeen, Scotland. United Kingdom) conducted a series of experiments on
sandstone buildings in Scotland. These researchers used a portable tristimulus colorimeter to
monitor the color change brought about on building fagades by biological growth (algae) after
application of various treatments biocides (Urquhart et al., 1995; Young et al., 1995; Young,
1997). Around the same time, Urzi & Realini (1998) published a study in which the color of
orange and grey patinas developed on the calcarenite stone from which the Baroque town of
Noto is built (Syracuse, Sicily, Italy) was determined with a portable tristimulus colorimeter and
correlated with the associated microflora (respectively algae, and bacteria and fungi). As part of
the British National Materials Exposure Programme (NMEP), Viles and colleagues monitored
(between 1987 and 1995) microbial colonization, soiling and decay of limestone tablets located

over 20 sites around the UK for periods of 1, 2, 4 and 8 years (depending on the climate and
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pollution conditions of the location), using a portable spectrophotometer and characterization
techniques such as scanning electron microscopy (SEM) (Viles et al., 2002). The study
subsequently focused on limestone buildings located along roads, in Oxford (England, UK), with
different levels of traffic, and the buildings were monitored for a period of three years (Viles &
Gorbushina, 2003). In addition, after access to vehicles (particularly private vehicles) was
restricted in the centre of the historic city of Oxford, in 1999, as part of the Oxford Transport
Strategy (OTS), Thornbush & Viles (2004, 2006) recorded the changing patterns changes of

microbial growth and soiling on building stone in Oxford.

Furthermore, the reliability of color measurements for estimating the biomass of phototrophic
organisms in biofiims on stone surfaces was demonstrated by Prieto et al. (2004) in a
comparative study of the most common methods of quantifying phototrophic biomass, such as
as the in vitro measurement of chlorophyll-a and fluorescein diacetate (FDA) hydrolysis.
Moreover, Prieto et al. (2002) carried out laboratory experiments that demonstrated a direct
relationship between the amount of phototrophic organisms deposited on a surface and the
color generated. The same authors subsequently conducted a field study in which they used a
portable spectrophotometer to monitor growth of a biofilm that was induced on quartz surfaces
to mask the brilliant white color and thus mitigate the visual impact (Prieto et al., 2005). The
latter studies concluded that one of the major advantages of instrumental color measurement
for the quantification of phototrophic biomass on surfaces that are largely homogeneous in color
is that it enables early detection of biological colonization, even before it is visible to the human
eye (Prieto et al., 2002, 2005). This is an important advantage for the management and
maintenance of surfaces recently exposed to outdoor conditions. It is also advantageous in
treated surfaces in which the biofilm has been removed, as careful examination has shown that,
despite cleaning efforts, some biological structures remain between the grains of the stone,

which facilitates the re-establishment of microorganisms (Prieto et al., 1995).

The CIELAB color space (CIE Publication 15-2, CIE, 1986) is used in most studies involving
analysis of the instrumental color measurement, to represent and analyze the color values
obtained. CIELAB or CIE 1976 L*a*b* attempts to produce a color space, that is perceptually
more linear or uniform than other color spaces, such as RGB or CMYK. The term perceptually
linear or uniform is used to indicate that similar changes in the amount of a color value should
produce change of similar visual importance. This CIELAB color space was specifically
developed for this purpose by the International Commission on lllumination (usually abbreviated
to CIE for its French name, Commission Internationale d'Eclairage). The CIELAB or CIE 1976
L*a*b* is based on the CIE 1931 color space XYZ (CIE, 1932) and is strongly influenced by the
Munsell color space (Munsell, 1905). Color depends on the interaction between three factors:
the light source, the illuminated object and the observer who captures the image, and therefore

the CIE established the CIELAB space on the basis of four key points: standard light source,
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exact conditions of observation, appropriate mathematical units and standard observer curves
(Wyszecki & Stiles, 1982).

The CIELAB color space (Figure 5), which can be visualized inside a sphere, a cylinder or a
cube (although this does not conform to reality), uses three values to determine each color
(L*a*b* or L*C*,ph,) and is based on the opponent-colors theory of color vision, which states
that one color cannot be both green and red at the same time, nor blue and yellow at the same
time. As a result, single values can be used to describe the red/green and the yellow/blue
attributes. Thus, one color can be expressed with Cartesian coordinates L*a*b*, where L*
defines lightness ranging from 100 (absolute white) to 0 (absolute black), a* denotes the
red/green value and b* the yellow/blue value. A movement of color measurement in a positive
a* direction depicts a shift towards red. Along the b* axis, a positive b* movement represents a
shift towards yellow. The CIELAB space can also be represented by another coordinate system,

by using polar coordinates (L*C*,,hgp) that replace a* and b* with
chroma C* , =+a*’ +b*’

and, hue angle A, =arc tangent(b*/a*).

The human perception of color appears to correspond to three attributes: hue, chroma and
value (lightness) (Wyszecki & Stiles, 1982). The use of polar coordinates (L*C*,ph,,) rather than
Cartesian coordinates (L*a*b*) leads to quantification of a color's similarity to it is perceived
color, i.e. by taking into account the three attributes of visual assessment: value or lightness
(L*), chroma (C*4,) and hue (hgp).

One advantage of the CIELAB color space is that allows the color difference between two
samples to be quantified by combining the differences in their three coordinates, both Cartesian
and polar, in a Euclidean space. This is the basis of the classical color difference formula of
1976 CIELAB (Wyszecki & Stiles, 1982), which assumes a uniform color space:

AE*, =(AL*) +(aa*f +(8b*)* or AE®,, =\(AL*) +(AC*,, ] +(aH *,, )’

The CIELAB color difference has been progressively revised and improved since the lack of
uniformity of the CIELAB color space was recognized. Currently, most color difference formulae
are based on the classical CIELAB color formula. They are therefore considered as CIELAB-
based formulae and have a common structure. The lightness, chroma, and hue differences are
always computed from CIELAB, and each is weighted by two different types of variables: the
weighting functions (designated by the letter S, also W in other texts), which are intended to

improve the perceptual uniformity of CIELAB, and the parametric factors (designated by the
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letter k), which are meant to account for the influence of specific experimental conditions on
perceived color differences. This leads to the CIELAB-based color-difference formulae, CIE94
(CIE Publication 116-1995, 1995):

* 2 A " 2 " 2
W [ NN N7
kLSL kCSC kHSH

and CIEDE2000 (CIE Publication 142-2001, 2001), which also incorporates a rotation term (Ry)
that accounts for the interaction between chroma and hue differences in the blue region and a
modification of the a* coordinate of CIELAB, which mainly affects colors with low chroma

(neutral colors):

2 2 2
AE (k, ke k)= AL + AC + AH +R, ACAH'
k,S, k.S, k,S, k.S.k,S,

The parametric factors can be set to k=1, k=1 and ky=1 for CIE94(1:1:1) and
CIEDE2000(1:1:1), and to k. =2, kc=1, ky=1 (to increase the relative contribution of the lightness
term) for CIE94(2:1:1) and CIEDE2000(2:1:1). As for the relative importance of CIELAB-based
formulae, Melgosa et al., (2004) found that the improvement of CIE94 over CIELAB was
considerably greater than that of CIEDE2000 over CIE94.

1/2

The CIELAB color space attempts to linearize the perceptibility of color differences, by use of
the color difference metric described by the MacAdam ellipses (MacAdam, 1942). The

*

nonlinear relations for L*, a*, and b* are intended to mimic the nonlinear response of the
human eye. Furthermore, uniform changes in components of the L*a*b* color space should
correspond to uniform changes in perceived color, so that the relative perceptual differences
between any two colors in L*a*b* can be approximated by treating each color as a point in a
three dimensional space (with three components: L*, a*, b*) and measuring the Euclidean

distance between them.

There are several reasons for the widespread acceptance of CIELAB in scientific and industrial
applications, including the opposing character of the coordinates L*a*b*, the association of
another set of coordinates, L*C*,,ha,, with the three color attributes (lightness, chroma and
hue), and even its analogy relative to the Munsell color space (Munsell, 1905), with which many

people are familiar.

The instrumentation for color measurement available nowadays has a similar basis, but usually
differs in the degree of sophistication and configuration of the device, which depends on the

particular application for which it is intended (Capilla et al., 2002).
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L* =25

-a +a

+b l\ ‘
-b1!

L*=75

Figure 5. CIELAB color space. (1) Classical representation inside a sphere of CIELAB color space in which the two
groups of coordinates are represented, Cartesian (L*a*b*) and polar (L*C*,has), (2) Real representation of the CIELAB
color space, which is neither a sphere, cylindar nor a cube, but a solid body of irregular boundaries (adapted from
http://www.brucelindbloom.com/index.html?ColorCheckerRGB.html), (3) a* - b* color planes with a constant value of
lightness (L*).

Instrumental color measurements are subject to the conditions of measurement of the
spectrophotometer or colorimeter, such as the optical configuration, measuring geometry or
illumination/observation geometry (0/45, 45/0, d/0, ...), the illuminant (A, C, D65, F11, ...), and
the observer (standard observers CIE 1931 - 2° and CIE 1964 - 10°). llluminant and observer
can be preset in order to generalize the measurement process and thus obtain reliable,
reproducible and comparable measures. The illumination/observation geometry of a colorimeter
or spectrophotometer is characteristic of the measuring device and it is determined by two
values, X/Y, where X is the value that indicates the direction in which the specimen surface is
illuminated, and Y is the value that indicates the direction of the reflected beam, where the
detector is located. The results may differ depending on how the sample is illuminated (X) and
on how the detector is positioned relative to the sample (Y). Therefore, when more than one
color measuring instrument is used, it is advisable to compare the results of the measurements
to highlight these instrumental differences (e.g. Campos Acosta et al., 2004). The most common
measuring geometries are 0/45 and 45/0. With 0/45 geometry, the specimen surface is
illuminated from the normal line direction (0 degrees) and the light is received at an angle of 45
degrees from the normal line. With 45/0 geometry, the specimen surface is illuminated from an

angle of 45 degrees to the normal line and the light is received in the normal direction (0
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degrees). Some devices also use an integrating sphere for illuminating or viewing a sample
uniformly from all directions. An integrating sphere is a spherical device in which the internal
surfaces are coated with a white material such as barium sulphate, so that the light is uniformly
diffused. In such cases, the geometry is indicated by a "d", which indicates a diffuse illumination
integrating sphere system. An instrument with X/d optical geometry illuminates the sample in
the X degrees direction and collects the light reflected in all directions. An instrument with d/Y
optical geometry illuminates the sample diffusely and detects the light in the Y degrees
direction. Thus, if the sample is diffusely illuminated and the detector is placed at the normal
direction relative to the sample, the optical geometry is d/0, if the detector is displaced 8
degrees, the optical geometry is d/8; if it is displaced only 6 degrees, d/6, etc. On the contrary, if
the sample is illuminated at the normal angle (0O degrees) and the reflected light collected in all
directions the optical geometry is 0/d, if the lighting beam is displaced 8 degrees, the optical

geometry is 8/d, if it is displaced only 6 degrees, 6/d, etc.

When the measuring geometries are 0/45 and 45/0, the specular component of reflectance, i.e.
the reflected light from the surface such that the angle of reflection equals the angle of
incidence, is automatically excluded. These geometries are therefore recommended in smooth
and shiny materials. For integrating sphere-based geometries (X/d or d/Y), the use of which is
recommended for heterogeneous materials, the specular component of reflectance can be
included or excluded mechanically by opening and closing an optical trap provided inside the
integrating sphere. If the specular reflectance is included in the color measurement, by
completing the sphere with a specular plug, it is referred to as Specular Component Included
(SCI). In Specular Component Excluded (SCE) mode, the specular reflectance is excluded from
the measurement and only the diffuse reflectance is measured. Because of the need to exclude
the specular component, many devices with integrating sphere based geometries use 8/d or 6/d

geometry instead of 0/d geometry.

Taking into account the previous premises, the measurements obtained with a
spectrophotometer and with a ftristimulus colorimeter (Figure 6) should be equivalent,
although both devices are not instrumentally equal. The fundamental difference between a
spectrophotometer and a colorimeter is that a colorimeter only works in the visible light
spectrum and at a wavelength selected by fixed filters, while a spectrophotometer works in
other regions of the electromagnetic spectrum (ultraviolet and infrared) and has a
monochromator to select the required wavelength. In addition, the colorimeter works as a
digital camera RGB, whose color channels spectrally fit the CIE matching functions by
combining the spectral sensitivities of the sensor, lens and RGB colored filters. For this
reason, colorimeters provide tristimulus relative values, while spectrophotometers provide

spectral measurements.
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Espectrofotdmetro Gretaghacbeth

Espectrofotdmetro Konica Minolta

Figure 6. Left: Contact color-measuring instruments. Top: Minolta portable tristimulus colorimeter with CR-300
measuring head. Middle: GretagMacbeth (now XRite) portable spectrophotometer CE-XTH. Bottom: Konica Minolta's

CM-700d spectrophotometer. Right: On site instrumental color measurement.

From all of the above, it appears possible a priori to measure the color in any situation.
However, the practical applications of color measurement are so extensive and varied that in
some situations it is necessary to define a particular set of concepts associated with the
particular object of study. Instrumental color measurement has a long tradition in certain fields
of study such as those related to food, dentistry and textiles, so that the development and
implementation of measurement methods are highly advanced; some official methods for
determination of color have even been developed, e.g. for wine and oil. However, in other
areas, such as that including the overall scientific aim of this doctoral thesis and those related to
natural inorganic substrates such as rocks, soils and sediments, instrumental color
measurement has scarcely been applied, so that a measurement procedure must be

established prior to application of the technique (Artigas et al., 2002).
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Abstract: In spite of color being one of the physicochemi-
cal parameters most commonly used to characterize orna-
mental stone, there is yet no standardized protocol for
measuring this parameter. Such a protocol is of particular
importance for characterizing the color of heterogeneous
surfaces, as in the case of granite. The aim of the present
study was to determine the minimum area and the number
of measurements required to characterize the color of
granite rocks. A spectrophotometer and a tristimulus col-
orimeter, were used to measure the color of granite sam-
ples, and the measurements were expressed in CIE
L*a*b* color system units. Three parameters were con-
sidered as variable factors: the type of rock (Labrador
Claro, Grissal, Rosa Porrino, and Blanco Cristal), surface
finish (polished, honed, sawn, and flamed), and target
area (circular apertures of diameter 5, 8, 10, and 50
mm). The results of the application of multivariate analy-
sis of variance and of the classical CIELAB formula and
CIE L*a*b*-based color-difference formulae (i.e., CIE94
and CIEDE2000) to the data revealed that, although all
considered factors affected the minimal area and the
number of measurements required, the different circular
apertures of both the instruments can be disregarded if
the number of measurements and area recommended in
this study are used. © 2010 Wiley Periodicals, Inc. Col Res Appl,
35, 368-375, 2010; Published online 22 January 2010 in Wiley
InterScience (www.interscience.wiley.com). DOI 10.1002/col.20579
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INTRODUCTION

Although color is frequently determined in studies involv-
ing the conservation and restoration of historical stone art-
works, no standardized protocol for measuring color has
yet been established for ornamental stones. Such a proto-
col is particularly necessary for measuring the color of
stones constituted by minerals of very different colors,
such as granite rocks. The measuring instruments used at
present—colorimeters, spectrophotometers, and telespec-
troradiometers—have some limitations in terms of meas-
uring the color of heterogeneous surfaces, because the
required integration of the field of view may produce an
unrealistic color.' Furthermore, in the case of colorimeters
and spectrophotometers, the target area is always circular
and of a size determined by the diameter of the measure-
ment head (<60 mm), and therefore color measurements
must be made sequentially, i.e., point-by-point, and the
representative color of the whole nonhomogeneous sur-
face cannot be determined by a single measurement.

Prior determination of the number of measurements
must therefore be made because of these limitations, so
that the results can be reproducible and the results of
diverse types of studies can be compared, such as those
involving measurement of the color of granite rock to
characterize the material,> the color changes produced
by consolidation and/or hydrofugation treatments,*® the
ageing and weathering effects caused by environmental
agents,””® and the change in color produced by biological
colonization.”

Moreover, although the International Commission on
Tlumination (CIE) has explicitly recommended the study
of the color of surfaces of different texture,'® so far rela-
tively few studies have been focused on the methodology
of study.'"'? In some studies, the color changes produced
by different mechanical surface treatments applied to
ornamental rocks have been quantified and the importance
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of these types of measurements were stressed.’ However,
as there is no standardized protocol, aspects such as the
number of measurements and the area of measurement
vary from study to study and therefore it is impossible to
compare the results obtained by different authors and
instruments.

For all of the above reasons, the aims of the present
study were to determine the minimum number of meas-
urements and the minimum area of measurement required
to quantify the color of a granite sample, in relation to
the dimensions of the measuring head, and to establish a
methodology applicable to the determination of these pa-
rameters in other types of ornamental stone.

EXPERIMENTAL

Two different instruments were used to measure the color,
a GretagMacbeth (now XRite) portable spectrophotometer
(CE-XTH), with two diameter viewing apertures of 5 and
10 mm, and a Konica Minolta colorimeter, which has two
measuring heads: CR-300 with 8-mm-diameter viewing
area and CR-310 with 50-mm-diameter viewing area. A
wide range of measurement areas was thus achieved
with the two devices (circular areas of 5, 10, 8, and
50 mm diameter).

The same measuring conditions were fixed in both the
devices so that the measurements were comparable. The
following were therefore selected: illuminant D65, which
represents a phase of daylight, with a CCT of approxi-
mately 6500 K, including the ultraviolet region spectrum,
and 2° observer (CIE 1931). The measurements were
made by spectral reflectance, using the diffuse illumina-
tion geometry with an integration sphere, covered with a
white material, so that the light is uniformly diffuse in all
directions illuminating the sample, and is observed with
the specular component included in 8° in relation to nor-
mal (d/8°) in the case of the spectrophotometer and 0°
(d/0°) in the case of the colorimeter (Fig. 1).

The color measurements were plotted in the CIELAB
color space. The CIELAB system is since 1976, the most
widely used system for calculating color differences for
most practical applications. Use of the CIELAB system
enables estimation of three classical color parameters: L*,
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Schematic view of a diffuse illumination geometry 0° (d/0°) right and diffuse illumination geometry 8° (d/8°) left.

a*, and b*, where L* represents lightness, a* represents
the position between red and green on the redness (4) to
greenness (—) axis, and b* represents the position
between yellow and blue on the yellowness (+4) to blue-
ness (—) axis. The three parameters are plotted on three
orthogonal axes in a Cartesian coordinate system. In addi-
tion, the classical CIELAB formula (AE}) and two
CIELAB-based color-difference formulae (AEj, and
AEy) were applied.

Four varieties of ornamental granite with very different
characteristics in terms of color and texture were selected:
Labrador Claro, a bluish-black, coarse-grained granite;
Grissal, a grey, medium-grained granite; Rosa Porrifio, a
pinkish, coarse-grained granite; and Blanco Cristal, a
white, fine-grained granite. Samples of all varieties were
prepared with four different types of finish, i.e., of
increasing degree of roughness: polished, honed, sawn,
and flamed, except in Labrador Claro whose flamed finish
is not easy to obtain. This set of samples was denomi-
nated Granite Training group because it comprised the
reference samples (Fig. 2).

To determine the number of measurements required,
five square specimens (surface area, 36 cm”) of each vari-
ety of granite and type of finish were used. A total of 20
measurements with each of the four measurement heads
of 5, 8, 10, and 50 mm diameter were made consecutively
with replacement at different points selected randomly on
the surface of each square specimen.

To determine the minimum area that must be measured,
the same conditions were used on five square specimens
of the same and larger surface area (36, 54, 72, and 90
cm?) of each variety of granite and type of finish.

Once the minimum area and number of measurements
were determined, the validity of the results was tested
with other ornamental granite commonly used as a build-
ing material, but of a different color from the four test
varieties. The variety chosen for this was Silvestre, a fine-
grained, lightly weathered granite, which has a brownish-
gold color due to weathering of its minerals (Fig. 2). The
Silvestre variety of granite does not allow flamed or
polished finish, therefore, they were substituted by bush
hammered and polished without glow, respectively.
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Granite Training group

Granite Test group

FIG. 2. Granite specimens used in the study. Granite
training group: specimens in the same row are of the same
type, from above to below: Blanco Cristal, Grissal, Rosa
Porrifio, and Labrador Claro. Specimens in the same col-
umn have the same finish, from left to right: polished,
honed, sawn, and flamed. Granite test group: Silvestre,
from above to below: polished without glow, honed, sawn,
and bush hammered.

Color measurements were made on specimens of this
granite, denominated Granite Test group (Fig. 2), in the
same way as for the specimens in the Granite Training
group.

All of the data were subjected to multivariate analysis
of variance (MANOVA) by use of the SPSS statistical
programme (version 15.0).

RESULTS AND DISCUSSION

For each of the specimens in the Granite Training group,
the cumulative averages of the CIELAB color system
coordinates: L*, a*, and b* were plotted. The general
shape of the graphics obtained was an inverted exponen-
tial decay with a horizontal asymptote, this steady section
corresponds to the number of measurements from which
the mean become constant; consequently, the first point of
this section of the curve represents the minimum number
of measurements required to characterize the coordinates
L*, a*, and b* for each specimen. By way of example,
the plots obtained for one of the specimens are shown in
Fig. 3. In each of the three graphs the number of meas-
urements, from which the horizontal asymptote is reached
and the mean become constant, is indicated by a marked
segment. It can be seen that the number of measurements
is different for each of the coordinates (L*, a*, and b*);
in general the value of lightness coordinate L* is the first
to stabilize, whereas for the other two coordinates, a* and
b*, more measurements are generally required.

The data were subjected to a MANOVA with the mini-
mum number of measurements determined for L*, a*, and
b* as dependent variables, and the type of rock, surface
finish, and diameter of the instrument measurement head
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as independent variables. The results of the analysis
revealed that the type of rock, the surface finish, and the
diameter of the measurement head and their interactions
produced significantly different results in terms of the
minimum number of measurements required to
characterize L*, a*, and b*. The results of the analysis,
including Wilks’ lambda, the F-factor, the level of signifi-
cance, and the number of degrees of freedom are shown
in Table 1.

The largest number obtained for each measurement
head was therefore taken as the minimum number
required to characterize the color of the specimens. Thus,
according to the values shown in Table II, in which the
number of measurements required to define the color of
the specimens is shown in relation to the measurement
head, the finish, and type of rock, it was established that
for textured samples the smaller the measured head the
larger the number of measures are needed. So, for a mea-
surement head of 50 mm diameter, 6 measurements/36
cm? are required, for measurement heads of 8 and 10 mm
diameter, 14 measurements/36 cm? are required; and for a
measurement head of 5 mm diameter, 17 measurements/
36 cm? are required (Table II).
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FIG. 3. Example of the graphs used to determine the
minimum number of measurements required. Cumulative
averages for parameters L*, a*, b* in relation to the number
of measurements made in one specimen of the Rosa
Porrifio granite with the 8 mm measurement head. The
marked segment indicates the minimum number of meas-
urements required.
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TABLE I. Three-way multivariate analysis of variance
(MANOVA) for the number of measurements.

Wilk’s
Source lambda  F-value df  Significance
Type of rock (granite) 0.625 13.663 9 0.000
Surface finish 0.678 11.093 9 0.000
Diameter of the 0.123 87.715 9 0.000
measurement head
Type of rock X 0.594 5.645 24 0.000
surface finish
Type of rock X 0.637 4.282 27 0.000
diameter of the
measurement head
Surface finish X 0.729 2.933 27 0.000
diameter of the
measurement head
Type of rock X 0.487 2.681 72 0.000

surface finish X
diameter of the
measurement head

Dependent: L*, a*, and b*.

Once the minimum number of measurements required
to characterize the color of granite rocks was established,
the minimum area of measurement was determined. For
this, five specimens of each type of granite and surface
finish were prepared with different areas (36 cm2, 54 cmz,
72 c¢m?, and 90 cm2), on which the corresponding number
of measurements were made for each area and measure-
ment head, according to the results obtained in the
previous paragraph and by using the four different
measurement heads (5, 8, 10, and 50 mm).

To determine whether the color varied with the mea-
surement area, the data were subjected to MANOVA for
each type of rock and measurement head (Table III), with
the mean values of L*, a*, and b* for each specimen as
dependent variables and the measurement area (36, 54,
72, and 90 cm?) as independent variables. As shown in
Tables III and IV, there were statistically significant
differences between the color obtained with the 50-mm
diameter measurement head for an area of 36 cm? and
the other areas. According to these results, to characterize
the color of granite, a measurement area of 36 cm?
and 14 measurements with random replacement is
sufficient only if measurement heads of diameter
<10 mm are used.

To determine the minimum area of measurement
required with a 50 mm diameter measurement head, the
statistical analysis was repeated with only the values of
L*, a*, and b* obtained for areas greater than 36 cmz,
i.e., with those corresponding to areas of 54, 72, and 90
cm” and with those obtained for areas greater than 54
cmz, i.e., with areas of 72 and 90 cm?.

Comparison of the values obtained for areas larger than
36 cm’ revealed statistically significant differences for
Grissal, Blanco Cristal, and Labrador Claro between the
values obtained in an area of 54 cm?® and those obtained
in the other two areas (72 and 90 cm2). However, there
were no statistically significant differences between the
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values obtained for areas of 72 and 90 cm’ (Table V),
and therefore it can be concluded that to characterize the
color of granite when working with a 50 mm diameter
measurement head, a minimum surface area of 72 cm? is
required.

Once the number and area of measurement were estab-
lished in relation to the dimensions of the measurement
head, the color determined by each head was compared to
establish whether the results obtained are comparable.
Considering the previous results, only the data obtained
for an area of 72 cm® were used, and the number of
measurements required was 12, 28, 28, and 34 for mea-
surement heads of 50 mm, 10 mm, 8 mm, and 5 mm,
respectively.

The results of a MANOVA, with L*, a*, and b* as de-
pendent variables and the diameter of the measurement
head as the independent variable revealed statistically sig-
nificant differences between the values obtained with the
different measurement heads (Wilks’ lambda: 0.949; F:
44 739; df: 9; significance: 0.000) with the 50 mm
measurement head producing the greatest differences
(Table VI).

TABLE Il. Minimum number of measurements in
relation to the measurement head, surface finish,
and type of granite.

Diameter of the
measurement head
(mm)

Surface finish 50 10 8 5

Type of rock (granite)

Grissal Flamed 4 11 12 14
Sawn 1 10 11 15
Honed 2 14 14 17
Polished 1 6 12 17
Flamed 3 13 14 15
Sawn 2 9 13 16
Honed 6 13 9 10
Polished 3 13 13 17
Blanco crystal Flamed 1 14 14 17
Sawn 5 11 12 15
. T Honed 1 12 13 17
- Sy Polished 4 13 14 17
et -
- - "
Labrador claro Sawn 4 8 12 14
Honed 4 11 13 17
Polished 5 13 11 15
371



TABLE lll. Three-way multivariate analysis of variance (MANOVA) for the measurement area in relation to the

size of the measurement head.

Diameter of the

Type of rock (granite) measurement head (mm) Wilk’s lambda F-value daf Significance
Grissal 5 0.996 0.032 9 1.000
8 1.000 0.003 9 1.000
10 1.000 0.004 9 1.000
50 0.004 172.529 9 0.000
5 0.984 0.133 9 0.999
8 0.998 0.013 9 1.000
10 0.998 0.013 9 1.000
50 0.009 118.037 9 0.000
Blanco Cristal 5 0.984 0.130 9 0.999
8 1.000 0.003 9 1.000
- X ] 10 0.999 0.006 9 1.000
g - 50 0.427 8.378 9 0.000

.

Labrador Claro 5 0.999 0.006 9 1.000
8 0.998 0.011 9 1.000
10 0.999 0.007 9 1.000
50 0.473 5.265 9 0.000

=»

Dependent: L*, a*, and b*.

With the aim of analyzing the real significance, rather
than the statistical significance, of the differences in
color obtained with the 5, 8, 10, and 50 mm diameter
measurement heads, the total color differences (AE) for
pairs of measurement heads (Fig. 4) were calculated
with the classical CIELAB formula (AE},) and the CIE-
LAB-based color-difference formulae (AE§, and AE)
and they were expressed in CIELAB units'>'* and the
more recent CIE94 and CIEDE2000 units,'® respectively.
The differences in color were calculated with the Granite
Training group, to obtain generalized results. The results
obtained (Fig. 4) show that the differences in color
expressed in CIEDE2000 and CIE94 units, which clearly
improve on the CIELAB units’>™'7 and are more appro-
priate for evaluating samples with low chromaticity val-
ues,18 were the same as or lower in magnitude than the
CIELAB color differences. It was also found that there
was no equivalence of scale factor among the values
produced with the three formulae considered. The visual
color difference threshold or just noticeable difference
(jnd), which constitutes the lower limit of perception in
an individual with normal color vision'®' and that it
can be established as 0.73 CIELAB units,?>** is also
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shown in the Fig. 4. Below this value, the differences in
color are inappreciable and therefore the colors deter-
mined with the 8 and 10 mm measurement heads would
be considered identical by an observer. However, if the
suprathreshold color-difference, which is approximately
1.75 CIELAB units,"” is taken into account, all of the
values of the total color differences (AE) for pairs of
measurement heads are below this value and are only
outshined in the case of the color differences for the 8
and the 50 mm measurement heads, which were meas-
ured with the same device (the Minolta colorimeter).
These two measurement heads provided the greatest dif-
ferences in the total color differences (AE) from the
three formulae used: AE},, AE;,, and AEqy.

On the other hand, if we take into account the color
tolerances or units of color differences applied in the
industrial field, where larger color differences are used,
all of the values of AE obtained for the different measure-
ment head were lower than 3 CIELAB units, the value
considered as the upper limit of rigorous color toler-
ance.'*?*

With the aim of standardizing the results obtained with
the granites included in the Granite Training group, a test
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TABLE IV. Tukey-b test for the
measurement head.

50-mm-diameter

TABLE VI. Tukey-b test for the four measurement
heads.

Area Diameter of the measurement
Type of rock (granite) (cm?) L* a* b* head (mm) L* a* b*
Grissal 36 57.02% 3.88°2 —8.49° 50 62.872 0.39% 2172
54 64.07° -0.75° 0.86° 10 64.45° 0.08° 2.84°
e e 72 64.08° —0.54° 0.79° 8 64.32° 0.06° 3.43°
,.{ Y 90 63.48° —0.54° 0.78° 5 62.76% 0.18° 3.17°
By o Y
g "}' Superscript letters a—c in each column indicate significant differ-
g_-_ﬂ,; . i ences (x: 0.05).
Rosa Porrifio 36 57.45% 5.912 -3.67°
54 63.89s 2.202 5.632
;3"?’5 b —'\‘. gg gg g;b ggib g'ggb L*, a*, and b* as dependent variables and the diameter of
g.:t:' - 3- - the measurement head (5, 8, 10, and 50 mm) as the fixed
“t:, ig B ’fyf factor. The results were similar to those obtained with the
N Fed. Granite Training group; there were statistically significant
Blanco Cristal 36 68.05° 0758 _3.400 differences in relation to the meas'urevment head (Wilks
54 72.38P —0.28° 3.13P lambda: 0.865, F: 33.843; df: 9; significance: 0.000) for
Lo e 72 71. %i —0-112 2-722 each of the parameters considered (Table VII). The total
et 90 71.34 ~0.10 212 color differences (AE) were calculated for the different
- measurement heads (Fig. 5) and a rigorous color tolerance
- i (i.e., <3 CIELAB units) was obtained. Again, the greatest
o B . difference was between the color measurements made
Labrador Claro 36 48.283b —049% 1.82®  with the measurement heads of 50 mm and 8 mm diame-
54 48.05% 0.40°2 1.342 Th 1 | diff AE* . M
72 47.75P —0.08° 1.492 ter. e total color difference ap COmparing sma
90 47.74° -0.28° 1.422  heads (5-10 and 5-8 mm) decreased by ~0.5 CIELAB

Superscript letters a—c in each column for each granite indicate
significant differences (x: 0.05).

was performed to determine whether these were applica-
ble to other granites. For this, the color of one of the
granites most commonly used at present in the building
industry for cladding and for constructing monuments—a
brownish gold granite denominated Silvestre—was
determined.

The values obtained for this granite (for an area of
72 cm® and number of measurements depending on the
measurement head used: 34/5 mm head, 28/8 and 10 mm
head, 12/50 mm head) were subjected to MANOVA, with

TABLE V. Three-way multivariate analysis of variance
(MANOVA) comparing the different areas measured.

Type of rock Areas Wilk’s
(granite) (cm?) lambda F-value df Significance
Grissal 54-72-90  0.511 7313 6 0.000
72-90  0.981 0.227 3 0.877
Rosa Porrifio 54-72-90  0.958 0.396 6 0.880
Blanco Cristal  54-72-90  0.581 5.712 6 0.000
72-90  0.969 0.388 3 0.762
Labrador Claro 54-72-90 0.615 3.662 6 0.003
72-90  0.999 0.002 3 0.999

Dependent: L*, a*, b*.

Volume 35, Number 5, October 2010

units in relation to the results obtained with the Granite
Training group, whereas any comparison (AE},, AEG,,
and AE(,) between the 50 mm and the 5 mm measure-
ment heads caused an increase in the difference of 0.5
units and of 1 unit when the comparison was between the
50 mm and the 8 or 10 mm measurement heads.

It must be stressed that the chromatic appearance of
heterogeneous surfaces, and in particular their chromatic
discrimination, should be based not only on conventional
colorimetric measures but on visual correlations with real
observers. In this regard, although there are some recent
contributions combining both the methods,>™2® all of
them are related to textured materials having well delim-
ited contours which makes dubious their application to
other kind of materials. In the case of granite, it has been

25

1.75 e
1.5 1

m AE*ab
AE94
O AEOO

AE

1 .‘suprathreshold

0.73 -
0.5 1

threshold or iust noticeable difference

50-10 50-8 50-5 10-8 10-5 &5

FIG. 4. Total color differences for granite training group,
in CIELAB units (AE};), CIE94 units (AE{,), and CIEDE2000
units (AEqg), obtained with different pairs of measurement
heads.
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one attempt to combine colorimetric measures and visual
assessment to analyze changes in the appearance of the
surface of granite rocks when they are colonized by
microorganisms® and it has been established that the
minimum increment in color that observers can appreciate
is AE}, = 3.17, which is bigger than the tolerance above
commented. However, owing to that value has been deter-
mined in a very specific experiment it cannot be consid-
ered as a definitive value and future research in this field
would be focussed on performing visual experiments
using psychophysical techniques with the aim of defining
the granitic rocks threshold. Therefore, in a sense and
awaiting progress in granite visual assessment, the reader
should be careful with the interpretation of differences in
total color data as two granite samples could have identi-
cal average CIELAB color and could be judged as differ-
ent images by an observer.

CONCLUSIONS

This work provides an adaptable and affordable methodol-
ogy of study supported by statistical analysis, which has
been successful in examination of the factors affecting the
color measurements on granite rocks and demonstration
that color may be affected by both material and instru-
ments properties. In this way, the methodology used
enabled the determination of the minimum number of
measurements and the minimum measuring area required
to characterize the representative color of the whole non-
homogeneous surface of granite rocks. However, it should
be noted that although the application of the present
color-difference formulae to heterogeneous surfaces has
not yet been validated, they have been employed in this
study as a tool for comparison assuming a correlation
between spatial averaging of CIELAB and visual judg-
ment of granite.

In relation to the minimum number of measurements
required to characterize the color of granite rocks, it was
found that it is affected by the type of rock, surface finish,
and independently of the rock, by the diameter of the
measurement head of the device. By use of a wide variety
of granite rocks that differ in terms of color, texture, and
surface finish, it was determined that the minimum num-
ber of measurements required to characterize the color of
granitic rocks is higher the smaller measurement head.
Thus, the number of measurements required is 6/36 cm?

TABLE VII. Tukey-b test for the four measurement
heads and Silvestre granite.

Diameter of the measurement

head (mm) L* a* b*
50 70.022 —-0.042 3.482
10 72.56° -0.11° 4.37°

8 72.56° —0.24° 4.68
5 71.41° 0.02¢ 4.41°

Superscript letters a-d in each column indicate significant
differences (x: 0.05).
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rigorous color tolerance

m AE*ab
B AE9%4
O AEOO

50-10 508 505 108 105 85
FIG. 5. Total color differences for granite test group (Sil-
vestre), in CIELAB units (AE}), CIE94 units (AEg,), and
CIEDE2000 units (AEgg), obtained with different pairs of
measurement heads.

surface area for a 50 mm diameter measurement head,
14/36 cm? for 8 and 10 mm diameter measurement heads,
and 17/36 cm?® for a 5 mm measurement head.

As regards the minimum measuring area, the results
showed that an area of 36 cm” is sufficient when mea-
surement heads of diameter <10 mm are used. A surface
area equal to or larger than 72 cm? is required for mea-
surement heads of larger diameters.

The validity of the above results was tested with other
ornamental granite (Granite Test group) allowing to con-
clude that if and when the number of measurements con-
sidered corresponds to those established in this study for
the measurement head diameter and the measurement
area, any results thus obtained will be comparable.

As granite rocks can be considered as a complicated
case of surface heterogeneity due to the complexity of
their mineral distribution, it could be hypothesized that
the methodology here proposed can be extrapolated to
other types of rocks.
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Effect of Surface Finish on Roughness, Color,
and Gloss of Ornamental Granites

P. Sanmartin'; B. Silva®; and B. Prieto®

Abstract: The effects of four of the most common types of surface finish on the appearance of five varieties of ornamental granite, all widely
used in building construction and selected for their different colors, were analyzed by means of roughness, color, and gloss measurements.
The results demonstrated that different surface finishes produce differences in color, especially in the lightness parameter (L* ), and that the
magnitude of these differences depends on the color of the ornamental granite and is greatest in dark colored rocks. However, the variation in
the color parameters with the different surface finishes did not depend on roughness, and no general conclusions could be drawn regarding the
influence of the roughness on the color of ornamental granite. Gloss values were affected by the color of the ornamental granite, but in a
different way for smooth and rough surfaces. Variation in gloss also depended on the mineral composition of the rock. Gloss and roughness
were inversely related, but only within the range of low roughness values. In addition, the color gamut of the studied ornamental granites was
defined within the CIELAB color space. These results will contribute to providing a standardized, objective method of characterizing the
color of granite that will be useful for different workers in the field of building construction. DOI: 10.1061/(ASCE)MT.1943-5533.0000285.

© 2011 American Society of Civil Engineers.
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Introduction

Many of the most impressive monuments and buildings in the
world are built from granite because this is one of the oldest, most
durable, and most respected of building materials. The popularity of
granite in the building, construction, monument, and tombstone in-
dustries is attributable not only to its resistance to weathering but
also to its appearance. Selection of ornamental granites for new con-
structions is primarily based on their aesthetic properties because
these define the architectural harmony of the construction with
the surroundings and enhance the visual perception of the building.
Several types of surface finish, such as polished, flamed, and sawn,
have been developed to produce different appearances and thus in-
crease the decorative potential of the granite. Surfaces finishes differ
in surface roughness and affect slab aesthetics because they induce
variations in the perceived texture, color, and gloss. Therefore,
when appearance is the main selection criterion, aesthetic properties
such as texture, color, and gloss must be taken into account.
Texture is defined as the visual characteristic and tactile quality
of the surface of a material, although the term is also used in
geology to refer to the degree of crystallinity, grain size, and fabric
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(geometrical relationships) of the constituents of a rock. Two terms
were therefore used in the present study: surface texture and
petrographic texture. Obviously, the petrographic texture affects
the surface texture. However, in the case of ornamental rocks, other
surface properties such as the surface finish of the rock, which is
not related to the petrographic texture because it is induced by
humans, must be considered because it is very important from
an aesthetic point of view. Surface roughness is a measure of the
surface texture, and the parameter most frequently used to describe
roughness is the average roughness (Ra or ARa), defined as the
integral of the absolute value of the roughness profile over an evalu-
ation length and measured with a profilometer (ISO 1984).

Although color is the aesthetic property most often used in
selecting building material, objective colorimetric characterization
of different granitic rocks is not usually carried out in the granite
industry, and operators must trust in their skill to differentiate col-
ors. This leads to misunderstandings between architects and build-
ers. This problem is reflected in the colorimetric terms used to
classify granite. Terms such as “champagne cream” and “golden
yellow” may suggest different colors to different people. One clear
example, granites commercialized as Rosa Porriiio and Rosabel are
classified as pink granites in some catalogs and as red granites and
gray granites, respectively, in others.

Likewise, despite the great acceptance of contact color-
measurement devices for objective measurement of the color of
granite (Grossi et al. 2007a; Ifiigo et al. 2004, 1997) and other more
homogeneous rocks (Durdn-Sudrez et al. 1995; Garcia-Talegén
et al. 1998; Grossi et al. 2007b), a standardized protocol enabling
comparison of the results obtained by different authors and instru-
ments has only recently been published (Prieto et al. 2010). In that
work, which took into account the high heterogeneity in color and
texture of this plutonic rock, a protocol for characterization of color
and a methodology for the analysis of instrumental and surface
factors that may affect the determination of color were proposed
by using statistical tools and colorimetric criteria.
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Gloss is an optical phenomenon related to the appearance of a
surface and represents the capacity of a surface to reflect directed
light (ASTM 1995). According to Hunter (1937), six different
visual criteria relate to the perception of gloss: (1) specular gloss,
(2) sheen, (3) contrast gloss or luster, (4) absence-of-bloom gloss,
(5) distinctness-of-image gloss, and (6) surface-uniformity gloss. In
the particular case of ornamental rocks, the specular gloss is often
used to monitor surface quality because it is related to the surface
roughness (Huang et al. 2002; ASTM 1997).

Several studies analyzed the relationships among these three
aesthetic properties (roughness, color, and gloss) in different
materials (Ignell et al. 2009; Shih et al. 2008; Briones et al.
2006; Arifio et al. 2005; Eliades et al. 2004; Keyf and Etikan
2004; Simonot and Elias 2003; Dalal and Natale-Hoffman 1999,
Thomas 1999; Barnett 1973). Thus, it has been demonstrated that
(1) an inverse relationship exists between roughness and gloss;
(2) lightness (L* CIELAB coordinate) and chroma (C},, CIELAB
coordinate) of the color vary with roughness and gloss; (3) lightness
(L* CIELAB coordinate) affects gloss; and (4) the magnitude of the
change in color with superficial texture is governed by the color of
the material. However, all these studies were carried out with
homogeneous surfaces from the point of view of color and com-
position rather than from arbitrary heterogeneous samples such
as granite rocks.

In this sense, none of the aforementioned studies included
ornamental rocks. To date, only one study examining the influence
of the induced surface roughness on the color change of ornamental

rocks has been published (Benavente et al. 2003). These authors
demonstrated that the color variations caused by acid attack on
building stones basically depend on variations in surface roughness
and the type of rock.

In the present study, the effect of four of the most common
surface finishes on the appearance of five varieties of ornamental
granite, all widely used in building construction and selected for
their different colors, was analyzed by means of roughness, color,
and gloss measurements to provide an objective standardized
method of aesthetic characterization useful for the different workers
in the fields of construction and building materials.

Experimental

Rocks and Mechanical Surface Finishes

Five varieties of ornamental rocks of very different color were
selected: Grissal, a gray coarse-grained granite; Rosa Porrifio, a
pinkish coarse-grained granite; Blanco Cristal, a white medium-
grained granite; Silvestre, a white medium-grained with some ochre
spots owing to biotite weathering; and Labrador Claro, a bluish-
black coarse-grained rock although classified petrographically
as a diorite-gabbro, was included in this study because its dark
(almost black) color increased the color gamut of the rocks under
study. Labrador Claro is one of the most commercialized of the
darkest rocks and is also referred to as granite in the ornamental
stone industry (Fig. 1). Each variety was petrographically and

(1) Labrador Claro; (2) Grissal; (3) Blanco Cristal;

(4) Rosa Porrifio; (5) Silvestre.

SN 230
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(A) Polished fi
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(B) Honed finish, (C) Sawn finish, (D) Flamed finish.

Fig. 1. Macroscopic appearance of the studied ornamental granites
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mineralogically characterized by optical microscopy. Information
relating to petrographic classification, petrographic texture, mineral
composition, and mineral size grain of the studied rocks is shown in
Table 1.

Five square specimens (36 cm?) of each granitic rock were pre-
pared with different types of surface finish. Four types of finish
were applied to four of the granites (in order of increasing rough-
ness): polished, honed, sawn, and flamed (L6pez Jiménez 1996).
Flamed and polished finishes cannot be applied to the Silvestre
variety of granite, which is more weathered than the others, and

Table 1. Petrographic Classification, Petrographic Texture, Mineral
Composition and Mineral Grain Size of the Studied Ornamental Granites

Mineral size (mm)

Mineral % Mean Maximum Minimum
Blanco cristal (biotite adamellitic granite; texture:
heterogranular-panallotriomorphic of medium grain)

Quartz 26 1.7+£1.0 54 0.3
Feldspar-K 29 32+£1.7 5.5 0.6
Plagioclases 27.5 1.6+£09 3.7 0.7
Biotite 9 09+0.3 1.6 0.6
Moscovite 2 0.4 +0.1 0.5 0.2
Chlorite 4.5 0.5+0.2 0.4 0.3

Grissal (alcaline granite; texture: porphyritic-panallotriomorphic
of coarse grain)

Quartz 30.5 26+09 42 1.1
Feldspar-K 345 7.0 £6.0 17.6 1.3
Plagioclases 20.75 2014 4.2 0.3
Biotite 8.5 0.6+0.3 1.0 0.3
Moscovite 0.5 0.2+0.1 0.3 0.1
Chlorite 35 0.7+04 1.3 0.3

Rosa porriio (biotite adamellitic granite; texture:
porphyritic-panallotriomorphic of coarse grain)

Quartz 30 3.6+£23 8.2 0.8
Feldspar-K 33 57+£52 14.4 1.3
Plagioclases 21 33+£25 8.0 0.6
Biotite 9 1.4+09 32 0.3
Chlorite 35 0.8+0.5 1.6 0.3

Labrador claro (diorite-gabbro with labradorite feldspar; texture:
phaneritic-hipidiomorphic of coarse grain)

Feldspar 48 8.7+4.1 15.3 35
Pyroxene 16.5 39+£3.0 9.6 1.0
Olivine 6.5 0.8+0.5 14 0.4
Biotite 35 1.6+1.7 4.8 0.3
Amphiboles 5.5 1.8+ 1.5 4.6 0.5
Opaques 15 0.5+0.3 1.0 0.3
Apatite 4.0 0.5+0.2 0.6 0.2

Silvestre (two mica adamellitic granite; texture:
equigranular-panallotriomorphic of medium grain)

Quartz 29 20£0.6 2.9 0.5
Feldspar-K 26 22+1.0 3.8 1.0
Plagioclases 24 1.9+0.8 32 1.0
Biotite 8 1.0+£0.3 1.6 0.4
Moscovite 8 12+£0.6 2.0 0.3
Chlorite 3.5 0.5+0.2 1.0 0.3

these finishes were therefore substituted by bush hammered and
polished without glow, respectively.

Polishing is a surface treatment often used in granite stones, be-
cause it highlights all the colors and petrographic textures of the
material. The polishing process is carried out with particles of dif-
ferent grain size, i.e., successively finer particles. The process can
close the rock pores because during the polished process, the voids
are filled with crushed material from the rock itself or from the
abrasive materials used; the process makes the material more resist-
ant to external aggressions because it reduces its water absorbing
capacity (Rojo et al. 2003). The resulting surface is flat and glossy
with a perceptually darker tone than achieved with other treatments.
Honing is very similar to polishing, but the stone does not acquire
the characteristic gloss. The honing process is similar to polishing,
but only coarse-grained grinding particles are used, and a matte
finish is achieved. Polishing without glow, an intermediate finish
between polishing and honed, was also used. Sawing is a finish
resulting from cutting the granite with steel sheets or diamond
disks. This is usually carried out before applying another finish.
The resulting appearance is even, matte, and slightly rough, some-
times with small undulations caused by the cut. Flaming is carried
out by heating the granite surface with a blowtorch. The thermal
shock causes some mineral grains to be shed from the surface, par-
ticularly those fragmented by the saw. The result is a rough surface
with a glassy appearance. This finish cannot be achieved in brown-
ish, moderate, or highly weathered granite (e.g., Silvestre) because
it would modify the aspect of the surface unevenly as a result of
chemical alterations. Bush hammering is one of the most com-
monly used finishes; in earlier times, it was carried out by beating
the stone manually with a bush hammer. Nowadays, the system is
mechanized so that it produces a more homogeneous rough finish.

Roughness Measurements

Roughness measurements were performed to quantify the surface
texture achieved on the granite specimens with the different surface
finishes. Roughness was characterized with a noncontact laser
profilometer (UBM microfocus measurement system, UBM
Messtechnik GmbH, Ettlingen, Germany) with a measurement
range of +500 pm. The noncontact laser profilometer was
equipped with a 780 nm wavelength laser triangulation sensor with
a spot diameter of 1 pum and an axis and sensor resolution of
0.06 pm. One specimen of each studied rock and surface finish
(except flamed and bush hammered finishes, which produce rough-
ness above the threshold of 500 pm) was analyzed. To take into
account the surface anisotropy of the ornamental granites, the laser
profilometer was driven in a horizontal (X — Y) plane by a two-
dimensional (2D) positioning system with two linear motor actua-
tors. A total of six lines of 17.50 mm long, three on longitudinal
axis (X) and three on transverse axis (Y), were scanned. The aver-
age roughness (Ra) is defined as the integral of the absolute value of
the roughness profile over an evaluation length (12.50 mm) and
was determined from the six measurements with a resolution or
point density of 150 points/mm.

Color Measurements

The color was measured with a GretagMacbeth (now XRite; Eibar,
Spain) portable spectrophotometer CE-XTH equipped with Opti-
viewSilver/i QC Basic software. The measuring conditions fixed
in the device were: diameter viewing aperture of 10 mm, illuminant
D65, and observer 2° (CIE 1932) with a d/8° illumination viewing
geometry (Prieto et al. 2010). Because the surface of granite sam-
ples is not totally reflective or matte, inclusion or exclusion of the
specular component may be important for color measurements.
Thus, the measurements were made in both specular component
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included (SCI) and specular component excluded (SCE) modes.
The SCI mode, in which the gloss trap of the spectrophotometer
is closed, includes the total reflectance (considering both specular
and diffuse reflections); whereas the SCE mode, with an open gloss
trap, includes the diffuse reflectance and excludes most of the
specular component and is therefore more sensitive to differences
in color owing to differences in surface roughness (Wyszecki and
Stiles 1982). It is generally accepted in the field of color science
that the SCE mode approximates the view with the naked eye and
the SCI mode is adequate for analyzing the intrinsic color of
objects.

Following the protocol recently described by Prieto et al. (2010)
for measuring the color of granite rocks, 14 readings were taken
with substitution in random zones of the surface of each of the five
square specimens (36 cm?) of each variety of granite and type of
finish.

The CIELAB (CIE 1986) color space was selected to represent
the color measurements by use of two different sets of coordinates,
Cartesian coordinates, CIEL*a*b* and cylindrical coordinates,
CIEL*C;,h,p,. The first coordinates consider the lightness of the
color L* (which varies from O black to 100 white), the redness-
greenness changes a* (red (+) to green (—) axis), and the yellow-
ness-blueness changes b* (yellow (+) to blue (—) axis). The other
set of coordinates is defined by two cylindrical coordinates, the
chroma of the color C}, and the hue of the color £, in addition
to the lightness L*; C;, and h,, are related to a* and b* as C;, =
(a*? 4+ b*2)'/2 and h,, = arctan(b*/a*).

The CIEL*a*b* coordinates are preferred for achromatic colors,
whereas the CIEL*C; h,, coordinates are recommended for
stronger colors (Catalina and Bruna 1997). Because this study at-
tempted to cover the full range of granite colors and chromatic and
achromatic rocks were studied, both sets of coordinates were used.

The partial color differences (AL*, Aa*, Ab*, AC:,, AH},) and
the total color difference (AE?,) were also calculated. AL* and
AC;, represent the difference between both considered values
of L* and C;,, respectively, whereas H;, is given by AH’, =
[(AE:,)? — (AL")? — (AC:,)?Y? (CIE 2004). Following the
recommendations for textured samples reported by Huertas et al.
2006, the classical CIELAB (CIE 1976) color equation, AE?, =
[(AL*)? + (Aa*)? + (Ab*)?]'/2, was applied rather than the newer
improved formulas.

Gloss Measurements

Specular gloss was measured at an angle on incidence of 60° ac-
cording to ASTM D 523-95 (ASTM 1995) with a GretagMacbeth
(now XRite) portable spectrophotometer (CE-XTH). To obtain an
overall description of each surface finish in each studied rock, 40
readings were taken with substitution in random zones of the
surface area, considering one specimen of each type of rock and
surface finish, and expressing the results as mean values. A pre-
vious study (Huang et al. 2002) was used as reference in which
20 measurements were made on more homogeneous granite with
respect to color and texture.

Statistical Analysis

Statistical analyses were performed with SPSS version 17.0 for
Windows (http://www-01.ibm.com/software/analytics/spss/). Ave-
rage roughness values (Ra) and specular gloss (G®) data were
subjected to analysis of variance (ANOVA) at p < 0.05. CIELAB
color data were subjected to a multivariate analysis of variance
(MANOVA) at p < 0.05. A student’s #-test (p < 0.05) was used
to compare the CIELAB color coordinates obtained in specular
component included (SCI) and excluded (SCE) modes.

Results and Discussion

The average roughness values [Ra (1m)] induced by each surface
finish in each ornamental granite are shown in Table 2. The same
trend was observed in each granite studied, i.e., the Ra values in-
creased significantly from the polished or polished without glow
finish to the flamed or bush hammered finish. Comparison of
Ra values with those obtained in other studies is difficult because
the aim of most studies on the roughness of ornamental granite is to
compare roughness before and after the salt crystallization test to
analyze decay patterns in monumental granite (Alonso et al. 2008;
Lépez-Arce et al. 2010). Moreover, the latter studies did not
provide any information about the surface finish of the samples.
Grissal and Rosa Porrifio are two of the granites studied by Alonso
et al. (2008), who reported larger Ra values for Rosa Porrifio than
for Grissal, which is consistent with the results obtained in this
study. Considering only the polished surfaces, Labrador Claro is
the granite with the lowest Ra value followed by Blanco Cristal
and Grissal, then by Rosa Porrifio, and finally Silvestre.

The values of each color coordinate measured in the specular
component included (SCI) and excluded (SCE) modes for each
type of ornamental granite and surface finish are shown in Table 3.
Considering the set of samples to be representative of the ornamen-
tal granites, a range of values can be established for this type of
rock. Thus, parameter L*, lightness, varied most widely from
34.2 £0.5 in the darker rocks to 74.9 1.0 in the lighter rocks
in SCI mode and between 30.7 £ 4.8 and 75.5 £ 3.5 in SCE mode.
The chromatic parameter a* varied between 2.7 == 0.5 and —0.9
0.1 in SCI mode and between 3.3 £ 2.6 and —0.8 0.3 in SCE

Table 2. Roughness Average and Specular Gloss of Each Ornamental
Granite and Surface Finish

Roughness average Specular gloss,

Type of granite® Ra (um)” G (gu)’

Gp 0.4+0.2¢ 67.4 +10.8¢
Gh 444+ 1.8 17.0 £9.9°
Gs 21.8 +£2.2¢ 19.0 £ 4.5°
Gf above limit 15.6 4+ 1.20
BCp 0.4 +0.2¢ 69.9 £+ 5.8¢
BCh 3.5+0.8 22.0 £ 6.0°
BCs 25.4+4.8° 24.6 +0.3"
BCf above limit 35.0 +12.0¢
RPp 0.6 +0.3¢ 77.2 +6.6%
RPh 53+1.7° 21.5+6.6"
RPs 24.0 £4.0¢ 24.8 +£2.9%
RPf above limit 23.942.7°
LCp 0.3+0.2¢ 89.3 +3.4¢
LCh 3.5+2.14 8.5 +0.6°
LCs 21.8 £5.0° 12.5+5.40
Spwg 2.6 +1.6% 19.9 +7.8¢
Sh 4.1 +£0.7¢ 18.2 £5.3¢
Ss 23.1+4.0° 182+ 1.14
Sb above limit 225+7.2¢

%G = Grissal; BC = Blanco Cristal; RP = Rosa Porrifio; LC = Labrador
Claro; S = Silvestre; p = polished; pwg = polished without gloss;
h = honed; s = sawn; b = bush hammered; and f = flamed.

°Ra data are the mean of six measurements = SD. G data are the mean of
40 measurements = SD. Different superscript letters indicate significant
differences (p < 0.05) between the mean values of six measurements for
the roughness and forty measurements for the specular gloss in the same
type of granite in relation to surface finish.
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Fig. 2. a* — b* diagram; representation of the area in which the parameters a*, b*, and h,,, of the studied ornamental granites by using the SCI and

SCE modes are included

mode, whereas the chromatic parameter b* varied between 7.4 £
1.5 and —2.8 £0.3 in SCI mode and between 8.6+ 3.6 and
—1.4+ 1.6 in SCE mode. The red component predominated over
green in this type of rock, and the yellow predominated over blue
(Fig. 2). On the other hand, and as expected, the lowest chroma
values (C;, were 1.1 £0.5in SCI and 1.0 & 0.6 in SCE) were ob-
tained in Labrador Claro and the highest (7.6 £ 1.1 in SCI and
9.3+4.2 in SCE) in Rosa Porrifio. The range of values of A,
was 71.8°4+1.7° to 253.7°+£6.1° in SCI and 71.5°£4.9° to
237.2°4+46.0° in SCE mode, which enabled identification of
possible tones for the studied ornamental granites in the a* — b*
diagram, and tones resulting from the combination of blue and
red were excluded (Fig. 2). However, this wide variation in &,
is scarcely noticeable because of the low chroma C, . In the present
study, only sound stones were analyzed and higher chroma values
may have been observed in the weathered granites as a result of the
segregation of iron oxyhydroxides, a process that occurs as a con-
sequence of weathering processes (Taboada and Garcia 1999).
When the surface of a smooth-colored object becomes rough,
the apparent color of the object changes (Simonot and Elias
2003), and therefore to determine whether the color of the orna-
mental granites varied with the surface finish or roughness, the
present data were subjected to a MANOVA test for each type of
ornamental granite and surface finish (Table 3). The surface finish
had a significant effect on the color of granites measured in both
SCI and SCE modes, unlike in other materials such as dental por-
celain (Kim et al. 2003) and injection-molded plastics (Arifio et al.
2007), in which color variations owing to differences in surface
roughness were only observed by using the specular component
excluded (SCE) mode. Inclusion or exclusion of the specular

component was important for measurement of the color of
ornamental granite specimens because significant differences
(student z-test at p < 0.05) were seen between the CIELAB color
coordinates measured in both modes (Table 3). Thus, in SCE mode,
the b* values, and to a lesser extent the a* values, were significantly
higher in most cases. A yellower and redder color was obtained in
SCE mode compared to SCI mode (Fig. 2). Moreover, standard
deviations (SD) of the color parameters in SCE mode were higher
than in SCI mode (Table 3).

To analyze color variations caused by the different surface
finishes (roughness), the partial color differences (AL*, Ada*,
Ab*, AC;,, and AH?,) and total color difference (AE,) between
each surface finish and the smoother finish (polished or polished
without gloss for Silvestre) were calculated (Table 4). Changes
in total color (AE?,), lightness (AL*), chroma (AC;,), and hue
(AH?,) were plotted against changes in roughness expressed as
logarithmic roughness difference [log(ARa)] (Fig. 3). As the sur-
face roughness of the granite increased, the apparent color of the
rocks changed because of variations in total color, lightness,
chroma, and hue. The total color difference (AE?,) between most
of the surface finishes for the ornamental granites studied was per-
ceptible (CIELAB units > 3; Prieto et al. 2010; Benavente et al.
2003). An upper limit of 6 CIELAB units was considered an
acceptable color change (Hardeberg 1999), and this upper limit
was not surpassed in the lightest granites (Blanco Cristal and
Silvestre). By contrast, the limit was greatly surpassed in Labrador
Claro, the darkest rock, indicating that this type of ornamental gran-
ite is the most variable in color with the surface finish or roughness
(Table 4; Fig. 3).
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Table 4. Partial Color Differences (AL*, Aa*, Ab*, AC;,, AH?,) and Total Color Difference (AE;,) between the Polished Finish (Polished without Gloss for
Silvestre) and Each of the Other Surface Finishes for Each Ornamental Granite, Measured with the Spectrophotometer in SCI and SCE Modes

SCI (specular component included) mode SCE (specular component excluded) mode

Type of granite® AL* Aa* Ab* AC, AH?, AE?, AL* Aa* Ab* AC, AH?, AE?,
Gf-p 8.8 0.6 2.2 1.7 1.5 9.1 11.4 0.4 1.9 1.6 1.1 11.6
Gs-p 4.0 0.1 1.4 1.1 1.0 4.2 6.1 0.0 1.5 1.3 0.7 6.3
Gh-p 4.6 0.1 -0.6 —-0.4 0.5 4.6 8.7 0.1 —-0.4 —0.1 0.4 8.7
BCf-p 1.6 0.4 -0.5 -0.5 0.4 1.7 4.0 0.3 —1.2 —1.2 0.3 4.2
BCs-p -0.6 0.3 3.8 3.7 0.7 3.8 3.6 —0.1 1.5 1.5 0.1 39
BCh-p 1.2 0.2 —1.4 —1.4 0.2 1.8 4.5 0.0 —-0.9 —0.8 0.4 4.6
RPf-p 3.5 —0.4 -0.3 —0.4 0.2 3.5 5.2 —0.7 —1.1 —1.4 0.0 5.4
RPs-p 7.5 2.1 2.8 -3.3 1.2 8.3 6.6 2.2 —-3.5 —4.0 1.0 7.8
RPh-p 6.0 —1.1 —2.6 —-2.8 0.3 6.6 6.4 —-1.3 —-2.8 -3.1 0.0 7.1

LCs-p 26.8 0.0 22 -0.3 2.1 26.9 28.1 0.0 1.7 -0.4 1.7 28.2
LCh-p 15.9 —-0.2 —-1.6 1.6 0.2 16.0 17.3 -0.2 -0.3 0.5 0.0 17.3

Sb-pwg 3.5 0.3 —1.4 —1.4 0.2 3.8 4.5 0.2 —1.1 —1.1 0.2 4.6
Ss-pwg 0.3 0.2 —-1.9 —-1.9 0.0 2.0 2.0 —0.1 —1.6 —1.6 0.1 2.6
Sh-pwg 4.4 0.0 —-2.3 23 0.0 4.9 4.1 -0.3 -33 3.2 0.9 5.3

*G = Grissal; BC = Blanco Cristal; RP = Rosa Porrifio; LC = Labrador Claro; S = Silvestre; p = polished; pwg = polished without gloss; h = honed; s = sawn;
b = bush hammered; and f = flamed.

A similar result was found by Benavente et al. (2003) in differ-
ent types of marble and limestones. In dark specimens with high
chroma values the changes in total color (AEg,) were more affected
by surface finish than in light-colored specimens with low chroma

values, which scarcely showed any change in color in relation to
finish.

In this regard, Prieto et al. (2006) defined the limits of the per-
ceptual change in the human vision for two of the granites used for
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Fig. 3. Relationships between the roughness expressed as logarithmic roughness difference [log(ARa)] and changes in total color (AE,), lightness
(AL"), chroma (AC:,), and hue (AH},); calculated between the polished finish (polished without gloss for Silvestre) and each of the other surface
finishes for each ornamental granite measured with the spectrophotometer in SCI and SCE modes
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this study: Blanco Cristal and Rosa Porrifio. Following their results,
qualitative terms can be assigned to the total color changes, AE,,,
between different surface finishes. Thus, in Blanco Cristal, the
total color differences between polished and honed and polished
and flamed were inappreciable (< 2.63 units), whereas a slight
difference was seen in color between polished and sawn finishes
(between 2.63 and 4.66 units). In Rosa Porrifio, the differences
in color between polished and honed and between polished and
sawn were evident (between 6 and 10.78 units), but the differences
between flamed and polished were only slight (between 2.96 and
4.74 units).

Regardless of the type of granite and surface finish, the AE?,
values measured in SCE mode were slightly higher than those
measured in SCI mode except for sawn Rosa Porrifio. The SCE
mode therefore magnifies the differences owing to surface finish
or roughness on ornamental granite.

With regard to the partial differences in lightness, AL*, more
than half of the cases surpassed the visual threshold of 3 CIELAB
units, and again the greatest difference in this color parameter was
observed in Labrador Claro (Table 4; Fig. 3). By contrast, although
significant differences existed between C}, and h,, values mea-
sured in both SCI and SCE modes in relation to the different surface
finishes for each ornamental granite (Table 3), scarcely any per-
ceived differences were noted (>3 CIELAB units) in either
chroma (AC?,) or hue (AH:,) partial differences (Table 4; Fig. 3).
This is consistent with the fact that the value of C7, is low in the
rocks under study, and thus differences are not appreciable and the
hue angle may vary greatly without being of any real significance.

Analysis of these data revealed that lightness, L*, is the color
parameter most affected by changes in roughness. Ignell et al.
(2009) reported similar findings for polymeric surfaces in which
the darker the material, the larger the increase in lightness L* as
the surface became rougher.

However, the variation in color parameters, and therefore in the
total color, with different finishes does not depend on roughness
because none of the parameters changed in relation to differences
in the roughness of the surface, and therefore no general conclu-
sions could be drawn regarding the influence of the roughness on
the ornamental granite color (Fig. 3).

As expected, the most important changes in parameter a*, which
represents the redness-greenness changes, were obtained with the
flamed finish. The action of fire on the granite causes dehydration
of the oxyhydroxides from the biotite and gives rise to the forma-
tion of dehydrated oxides, e.g., hematies (Fe,O5) of a reddish color.
However, this effect was not observed in the only stone that was
already reddish in color, Rosa Porrifio.

Mean specular gloss values at 60° [G® (gu)] of each surface
finish in each type of ornamental granite are shown in Table 2.
Many authors have reported an inverse relationship between rough-
ness and gloss on homogeneous surfaces from the point of view of
color and composition (Briones et al. 2006; Arifio et al. 2005; Wang
et al. 2000; Thomas 1999; Hunter and Harold 1987). However, in
the case of the ornamental granites under study, although the gloss
of smooth surfaces (polished) is more than 30 gloss units higher
than gloss of the rough surfaces, gloss is not a function of rough-
ness (Fig. 4) because it did not differ significantly within a wide
range of roughness values (from 2.59 to more than 500 pm), except
in the case of Blanco Cristal (Table 2). Moreover, analysis of
the gloss values within that range of roughness, i.e., without con-
sidering polished finish, revealed a slight increase in gloss with
increased roughness (Table 2). This lack of agreement with
the findings of other studies may be explained by the following:
(1) neither of these studies was accomplished with arbitrary hetero-
geneous samples, such as granite rocks, in which the relationship
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Fig. 4. Relationship between roughness expressed as logarithmic
roughness difference [log(ARa)] and specular gloss measured at
60° (G%)

between roughness and gloss may be more complex because of
competition between surface and volume scattering; (2) high values
of roughness were considered in the present study, and this relation-
ship probably only exists in the range of the lower roughness values
(from Ra 0.26 to 5.53 pm in this case); (3) although the Ra values
are consistent with the surface finish, i.e., Ra increases from the
polished or polished without glow finish to the flamed or bush ham-
mered finish, optical methods for measuring roughness can be very
problematic when the measured object is transparent (Rodriguez
et al. 2009) and quartz crystals in polished granites can be highly
transparent; and (4) the studied material is a polymineral rock in
which the gloss of each mineral is different and the overall surface
gloss depends on the exposed area of each mineral. Most of the
minerals in ornamental granites tend to split along definite crystal-
lographic structural planes (cleavage planes) (Lopez-Arce et al.
2010) giving rise to smooth surfaces, and therefore the treatments
used to achieve the different finishes may increase the total surface
roughness but also create small flat surfaces that may cause a slight
increase in gloss. Thus, for instance, the increases in roughness and
gloss between sawn and flamed finishes probably occur because of
the increase in the coherent component of the reflected light owing
to an increase in the number of flat surfaces (as large as the size
of the mineral grains).

Moreover, gloss values are affected by the color of the rock
because as lightness (L*) decreased, the gloss increased in smooth
specimens (polished; Fig. 5). Because the material under study is a
polymineral rock, the refraction index of the different minerals must
be taken into account because this property is directly related to
gloss. The refractive index (Diaz Maurifio 1976) of the most abun-
dant minerals (quartz, feldspar, and plagioclases) in the lightest of the
rocks under study (Blanco Cristal, Rosa Porrifio, Silvestre, and
Grissal) is near 1.5, whereas the refractive indexes of two of the most
abundant minerals in Labrador Claro are higher (Pyroxene: 1.6-1.7;
Olivine: 1.6-1.8). The lower gloss of polished Grissal relative to pol-
ished Blanco Cristal, Rosa Porrifio, and Silvestre may be related to
the lower amount of biotite, which is among the minor minerals that
having the higher refractive index (1.5-1.7).

However, in rough specimens there was a direct relationship
between gloss and L* as gloss increased with lightness. Ignell et al.
(2009) obtained similar results with rough surfaces of polymineral
materials, although they did not find any relationship between gloss
and lightness in smooth surfaces. These authors argued that
because gloss is governed by diffusely reflected light on rough
surfaces and surface texture is independent of color, the increase

1246 / JOURNAL OF MATERIALS IN CIVIL ENGINEERING © ASCE / AUGUST 2011



100
90 4 ®0
80 1
-
=
B 70 1 e0 [ 1o}
% e
g
& 507
8 40
3 A
-3 30 4 A
£,
10 4 PO o0
0
0 10 20 30 40 50 60 70 80 90 100
Lightness (L*)
100
90 4 [ ]
g 80 A o .
Q\; 70 .0 >
» 601
8
> 50
& 40
3 A A
8 30
m] - A a
0 Sm® o .
20 4
* ®,,o0m
| 1]
10 * <&
0 . . . . . . . . .
0 1 2 3 4 5 6 7 8 9 10
Chroma (C*a)

o Polished; ¢ Honed; O sawn; A flamed.
SCI (open symbols); SCE (solid symbols).

Fig. 5. Relationship between the specular gloss measured at 60° (G*°)
with the lightness (L*) and the chroma (C3};)

in gloss is probably associated with bulk scattering. Because lighter
specimens are less absorbent, this contribution is expected to be
more pronounced as the lightness increases.

By contrast, chroma (C},) did not affect the gloss of either
polished or rough finishes (Fig. 5).

Conclusions

The study of the effects of different types of surface finish on the

aesthetic properties of ornamental granites revealed that:

* Roughness induced by different types of surface finish on the
granite surface causes a change in the color (in most cases per-
ceptible) primarily because of changes in L* values. Moreover,
the magnitude of the change in color with roughness is governed
by the color of the material and is higher in rocks with the lowest
L* values. However, the variation in color parameters, and there-
fore in the total color (AE?,), with different finishes does not
depend on roughness because the values of these parameters do
not change with changes in the roughness of the surface. No
general conclusions could therefore be drawn regarding the
influence of the roughness on the ornamental granite color.

e In ornamental granites, an inverse relationship exists between
gloss and roughness only for low values of roughness. More-
over, gloss values are affected by the color of the rock but in
different ways in smooth and rough surfaces. Gloss and L*
are inversely related in smooth surfaces and directly related
in rough surfaces. The mineral composition of polymineral
rocks must be taken into account as it determines the topogra-
phy of the rough surface and also the refractive index.

* The specular component excluded (SCE) mode magnifies the
differences in color owing to surface finish or roughness on
ornamental granite.

Moreover, the results obtained in this study enable identification
of the area of the CIELAB color space in which the color of the
studied ornamental granites is defined: in the range of the maxi-
mum values L*: 74.9 £1.0; a*: 2.7£0.5; b*: 7.4 £ 1.5; Ci;:
7.6+ 1.1; and h,: 253.7°4+6.1° in SCI mode; and L*:
75.5+£3.5,a":33£26; b*: 8.6%£3.6; C,: 9.3 £4.2; and h:
237.2°4+46.0° in SCE mode. The minimum L*: 34.2 £0.5; a*:
—-09+0.1; b*: —2.8£0.3; C;,: 1.1 £0.5; and h,: 71.8°%
1.7° in SCI mode; and L*: 30.7+4.38; a*: —0.84+0.3;
b*:—1.4+£1.6;C;,: 1.0 £0.6;and h,y,: 71.5° & 4.9° in SCE mode.
Although h,;, (hue) varied most widely, the variation does not
have any real significance because of the low chroma of all the
studied rocks.

The information obtained in this study should be taken into
account when aesthetic criteria are used in selecting ornamental
granites for building and construction materials.

However, it should be highlighted that the polymineral nature of
the material under study is a handicap because no specific meth-
odology exists to determine properties such as gloss and roughness
that are affected by this polymineral nature. Future research should
focus on this subject.
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Although the color of cyanobacteria is a very informative characteristic, no standardized protocol has,
so far, been established for defining the color in an objective way, and, therefore, direct comparison of
experimental results obtained by different research groups is not possible. In the present study, we used
colorimetric measurements and conventional statistical tools to determine the effects on the measure-
ment of the color of cyanobacteria, of the concentration of the microorganisms and their moisture content,
as well as of the size of the target area and the minimum number of measurements. It was concluded
that the color measurement is affected by every factor studied, but that this can be controlled for by
making at least 10 consecutive measurements/9.62cm? at different randomly selected points on the
surface of filters completely covered by films of cyanobacteria in which the moisture contents are higher

than 50%. © 2010 Optical Society of America
OCIS codes:  120.3940, 120.4290, 330.1710.

1. Introduction

Although color is one of the defining characteristics
of cyanobacteria and provides the name of blue-green
algae, it has, so far, not been defined in an objective
way. Many studies have explored the color changes
that cyanobacteria undergo in response to altera-
tions in the energy distribution in the light spectrum,
but none of these studies provide colorimetric data
expressed in any of the standard International Com-
mission on [llumination (CIE) color spaces: CIEXYZ,
CIELUYV, and CIELAB [1,2]. Likewise, in the scien-
tific literature on cyanobacteria, objective terms are
not used to refer to the color of the microorganisms.
Thus, for instance, bleaching or chlorosis is defined
as color change of the cells from “blue-green” to
“yellow-green” by phycobilisome degradation, and
nitrogen chlorosis is defined as the “yellowing” of
cyanobacterial cells following the onset of nitrogen
starvation. In some cases the language used is more
precise and more specific names of colors, such as

0003-6935/10/112022-08$15.00/0
© 2010 Optical Society of America

2022 APPLIED OPTICS / Vol. 49, No. 11 / 10 April 2010

red, green, blue, and yellow, are given. However, as
communication of the color has an important cultural
component, sometimes it is difficult to know the real
meaning of the words.

The characteristic blue-green color of cyanobacter-
ia is due to their photosynthetic pigment composi-
tion of chlorophyll a, which is a greenish pigment
that makes photosynthesis possible by passing on
charged electrons to other molecules to manufacture
energy, and phycobiliproteins, which capture light
energy and are exclusive of cyanobacteria and red
algae. Between phycobiliproteins, phycocyanin is re-
sponsible for the blue color. Other colored photosyn-
thetic pigments in cyanobacteria are phycoerythrin,
pink, phycoerythrocyanin, purple, and allophycocya-
nin, greenish-blue, which are phycobiliproteins, and
the yellow-orange pigments called carotenoids.

As pigment content is closely associated with
environmental conditions, such as nitrogen source,
light intensity, light quality, and nutrient availabil-
ity, among others parameters [3-6], variation in en-
vironmental conditions gives rise to an appreciable
change in the color of cyanobacteria cultures. Thus,
for example, in some cyanobacteria, the light quality,



i.e., the relative number of photons of blue, green,
red, far red, and other portions of the light spectrum
emitted from a light source, influences the composi-
tion of phycobilisomes. In green light, the cells accu-
mulate more phycoerythrin, whereas in red light,
they produce more phycocyanin, and, hence, the bac-
teria appear green in red light and red in green light.
This process is known as complementary chromatic
adaptation and is a way for the cells to maximize the
use of available light for photosynthesis.

Taking into account relationships between pigment
content and color, and pigment content and environ-
mental conditions, the health of the cultures or the in-
fluence of environmental changes could be assessed
by their color. To date, no objective color data have
been reported in relation to cultures because there
is no standardized protocol for the measurement of cy-
anobacterial color, even though it is a common prac-
tice in microbiological laboratories to make a first
assessment of the health of the cultures by visual
inspection.

Thus, the objective measurement of color is of
great importance, not only for a common understand-
ing among researchers, but also for carrying out
scientific studies on the ecology and physiology of cy-
anobacteria. In this sense, it is important to bear in
mind that the objective measurement of color is af-
fected by the color measuring devices used and the
protocol applied, and comparable results should be
obtained by different operators and instruments.
Regarding the devices, it must be taken into account
that the discrepancies in the color obtained by sev-
eral contact-type color measuring devices are due
to integration of the field of view, which is circular
and of a size determined by the diameter of the mea-
suring head (3 - 60 mm), and only highly homoge-
neous colors will be unaffected by this fact.

Regarding the protocol, objective colorimetric char-
acterization of cyanobacteria has been carried out in
only two studies [7,8]. In the first study [7], organisms
were previously deposited on a 47 mm diameter acet-
ate filter by means of vacuum filtration of 5ml of
culture, five times (i.e., 1ml each time) to obtain a
homogeneous distribution of the cells in a circular
area (35mm diameter); the color of the deposits
was then measured with a contact-type color measur-
ing device. To obtain a representative color of the
cyanobacteria culture, 10 sequential circular mea-
surements of 8 mm diameter were made and color
was expressed as the average of the 10 measure-
ments, in the CIELAB color space. The procedure
yielded good results and was used in a subsequent
study [8]. However, the 10 measurements used in
the former studies cannot be considered as standard
since the diameter of the circular measurement head
differs from one device to another, and as demon-
strated with other types of surface [9], the minimum
number of measurements required to characterize
the color of a surface depends on the diameter of
the measuring head, among other factors. Thus, to
standardize the measurement of the color of cyano-

bacteria in order to obtain reproducible and compar-
able results, independently of the dimensions of the
measuring head of the device, the number of measure-
ments required in relation to the surface area must
first be determined.

Furthermore, taking into account that, in the first
study [7], the moisture content of the cyanobacteria
was found to affect the colorimetric characterization,
relationships between moisture content and colori-
metric parameters must be studied to obtain suffi-
cient information to enable selection of the most
appropriate conditions for standardization of the
measurement of cyanobacterial color.

In view of the above, and with the aims of encoura-
ging communication between researchers and of
obtaining a standardized protocol for the measure-
ment of cyanobacterial color, the number of measure-
ments, in relation to the surface area, required to
characterize their color independently of the dimen-
sions of the measuring head of the device, the amount
of cyanobacteria, and the proper moisture content of
the microorganisms to obtain reproducible and com-
parable results were established by a combination of
colorimetric and statistical methodology.

2. Materials and Methods

Experiments were carried out on a mixed culture
(713 ug ml~1) of three filamentous Ny— fixing hetero-
cyst-forming cyanobacteria: Nostoc sp. strain PCC
9104, Nostoc sp. strain PCC 9025 and Scytonema
sp. CCC 9801. All strains were grown in BG - 11,
medium [10], a diazotrophic culture medium com-
monly used for nitrogen-fixing strains, composed of
CaCl,.2H,0(0.036 g1™') + Citric acid(0.006g1™1) +
Ferric ammonium citrate (0.006 g1-!) + EDTA

(0.001gl!) + Nay,C03(0.02g1l!) + Trace metal
mixA5(1mll1) : H3BO4(2.86g1°1) + MnCl, - 4H,0
(1.81g1l"Y) + ZnSO, TH,0 (0.222g17Y) +
N32M004 2H2O (039 gl_l) + CHSO4 . 5H2O
(0.079g1!) + Co(NO3), - 6Hy,O (0.0494g171) +

distilled water.

Depending on the experiment, five replicates of dif-
ferent aliquots of the culture were filtered under
vacuum through nitrocellulose filter discs (0.45ym
and 47 mm diameter) to achieve 9.62 cm? of coated
area (35 mm diameter). The color of the coated areas
of the filters in Fig. 1 was then measured with one or
two contact-type color measuring devices.

To determine the appropriate range of humidity of
the cyanobacteria for characterization of their color, a
larger volume (20 ml) of the culture was filtered to
achieve complete coating of the filter. In this case,
the filters were first dried in an oven (105 °C) to con-
stant weight. The filters with the cyanobacterial de-
posits were then immersed in water until saturated,
then air dried, and color and weight were measured
at different times (10, 20, 30, 45, 60, 90, 120, and 150
min) until the filters appeared completely dry. Final-
ly, the filters were dried in an oven (at 105°C) to

10 April 2010 / Vol. 49, No. 11 / APPLIED OPTICS 2023



Fig. 1. Appearance of the filters after depositing the aliquots of
cultures containing 0%, 20%, 50%, and 100% cyanobacteria.

constant weight to enable determination of the
moisture content of the cyanobacteria.

The color was measured with a Gretag Macbeth
portable spectrophotometer (CE-XTH) with two di-
ameter viewing apertures of 5 and 10 mm. The fol-
lowing measuring conditions were selected: 5 mm
viewing aperture, illuminant D65, which represents
a typical phase of daylight with a correlated color
temperature of approximately 6500 K, and a 2° obser-
ver (CIE 1931). The measurements were made by
spectral reflectance, by use of diffuse illumination
geometry, with an integration sphere covered with
a white material so that the light was uniformly dif-
fuse in all directions illuminating the sample and
was observed with the specular component included.
A total of 20 measurements were made consecutively
at different randomly selected points on the surface
of the filters, in order to obtain sufficient data to
characterize the color. The results were expressed
as the average of only 10 measurements since this
was established as the minimum number of mea-
surements required for each 9.62cm? of surface
(see Subsection 3.B).

Color measurements were pointed in the CIELAB
color space, the most perceptually uniform of the col-
or spaces [11-13]. The CIELAB system has been
widely used (since 1976) for calculating color differ-
ences for most practical applications. Use of the
CIELAB system enables estimation of three color
parameters: L*, a*, and b*, where L* represents light-
ness (a value of 100 indicates white, and a value of
0, black), a* is associated with changes in redness-
greenness (positive a* is red, and negative a* is
green), and b* is associated with changes in yellow-
ness-blueness (positive b* is yellow, and negative b*
is blue). The three parameters are plotted on three
orthogonal axes in a Cartesian coordinate system.
In addition, the classic CIELAB formula (AE*ab) [2]
and three CIELAB-based color-difference formulas
{AE94(1:1:1) [14], CMC(2:1) [15], and AEO00(1:1:1)
[11]} were applied.

In order to determine the minimum number of
measurements required to characterize the color
of cyanobacteria, independently of the dimensions
of the measuring head of the device and the concen-
tration of the microorganisms, three dilutions (1/5;
1/2,and 1/1) of the culture were prepared (to provide
relative concentrations of 20%, 50%, and 100%), and
5ml aliquots were filtered. As a control, a 5ml ali-
quot of the culture medium was also filtered (0%

2024 APPLIED OPTICS / Vol. 49, No. 11/ 10 April 2010

concentration). In this case, the color was measured
with a Gretag Macbeth portable spectrophotometer
(CE-XTH) with two diameter viewing apertures of
5 and 10mm, and a Minolta colorimeter, with one
measuring head (CR-300) with an 8 mm diameter
viewing area. Thus, the areas measured with the
two devices were circular areas of 5, 8, and 10 mm
diameters. The same measuring conditions as above
were fixed in both devices so that the measurements
were comparable.

A total of 20 measurements were made consecu-
tively, with each of the three measuring heads, of 5,
8,and 10 mm diameters, atdifferentrandomly selected
points on the surface of the filters within the appropri-
ate range of moisture contents (see Subsection 3.A).

All the data were subjected to multivariate anal-
ysis of variance (MANOVA) and the Tukey-B multi-
ple comparison test, by use of SPSS (version 15.0).

3. Results and Discussion

A. Range of Moisture Contents

*

The variations in the L*, a*, and b* values for
the cyanobacteria deposits with moisture content
(expressed as a percentage) are shown in Fig. 2.
The values of the L* parameter were relatively low
in 28.07-20.00 CIELAB units. The values of the a*
chromatic parameter were negative, ranging from
-1.21 to -2.51 CIELAB units, whereas the values
of the b* chromatic parameter were positive, ranging
from 10.46 to 4.25 CIELAB units, so that the color of
the cyanobacteria was within the zone of the yellow-

29 y =-33327Ln(x) + 35,923
28 . = 0,8243
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Hurnidity (%)

054 y =-0,3796Ln(x) - 0,5034
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Humnidity (%)
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Fig. 2. Variation in L*, a*, and b* values of the filters containing
cyanobacteria deposits with moisture content (%).



greenish colors, regardless of the moisture content
(see Fig. 3).

On the other hand, L* initially decreased rapidly
with increasing moisture content in Fig. 2. However,
it remained practically constant for moisture con-
tents higher than 50%, since the variation in that
part of the curve is only 2 L* units, which is below
the perceptibility threshold [16,17]. This was not ob-
served with the a* and b* parameters, for which dif-
ferences between ranges of moisture content were
not noticeable, since there was no variation in these
parameters with moisture content. Moreover, the
results of the MANOVA, with the CIELAB color pa-
rameters L*, a*, and b* as dependent variables, and
the moisture content as the independent variable
confirmed statistically significant differences only
among the L* values obtained at the different moist-
ure contents (Wilks lambda, 0.024; F-value, 26.294;
degrees of freedom, 69; significance, 0.000). There-
fore, L* is the only CIELAB parameter related to
moisture content, and decreased exponentially with
increasing humidity, so that moisture content clearly
affected the lightness values, as it caused a darken-
ing of the color. A similar result was obtained in a
previous study [7], in which variation in the L* pa-
rameter with moisture content was observed during
the 15 days during which samples were left to dry,
but not thereafter.

The above results clearly suggest that, in order to
obtain comparable results, color measurements must
be made on test samples with a moisture content of
more than 50%, as in that range, the L*, a*, and b*
values remain fairly constant. To determine the color
of liquid cultures deposited on filters, the measure-
ments must be made immediately after deposition
of cyanobacteria, while the microorganisms are still
moist; when determining the color of cyanobacteria
colonizing surfaces, such as building facades, the
measurement protocol should ensure that the moist-
ure content of the surface is above 50%.

+b* (yellow)

1

%0

-a* (green) <— 180 0—> +a*(red)

270
!
-b* (blue)
Fig. 3. (Color online) a* - b* diagram representing the yellow-
greenish area corresponding to the filters containing cyanobacter-
ia in relation to range of moisture contents.

B. Minimum Number of Measurements

In order to determine the minimum number of mea-
surements required to characterize the color of cya-
nobacteria, the cumulative averages of the CIELAB
color parameters (L*, a*, and *) were plotted for each
of the filters. The general shape of the graphs ob-
tained was an inverted exponential decay model
with a horizontal asymptote, with the stable section
corresponding to the number of measurements after
which the mean become constant; consequently, the
first point of this section of the curve represents the
minimum number of measurements required to
characterize the L*, a*, and b* coordinates for each
case. By way of example, the plots obtained for one
of the filters are shown in Fig. 4. In each of the three
graphs, the number of measurements after which the
horizontal asymptote is reached and the mean

100

95 4
90 +

BS_W

80q°* *

75 4

L* cumulative average

70 T T T T
0 5 10 15 20 25
number of measurements

a® cumulative average
@

>~—
-9
-10 T T T T
0 5 10 19 20 25
number of measurements
16

b* cumulative average
=
1

1" T T T T

0 5 10 15 20 25
number of measurements
Fig. 4. Example of the graphs used to determine the minimum
number of measurements required. Cumulative averages of the
CIELAB color parameters: L*, a*, and b* in relation to the number
of measurements, corresponding to filters containing 20% cyano-
bacteria, filter b, and 10 mm measurement head.
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becomes constant, is indicated by the marked
segment. The minimum number of measurements
required for characterization of each color coordi-
nates, for the coated area of each filter and for each
measuring head, is shown in Table 1. The number of
measurements required was different for each of the
coordinates (L*, a*, and b*).

The data were subjected to MANOVA, with the
minimum number of measurements determined for
L*, a*, and b* as dependent variables and concentra-
tion of the microorganisms and diameter of the mea-
suring head as independent variables. The results of
the analysis revealed that both the concentration of
microorganisms and the diameter of the measuring
head produced significantly different results in
terms of the minimum number of measurements re-
quired to characterize L*, a*, and b*. The results, in-
cluding the Wilks lambda, the F-factor, the level of
significance, and the number of degrees of freedom
are shown in Table 2, and the significant differences
between the average value of number of measure-
ments required to define L*, a*, and b* for each or-
ganisms concentration and measurement head are
indicated in Table 3. There were significant differ-
ences in the minimum number of measurements re-
quired for color characterization of the filters with
concentrations of 0% or 100% microorganisms and
those with 20% or 50% microorganisms, for all three
CIELAB color parameters (L*, a*, and b*), with fewer
measurements required for the former than the lat-
ter. This may be attributed to the greater heteroge-
neity of the color of the measured area corresponding
to the filters with intermediate concentrations of mi-
croorganisms (20% and 50%): as the deposits did not
cover the whole area [see Fig. 1], this gave rise to an

Table 2. Three-Way MANOVA of the Number of Measurements®

Wilks F- Degrees of
Source Lambda Value Freedom Significance
Organism 0.327 6.315 9 0.000
concentration
Diameter of the 0.676 2.882 6 0.014

measuring head

“Dependent: L*, a*, and b*.

irregular layer of microorganisms in which two very
different colors—the yellow-greenish, fairly dark col-
or of the cyanobacteria, and the pure, bright white
color of the filters—appeared together. Thus, depend-
ing on the concentration of filtered organisms, these
chromatic patches on an achromatic support pro-
vided different scales of heterogeneity, which did
not exist in the filters without cyanobacteria (0%)
and was almost absent in the filters with 100% mi-
croorganisms, as a rather homogeneous layer of mi-
croorganisms was obtained. The minimum number
of measurements required also increased with the
heterogeneity of the color of the filters (see Table 1).

Regarding the measuring head, the minimum
number of measurements required to characterize
b* was independent of this factor, while the signifi-
cant differences for L* and a* were determined by
the 5mm measuring head, for which the number
of measurements required was greater than for the
8 and 10 mm measuring heads (see Table 3).

Since the color value of each of the five filters with
the same concentration of microorganisms must be
approximately equal, irrespective of the number of
measurements, the greatest differences in partial
and total color between filters with the same concen-

Table 1. Minimum Number of Measurements Determined for Characterization of Each CIELAB Color Parameter, for Each Filter with Different
Concentrations of Cyanobacteria, and for Different Measuring Heads

Diameter of the Measuring Head (mm)

10 8 5
Dilution (%) Filter L* a* b* L* a* b* L* a* b*
0 a 2 3 4 2 2 2 2 3 3
b 2 2 2 2 2 2 2 2 2
c 2 2 2 2 2 2 2 2 2
d 2 2 2 2 2 2 3 3 2
e 2 2 2 2 2 2 2 2 2
20 a 3 5 3 3 3 3 6 5 3
b 5 5 4 8 3 3 8 7 4
c 6 6 5 4 4 4 3 3 3
d 5 6 3 8 8 8 8 8 7
e 4 6 5 2 7 6 3 5 5
50 a 4 4 4 3 2 3 7 7 5
b 6 5 4 2 2 10 10 9 9
c 8 8 5 5 9 5 8 8 3
d 8 8 8 5 4 5 10 10 3
e 4 4 3 3 3 3 9 10 10
100 a 2 2 2 4 4 3 3 5 2
b 2 2 2 3 3 4 5 5 3
c 4 2 2 4 3 3 4 4 3
d 3 2 2 4 3 3 4 4 3
e 4 3 3 3 3 3 5 5 3
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Table 3. Tukey-B Test for the Number of Measurements in Relation to
Different Concentrations of Cyanobacteria and Diameter of the
Measuring Head”

Dilution (%) L~ a* b*
0 2.07¢  2.20¢ 2.20°
20 486° 528> 423
50 6b 6.07° 5.36°
100 3.36¢ 3.18¢ 2.732
Diameter of the measuring head (mm)  L* a* b*
10 3.67¢ 3.83¢ 3.33¢
8 3.53¢ 3.53* 3.84¢
5 5120 5.35% 3.94¢

“Different superscript letters indicate significant differences
(a:0.05).

tration of microorganisms were calculated. The num-
ber of measurements required to characterize the
color of each filter (see Table 4) was the highest num-
ber of measurements from among those for L*, a*,
and b* (see Table 1) for each filter and each measur-
ing head. Assuming a large tolerance of five CIELAB
units [16-18], partial (AL*, Aa*, and Ab*) and total
[AE*ab, AE94(1:1:1), CMC(2:1), and AE00(1:1:1)]
color differences between filters with the same con-
centration of microorganisms were not perceptible
(see Table 5), and were far from the six CIELAB units
considered as a perceptible but acceptable difference
in color [19]. In addition, taking into account pre-
vious studies in which three CIELAB units are con-
sidered as the upper limit of perceptibility of the
color [8,20,21], all values of the total color differences
obtained, except those obtained with the 8 and 5 mm
measuring heads for filters with a covering of 20%
microorganisms, were below this threshold.

The total color differences were minimized by use
of the newer and improved color formulas, i.e.,
AE94(1:1:1), CMC(2:1) and AE00(1:1:1). It was also
found that there was no equivalence of the scale fac-
tor among the results obtained with the three formu-
las considered. Moreover, the changes in total color
were mainly produced by the partial differences of
the lightness AL*, except for filters with 0% microor-
ganisms, in which the changes were mainly due to

Table 4. Minimum Number of Measurements Required to Characterize
Each Filter for Each Measuring Head

Diameter of the Measuring Head (mm)

Dilution (%) Filter 10 8 5
0 a 4 2 3
b 2 2 2

c 2 2 2

d 2 2 3

e 2 2 2

20 a 5 3 6
b 5 8 6

c 6 4 5

d 6 8 8

e 6 7 5

50 a 4 3 7
b 6 10 10

c 8 9 8
d 8 5 10
e 4 3 10

100 a 2 4 5
b 2 4 5

c 4 4 4

d 3 4 4

e 4 3 5

Ab*, owing to the tendency to yellowing of nitrocel-
lulose filters when they are exposed to ultraviolet
light. The greatest effect of AL* on the filters with
concentrations of microorganisms that gave rise to
an irregular layer (20%, 50%, and 100%) was due
to the textured nature of the samples, where L* is
the color parameter that varied most between the
white and the green patches. A reduction in the total
color differences would be unfeasible, even if more
measurements were made, as the values of L*, a*,
and b* would not change [see Fig. 1].

Since the minimum number of measurements
required varied with the color parameter, the
concentration of microorganisms and the diameter
of the measuring head, the minimum number re-
quired to characterize the color of cyanobacteria, ir-
respective of the concentration of microorganisms,
would be the largest number obtained for all the

Table 5. Maximum Partial (AL*, Aa*, and Ab*) and Total [AE*ab, AE94(1:1:1), AE00(1:1:1), and CMC(2:1)] Color Differences for Each Concentration of
Cyanobacteria Deposited on the Filters

Diameter of the

Measuring Head (mm) Dilution (%) AL* Aa* Ab* AE*ab AE94(1:1:1) CMC(2:1) AE00(1:1:1)
10 0 0.15 0.04 0.23 0.28 0.28 0.25 0.25
20 2.31 0.47 0.66 2.45 2.37 1.28 1.56
50 1.63 0.80 0.24 1.83 1.71 0.96 1.25
100 2.84 0.57 0.77 2.99 2.88 1.50 2.47
8 0 0.06 0.12 0.29 0.32 0.29 0.29 0.29
20 3.49 1.39 1.82 4.17 3.78 2.26 2.62
50 2.37 0.86 -0.85 2.66 2.45 1.34 1.74
100 1.92 0.64 0.47 2.08 1.97 1.05 155
5 0 0.16 0.06 0.34 0.38 0.37 0.35 0.35
20 2.76 1.30 1.93 3.61 3.12 2.02 2.27
50 2.62 0.94 0.91 2.93 2.70 1.46 191
100 2.33 0.69 0.11 2.43 2.36 1.23 1.87
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concentrations tested for each measuring head.
Thus, 10 measurements/9.62cm? are required for
measuring heads of 8 and 5mm diameter and
8 measurements/9.62 cm? for a measuring head of
10 mm diameter.

C. Influence of Target Area Diameter

Once the minimum number of measurements was es-
tablished in relation to the dimensions of the mea-
suring head, the color values obtained with each
measuring head were compared in order to establish
whether the results were equivalent. The result of a
MANOVA with values of L*, a*, and b* as dependent
variables and the diameter of the measurement head
as the independent variable revealed no statistically
significant differences (p > 0.05), among the values
obtained with the different measuring heads. There-
fore, the color characteristics obtained with the dif-
ferent measuring heads are comparable when the
established minimum number of measurements is
applied (see Subsection 3.B).

From a practical point of view, and taking into ac-
count that in heterogeneous surfaces an increase in
the field of view of the device reduces the effect of the
different colors in the target area, with the conse-
quent similarity in sequential measurements, the
use of a 10 mm measuring head is more convenient,
as fewer measurements are required (8/9.62cm?)
and the error derived from heterogeneity in the filter
color is also reduced.

4. Conclusions

The results of the study demonstrate the influence of
both the microorganisms and the measuring instru-
ment on the characterization of the color of cyanobac-
terial biofilms. Instrument properties, such as the
diameter of the measuring head, affect the minimum
number of measurements required to characterize
the color, and properties of the microorganisms, such
as concentration and moisture content, affect both
the minimum number of measurements required
and the color obtained.

The minimum number of measurements required
increased with increasing heterogeneity of the color
of the area measured, which depended on the concen-
tration of the microorganisms, and decreased with
the diameter of the measuring head. To control for
the influence of the heterogeneity of the color of
the area measured, the color of cyanobacteria should
be measured on filters that are completely covered by
the microorganisms, so that the white color of the
filter is hidden. The influence of the size of the mea-
suring head is more difficult to control for, as re-
searchers usually only have one color measuring
device available. However, if the number of measure-
ments corresponds to those established in this study
in relation to the measuring head diameter, results
thus obtained will be comparable. It was established
that a total of 10 measurements/9.62cm? are re-
quired for measuring heads of 8 and 5 mm diameter
and 8 measurements/9.62 cm? for a measuring head
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of 10 mm diameter. We therefore suggest that in or-
der to standardize measurement of the color of cya-
nobacteria, 10 measurements,/9.62 cm? are sufficient
for characterization of the color, regardless of the di-
mensions of the measuring head of the device.

However, we also recommend that, when possible,
a 10 mm measuring head should be used, as fewer
measurements are required (8/9.62cm?) and the
error derived from heterogeneity in the color of the
filter is reduced.

The L* values were greatly affected by the moist-
ure content of the samples, whereas the chromatic
parameters a* and b* were unaffected. Since the
values of L* decreased exponentially with moisture
contents up to 50%, which can be considered as
the point from which a stable asypmtote is reached
on the corresponding graph, characterization of the
cyanobacterial color should be made with samples
with moisture contents of more than 50%. Otherwise,
the results will not be comparable.

The methodology proposed here allows objective
measure of the color of cyanobacteria, which would
be very useful in those studies where knowledge of
pigment content variations leads to conclusions.
Moreover, it provides some advantages on traditional
methodology as it is nondestructive and saves time
and materials.

The present study was financed by the Science and
Education Ministry of Spain (MEC, BIA2006-02233/
BES-2007-16996).
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Previous studies have provided evidence that color measurements enable on site quantification of superficial biofilms,
thereby avoiding the need for sampling. In the present study, the efficiency of color measurements to evaluate to
what extent pigment production is affected by environmental parameters such as light intensity, combined nitrogen
and nutrient availability, was tested with two cyanobacteria, Nostoc sp. strains PCC 9104 and PCC 9025, which form
biofilms on stone. Both strains were acclimated, in aerated batch cultures for 2 weeks, to three different culture
media: BG-11, BG-11y, and BG-114/10 at either high or low light intensity. The content of chlorophyll a,
carotenoids, and phycocyanins was measured throughout the experiment, together with variations in the color of the
cyanobacteria, which were represented in the CIELAB color space. The results confirmed that the CIELAB color
parameters are correlated with pigment content in such a way that variations in the latter are reflected as variations

in color.

Keywords: color measurements; pigments; CIELAB color space; environmental parameters; cyanobacteria

Introduction

The adhesion and growth of biofilms on stone surfaces
is a serious problem in relation to conservation of
stone monuments, as the films produce a vast range of
undesirable effects associated with increased coloni-
zation and mineral weathering (Silva et al. 1999;
Warscheid and Braams 2000; Silva and Prieto 2004;
McNamara and Mitchell 2005; Crispim et al. 2006;
Gorbushina 2007), although in some cases the presence
of biofilms prevents further weathering of the stone
(Grondona et al. 1997, Ramirez et al. 2010). Since
colonization of stone surfaces is almost inevitable
(Warscheid and Braams 2000), research in this field
must focus on the development of new technologies
that enable early detection of colonization so that
proliferation of the microorganisms can be treated at
incipient stages, before biofilm formation. Previous
studies have provided evidence that color measure-
ments enable accurate on site quantification of the
progress of epilithic colonization in natural conditions,
even when the level of colonization is not detectable by
the human eye (Prieto et al. 2002, 2005; Thornbush
2008).

The systematic use of color measurements to
quantify the colonization of stone surfaces by organ-
isms must be applied with caution, as many environ-
mental parameters, such as light intensity, light

quality, nitrate availability, and the presence of other
nutrients may significantly alter the composition and/
or abundance of the photosynthetic pigments, and
therefore a particular strain may display different
colors. In relation to this, Tandeu de Marsac (1977)
observed that certain photosynthetic organisms can
acclimate to different conditions of light in their
surroundings by varying cellular pigmentation. Thus,
although each strain has a range of optimal growth in
terms of light intensity, low and intermediate light
intensities generally stimulate synthesis of chlorophyll
a (chl a) (Raven 1984; Fernandez-Valiente and
Leganés 1989; Martin-Trillo 1995; Jonte et al. 2003;
Loreto et al. 2003) and phycobilisomes (PBS), thereby
increasing the phycocyanin (PC) content (Lonneborg
et al. 1985; Loreto et al. 2003), although this may lead
to a reduction of carotenoids (Raps et al. 1983).

In contrast, limitation of major nutrients may
result in a decrease in pigment content and hence
the photosynthetic rate (Stebvens et al. 1981; Bartual
et al. 2002) and in extensive PBS breakdown,
especially when there is nitrogen limitation (Collier
and Grossman 1992). Thus in nitrogen-deprived
cultures, the PC content may decrease to undetectable
levels; whereas the content of chlorophyll is often less
affected whilst carotenoid content remains relatively
stable (Duke and Allen 1990).
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Since most changes in the content of photosyn-
thetic pigments give rise to an appreciable change in
the color of cyanobacterial cultures, their health is
often assessed by their color. However, although the
application of spectroscopic methods to the evaluation
of growth in cultures of cyanobacteria should exist,
there are few references describing the evaluation of
objective color data for phototrophic organism such by
the CIELAB system (Thornsbush 2008). Furthermore,
there have been relatively few attempts to quantita-
tively evaluate changes in color by different culture
conditions. The aim of the present study was to
develop a novel, non-destructive technology that
enables early detection of biofilms on stone monu-
ments. Thus, variation in color and pigment content of
two cyanobacteria (Nostoc sp. PCC 9104 and Nostoc
sp. PCC 9025), which form biofilms on stone (Saiz-
Jimenez et al. 1991; Satapathy and Adhikary 1993),
was explored in relation to different environmental
parameters.

The specific objectives of the study were: (i) to
characterize the variation in color of Nostoc sp. PCC
9104 and Nostoc sp. PCC 9025 through the standar-
dized CIELAB color system, in order to obtain an
objective assessment, not affected by subjectivity of the
human eye; (ii) to evaluate color variations in response
to: (a) different light intensities, (b) diazotrophic
conditions (nitrogen-fixing conditions in the absence
of available nitrates) and non-diazotrophic conditions
(nitrate-grown conditions), (¢) macronutrient limita-
tion, (d) age of the culture; and (iii) to evaluate the
relationship between color variation and pigment
production, estimated by measurement of the content
of chl a, carotenoids and PCs.

Materials and methods
Growth conditions and Nostoc sp. strains

Experimental work was carried out with Nostoc sp.
PCC 9104 and Nostoc sp. PCC 9025 strains, two
filamentous N»-fixing heterocyst-forming cyanobacter-
ia (Figure 1). Cells in exponential growth were
incubated at room temperature for 2 weeks in 80 ml
aerated photobioreactors, containing 60 ml of liquid
medium, with precultures of 20 ml of BG-11,
medium (Rippka et al. 1979) as inoculum. Three
culture media, containing different amounts of
nitrate, were chosen: BG-11, a non-diazotrophic
culture medium; BG-11,, which is a modification of
the previous medium (with nitrate omitted), often
used for selection of nitrogen-fixing strains; and
BG-114/10, a tenfold dilution of BG-11,. The latter
was chosen as a representative of a ‘low nutrient’
culture medium, and the latter two media generate
diazotrophic conditions.

at room
12h:12h light/darkness for 2 weeks

| |
m

At high light || Atlow light At high light At low light
(170 pmol photon m* s) || (65 umol photon m* s | (170 pmol photon m? s™')| | (65 umol photon m™s™)
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Figure 1. Scheme of the experimental set-up, including a
photograph of the aerated photobioreactors.

Photobioreactors were maintained with aeration
under two different light intensities, 170 and 65 pumol
photon m~? s~!, with a 12h:12h light:dark photo-
period. Lighting was provided by fluorescent lamps
(Mazda Fluor Lumiere du Jour C9 TF 65, 85 W), and
the light intensity was measured with a radiometer
(DHD 2302.0, HERTER). All analyses were run in
triplicate, and water loss by evaporation was corrected
daily by the addition of sterilized distilled water.

Extraction and determination of photosynthetic
pigments

Samples of cell suspension (7 ml) were taken every 2
days over a period of 14 days and the chl a, carotenoid
and PC contents were measured. For quantification of
chl a and carotenoids, an accurate volume of each
sample, 2 ml of homogeneous suspension, was filtered
under vacuum, through nitrocellulose filter discs
(0.45 um and 25 mm diameter), which were added to
4 ml of dimethylsulfoxide and heated to 65°C for I h.
The samples were filtered and the extracts were
measured in a UV Visible Spectrophotometer (Varian
Cary 100) by the method of Bell and Sommerfeld
(1987), using the equations of Wollenweider (1969) for
chl a, and Wellburn (1994) for carotenoids. PCs were
determined by a modified osmotic shock method
(Wyman and Fay 1986): 3 ml aliquots of the sample
were filtered under vacuum through nitrocellulose
filter discs (0.45 um and 47 mm diameter). The cells
deposited on the filter were recovered by addition of
600 ul of glycerol (10% total volume) and incubated in
the dark at 4.5°C for 24 h. Distilled water (5.4 ml) was
then added to lyse the cells. After 30 min, the samples
were filtered and the extracts were measured in a UV



Visible Spectrophotometer (Varian Cary 100), accord-
ing to the method of Bennet and Bogorad (1973).

Color measurements

Color was measured directly on the same filters used
for extraction of chl ¢ and carotenoids, before
carrying out the extraction, and while the filters
were still humid (humidity content > 50% w/w.
Prieto et al. 2010). A solid reflection spectrophot-
ometer (CE-XTH) equipped with OptiviewSilver/i QC
Basic software, illuminant D65, observer 2° and a
5 mm diameter target area was used. A total of five
readings were taken at different randomly selected
zones in each filter. Color measurements were
analyzed by considering the CIE 1976 (L*, a*, b*)
or CIELAB color system, which is widely accepted by
both the scientific community and industry, since is
the most ‘perceptually uniform’ of the color spaces
(Berns 2000; Vo6lz 2001). Perceptually uniform means
that a change of the same amount in a color value
should produce a change of about the same visual
importance. The CIELAB color system is organized
with three axes in a spherical form: L*, a* and b*.
The L* axis is associated with the lightness of the
color and moves from top (value: 100, white) to
bottom (value: 0, black), whereas the a* and b* axes
are associated with changes in redness-greenness
(positive a* is red and negative ¢* is green) and in
yellowness-blueness (positive b* is yellow and nega-
tive b* is blue); both move in the two axes that form
a plane orthogonal to L*, and do not have specific
numerical limits. In this regard, AL*, Aa*, and Ab*
represent the degree of difference between two
samples or the same sample at different times.
Furthermore, the color parameters most closely
related to the psychophysical characteristics of color,
ie more related to color perception, and which
correspond to the angular coordinates of chroma or
saturation [C* = (a** + b**)'?] and hue or hue angle
[ = arctan (b*/a*)], were also calculated. Likewise,
the total color difference was expressed as AE,, =
[(AL*)? + (Aa*)* + (AbB*’]Y? or AE, = [(AL*)? +
(AC*)? + (AH*)’]"?, where AL*, Aa*, Ab* and AC*
represent respectively the differences in the values of
L*, a*, b*, and C* considered, and AH* is given by
AHy, = [2(CiC5)' 2sin (Ahyy/2)], where Ay, is the
difference in hue angle Ah,, = tan~'(b}/a3)
tan~ '(b}/a}).

Statistical analyses

Data were subjected to MANOVA and the Student’s
t-test (for paired comparison) or the Mann—Whitney
U-test (for non-parametric data) at the 5% significant
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level (p-value < 0.05) and two-tailed-Bivariate Spear-
man’s correlations. Statistical analyses were performed
with SPSS (SPSS v15.0 for Windows).

Results
Growth and pigment contents

The changes in the pigment contents of the two strains
studied (Nostoc sp. PCC 9104 and PCC 9025) are
shown in Figure 2. Growth, measured as pigment
concentration, was higher in Nostoc sp. PCC 9104 than
in strain PCC 9025 and the maximum final pigment
content in both strains was obtained in non-diazo-
trophic conditions, followed by diazotrophic and
modified diazotrophic conditions. The growth re-
sponse to light intensity, combined nitrogen and
nutrient availability differed depending on the strain
considered. Growth of Nostoc sp. PCC 9104 was more
strongly affected by nutrient limitation than by
availability of nitrate and light intensity, whereas in
Nostoc sp. PCC 9025, the presence of nitrate and high
light intensity were the parameters that determined
further growth. In both strains these results were
common for the three pigments studied: chl a, PCs and
carotenoids, and were not noted until 8 days of
culturing. In both strains, the concentrations of chl a

PCC 9104 PCC 9025

B8888388

Chlorophyll a (mg I'1)

B

Phycocyanins (102 mg I't)

Carotenoids (mg I't)

6 8
Days

Fi%ure 2. Pigment content. Top: chl @ concentration (mg
17 1), middle: PC concentration (10~2 mg 1~') and bottom:
carotenoid concentration (mg 17 1), in aerated batch cultures
of Nostoc sp. strain PCC 9104 (left) and Nostoc sp. strain
PCC 9025 (right). -l- = non-diazotrophic medium BG-11,
-A- = diazotrophic medium BG-11,, -e- = modified
diazotrophic medium BG-113/10 under low light (solid
symbols) and high light (open symbols). Data points
represent the average of three replicates; vertical bars
represent the SD.
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and PCs were higher in cultures grown on nitrate
containing media than in the cultures grown on media
without nitrate, from the 12th day of culture onward.
However, from the 10th day of culture, the concentra-
tion of carotenoids was affected by different factors,
depending on the strain: the availability of nutrients
was the main factor affecting carotenoid concentration
for Nostoc sp. strain PCC 9104, whereas the presence
of nitrates together with the high light intensity
affected Nostoc sp. strain PCC 9025 to a greater extent.

Statistical comparison of chl a, PC, and carotenoid
concentrations relative to culture age was performed
for both Nostoc strains (Table 1). For all six
experimental cultures, ie with two different light
intensities and three different culture media, the mean
concentration of each pigment increased significantly
during the culture period in both strains. At the end of
the experiment, the concentration of chl a in strain
PCC 9104 was higher in non-diazotrophic medium
under low light conditions (72.63 mg 1~') and lower in

Table 1. Mean concentrations of the pigments of Nostoc sp. strains PCC 9104 and PCC 9025 for the six experimental cultures
over a 14-day growth period.
Day 0 2 4 6 8 10 12 14
Nostoc sp. PCC 9104
Chla (mg 17"
BGl11 HL 2.99% 1.07% 5.93ab 16.832b¢ 23.92%¢ 30.96° 56.96¢ 56.17¢
LL 1.52% 0.89* 5.44%° 15.76%° 22,128 39.04° 78.62¢ 72.63¢
BGl1, HL 1.87% 1.70% 7.39* 13.87%° 23.17% 32.35¢ 44.00¢ 44244
LL 0.59% 1.48% 7.49%° 14.92%¢ 21.50° 32.58¢ 45.00° 4]1.584¢
BG11,/10 HL 0.98% 1.58% 4.70*® 9.78%¢ 12.72¢ 14.67° 7.68%b¢ 11.30°¢
, LL 2.51% 1.80° 6.31%° 13.26° 11.71% 12.83% 14.38¢ 10.76%
PCs (107" mgl1 ")
BGl11 HL 0.1 0.3% 1.2"‘2 1.3“‘2 1.4%° 2.9: 5.0 6.7
LL 0.2° 0.2¢ 112 1.0 0.7 2.7 7.8¢ 6.6°
BGl1, HL 0.2%° 0.1% 0.8bb 0.7*’b 0.6%° 1.8;“ 1.5; 2.24
LL 0.2¢ 0.1% 0.9 0.7 0.5 2.0 1.8 4.5¢
BG11,/10 HL 0.1 0.1 0.6° 0.5 0.2% 0.2% 0.1 0.8%
LL 0.1 0.2¢ 0.7 0.9* 0.2¢ 0.3% 0.1 0.3
Carotenoids (mg 17 ")
BGl1 HL 0.35%° 0.15* 0.42%0 1.18% 1.34%¢ 2.05% 2.60¢ 3.83°
LL 0.31% 0.10% 0.23% 0.96 1.21% 2.38° 2.60° 4.36°
BGll1, HL 0.26* 0.15% 0.54% 0.73% 1.80: 2.80%¢ 2.17% 3.63:
LL 0.36 0.27% 0.59° 0.86° 1.60%¢ 2.28° 2.22¢ 3.19
BG11,/10 HL 0.35% 0.14* 0.28% 0.65%° 1.18% 1.51¢ 0.63® 1.24%
LL 0.30% 0.16% 0.41% 1.39° 1.26° 1.39° 1.47° 1.20°
Nostoc sp. PCC 9025
Chla (mg 17"
BGl11 HL 5.77 15.24° 15.77° 11.792° 20.20° 46.27° 46.99¢ 46.02°
LL 6.84% 6.54% 15.5240 16.15%° 11.78%° 31.39% 39.33¢ 40.96°
BGl1, HL 7.99% 8.14% 10.76* 11.24? 10.64% 33.36° 24.00¢ 31.14°
LL 4,082 9.73° 12.25° 14.11% 12.14° 19.12¢ 25.00¢ 25.74¢
BG11,/10 HL 11.17 15.38%° 15.75% 18.35% 13.07%° 30.73¢ 14.70%° 19.85°
, LL 8.74%° 5.91° 18.08¢ 16.220< 13.31%b¢ 22.20¢ 12.16%¢ 13.174b¢
PCs (107" mgl™ )
BGI11 HL 0.3 0.4% 0.4 0.2¢ 0.8% 2.4° 3,5z° 4.5;
LL 0.2¢ 0.4% 0.4% 0.3% 0.6 0.7% 1.9 2.0
BGl1, HL 0.2“‘; 0.1% 0.2"“; 0.7 0.7; 0.32b 0.8°d 0'93
LL 0.2 0.1 0.2% 0.7° 0.3 0.3 0.6° 0.5
BG110/10 HL 0.2"*2 0.1 0.4"*;’c 0.42hc 0.7 0.5*’;; 0.6° 0.2“1;
LL 0.2% 0.1 0.6° 0.5 0.8 0.33b¢ 0.5% 0.3%%¢
Carotenoids (mg 17 ")
BGl1 HL 0.23% 0.80%° 0.71%° 0.65%° 1.30° 261¢ 2.69° 2.11¢
LL 0.23% 0.26% 0.86%¢ 1.35% 0.68%° 1.94¢ 1.80¢ 1.55
BGl1, HL 0.30* 0.39% 0.73 0.68% 0.68% 1.91° 1.71° 1.51°
LL 0.18% 0.61%° 0.78% 0.84°¢4 0.98%4 1.35% 1.454 1.08%4
BGl11,/10 HL 0.39* 1.o1° 0.99° 1.21% 1.06° 1.59¢ 1.40%¢ 1.43%
LL 0.47% 0.68%° 1.04%¢ 1.09%° 1.32¢ 1.52¢ 1.17% 0.73%®

Different superscript letters in each row indicate significant differences (p < 0.05) between the means of three independent replicates for the
pigment content of a given culture. Chl ¢ = chlorophyll a; PCs = phycocyanins; BG-11 = non-diazotrophic medium; BG-11, = diazotrophic
medium; BG-11y/10 = modified diazotrophic medium; HL = grown under high light intensity; LL = grown under low light intensity.



modified diazotrophic conditions at both light inten-
sities (11.30 and 10.76 mg 1~ "). In strain PCC 9025, the
lowest chl a content was also found in nutrient-
deficient cultures, but the greatest amount of chl a
corresponded to growth medium containing nitrate
and a high light intensity. Similar results were observed
for the concentrations of PCs, which, in non-diazo-
trophic media, reached values of 6.6 and 6.7 x 102
mg 17! for strain PCC 9104 and 2.0 and 4.5 x 10~
mg 17! for strain PCC 9025 by the end of the
experiment. The concentrations of carotenoids were
similar in the six cultures, and ranged from 4.36 (BG11
at LL) to 1.20 mg 1~ ' (BG11,/10 at LL) in strain PCC
9104 and from 2.11 (BG1l at HL) to 0.73 mg 1~'
(BG11y/10 at LL) in strain PCC 9025.

Significant differences in the mean values of each
pigment in relation to the six experimental conditions
referred to above are shown in Table 2. The different
light intensities (high: 170 umol photon m 2 s~ ' and
low: 65 umol photon m ~2 s~ ") did not have significant
effects on the concentration of any of the pigments in
Nostoc sp. PCC 9104, irrespective of the culture
medium (Table 2). However, for Nostoc sp. PCC
9025 it caused significant changes for all pigments, on
BGI11 and BGll1, ie on both non nutrient-limited
cultures.

On the other hand, under high light intensity, the
concentrations of chl ¢ and carotenoids were signifi-
cantly different in Nostoc sp. PCC 9104 grown in
nutrient-deficient culture medium; in the case of PCs
under high light, significant differences were observed
between BG11 and both diazotrophic media. In the
case of Nostoc sp. PCC 9025, although there was no
difference in the concentration of carotenoids in the
different media, the concentrations of chl ¢ and PC
were significantly different in this strain growing in
BG11 medium (Table 2).
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CIELAB color parameters: L*, a*, b*, C*, h

Both strains of Nostoc underwent perceptible and
objectively measured variations in color throughout
the entire experiment (Figure 3). Statistical tests
applied to the color data revealed significant differ-
ences for each CIELAB color parameter (L*, a*, b*,
C* and h) in relation to age of the culture (Table 3),
culture medium (Table 4) and light intensity (Table 4).

In the case of Nostoc sp. strain PCC 9104, the L*
parameter decreased (the culture darkened) from day 0
to day 10, regardless of the culture medium and
light intensity, with values ranging from 86.34 to 47.26
CIELAB units. However, from the 10th day of culture,
nutrient-deficient cultures recovered lightness (the L*
value increased up to 78.17 CIELAB units), whereas
the lightness of the other cultures stabilized at the

Figure 3. Cultures of Nostoc sp. PCC 9104 over a 14-day
growth period, showing difference in appearance consequent
on the culture medium. Only cultures grown under low light
intensity are shown.

Table 2. Mean concentrations of the pigments of Nostoc sp. strains PCC 9104 and PCC 9025 grown in three different culture

media and exposed to either high or low light intensity.

Chl a 2PCs ] Carotenolids
1~ 10~ 1~ 1~

Light (mg 1) (10" mg1") (mg 1)
intensity HL LL HL LL HL LL
Nostoc sp. PCC 9104

BGI11 24.362 29.50% 2.5 2.82 1.492 1.522
BGl1, 21.08; 20.64%, 1.13 1.43, 1.513 1.423
BGl11,/10 7.93% 9.19} 0.33 0.3} 0.75) 0.96%
Nostoc sp. PCC 9025

BGI11 26.01% 21.06° 1.6 0.8° 1.39% 1.08°
BGl11, 17.163 15,275b 0.5% 0,3{; 0.992 0.91°
BGl11y/10 17.37} 13.72; 0.4% 0.4p 1.132 1.002

Different superscript letters indicate significant differences (p < 0.05) between means pigment contents in the same culture medium in relation to
light intensity. Different subscript letters indicate significant differences (p < 0.05) between means pigment contents in the same light intensity in
relation to culture medium. Chl ¢ = chlorophyll ¢; PCs = phycocyanins; BG-11 = non-diazotrophic medium; BG-11, = diazotrophic medium;
BG-114/10 = modified diazotrophic medium; HL = grown under high light intensity; LL = grown under low light intensity.
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Table 4. Values of CIELAB parameters of Nostoc sp. strains PCC 9104 and PCC 9025 in three different culture media and

exposed to either high or low intensity.

L* a* b* C* h

Light intensity HL LL HL LL HL LL HL LL HL LL
Nostoc sp. PCC 9104
BGI11 69.59% 69.12% —11.883 —11.25% 12.92% 11.29 17.59% 15.990 133.66} 137.69%
BGl1, 63.33} 64.99 —15.12¢ —16.96; 24.65) 23.515 29.024 29.083 122.45% 125.72¢
BG11,/10 74.09% 72.06% —12.04% —13.378 22.29% 24.58% 25415 28.07° 119.92¢ 120.60%

c a a c b b b b b c
Nostoc sp. PCC 9025
BGl1 60.683 70.88° —10.59;,  —9.04% 8.228 7.18% 13.48:% 11.65% 139.772 138.80°
BGll1, 7105 74.46° —9.302 —8.58P 9.422 8.09° 13.292 11.870  133.50f  135.830
BG11,/10 67.85; 70.82% —11.43% —10.78% 14.913 13.60 18.84% 17.39% 128.24% 128.478

Different superscript letters indicate significant differences (p < 0.05) between the means of three independent replicates (the reported color
parameters for each replicate are the mean values of five measurements) for the values of CIELAB parameters in the same culture medium in
relation to light intensity. Different subscript letters indicate significant differences (p < 0.05) between the means of three independent replicates
(the reported color parameters for each replicate are the mean values of five measurements) for the values of CIELAB parameters in the same
light intensity in relation to culture medium. L* = lightness; ¢* = redness-greenness changes; b* = yellowness-blueness changes; C* = chroma
or saturation; 4 = hue or tone; BG-11 = non-diazotrophic medium; BG-11, = diazotrophic medium; BG-11,/10 = modified diazotrophic
medium; HL = grown under high light intensity; LL = grown under low light intensity.

lowest values (Figure 4 and Table 3). In the same way,
the L* values decreased throughout the experiment for
Nostoc sp. strain PCC 9025, although in this case, from
8 days, the L* values of cultures growing in nitrate
containing medium under high light intensity were
lower than in the other cultures, and only reached
36.85 CIELAB units (Figure 4 and Table 3).

Color parameters (¢* and b*) associated to
redness-greenness and yellowness-blueness changes
respectively, ranged between —2.50 and —23.92 for
a* in Nostoc sp. PCC 9104, and between —2.28
and —18.18 for Nostoc sp. PCC 9025, while b* values
ranged between 35.22 and 1.30 for Nostoc sp. PCC
9104, and between 23.57 and 2.88 for Nostoc sp. PCC
9025. Thus, both strains of Nostoc showed a yellow-
greenish color, irrespective of the growth conditions,
although Nostoc sp. PCC 9104 turned a stronger
bluish-greener color. In both strains, the response of a*
to the age of the culture was similar to that reported
for L*, with a significant decrease up to the 10th day of
culture for Nostoc sp. PCC 9104, and up to the 12th
day for Nostoc sp. PCC 9025, followed by stabilization
of values (Figure 4). With respect to b*, a significant
and notable difference in values corresponding to non-
diazotrophic cultures from the diazotrophic cultures
was observed for Nostoc sp. PCC 9104 from the second
day onwards, while in the case of Nostoc sp. PCC 9025,
the difference was between the nutrient-deficient
culture and non nutrient-deficient cultures. The »/*
values of the samples growing on the nitrate-contain-
ing medium ranged from 1.30 to 21.88 for Nostoc sp.
PCC 9104, and between 2.88 and 10.87 for Nostoc sp.
PCC 9025, indicating that such samples were bluer
than those growing on nitrate-free media, which

PCC 9104 %0 PCC 9025

170 160
160 150
150
h h
190
130
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120
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Figure 4. CIELAB color data. Values of L* (lightness), a*
(redness-greenness  changes), b*  (yellowness-blueness
changes), C* (chroma or saturation) and / (hue or tone) in
aerated batch cultures of Nostoc sp. PCC 9104 (left) and
Nostoc sp. PCC 9025 (right). -- = non-diazotrophic
medium BG-11, - A- = diazotrophic medium BG-11,, -e-
= modified diazotrophic medium BG-11,/10 under high light
intensity (open symbols) and low light (solid symbols). Data
points represent the average of three replicates; vertical bars
represent the SD.
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exhibited the highest #* values (between 7.22 and 35.22
for Nostoc sp. PCC 9104, and between 4.15 and 23.57
for Nostoc sp. PCC 9025) (Table 3). Regarding the
chroma or saturation of the samples, in both strains,
the results for C* showed a similar pattern to those
observed for b*, with values ranging between 2.94 and
41.00 CIELAB units for Nostoc sp. PCC 9104 and
between 3.71 and 29.30 CIELAB units for Nostoc sp.
PCC 9025.

Hue angle (h) varied significantly in Nostoc sp.
PCC 9104 at the second day of culture in all growth
conditions, with increasing values in non-diazotrophic
medium and decreasing values in diazotrophic and
modified diazotrophic media; from the second day in
the case of non-diazotrophic medium, the / values
returned to the initial values and remained stable
until the end of the experiment (Figure 4). The initial
increase, which was greater in non-diazotrophic
medium under low light intensity (Figure 4), appeared
to reflect the sharp change in appearance (color and
density) that the culture underwent on the second day
(Figure 3). In Nostoc sp. PCC 9025, significant
changes in non-diazotrophic cultures began from the
fourth day, whereas they began on the second day
in the diazotrophic cultures (Table 3). However,
there was no acute change during the experiment
(Figure 4).

The effects of light intensity on the value of
CIELAB color parameters are shown in Table 4. In
the case of Nostoc sp. PCC 9104, differences in light
intensity only gave rise to differences in b*, C*, and &
when this strain was grown in non-diazotrophic

medium and in C* when it was grown in modified
diazotrophic medium. In the case of Nostoc sp. PCC
9025, differences in light intensity gave rise to
significant differences in all CIELAB parameters, on
diazotrophic medium, and only in L* and / on non-
diazotrophic medium.

Differences in the composition of the culture
medium had significant effects on the CIELAB color
parameters (Table 4). The changes in color of the
strains in response to nutritional status differed: in
Nostoc sp. strain PCC 9025, growth on modified
diazotrophic medium gave rise to significant differ-
ences in most of the CIELAB color parameters,
while in Nostoc sp. strain PCC 9104, the non-
diazotrophic medium resulted in highly significant
differences.

Correlations between pigment content and CIELAB
color parameters

Spearman correlation coefficients were calculated to
evaluate relationships between pigment contents and
CIELAB color parameters (Table 5). All CIELAB
parameters, except h, were correlated [(**), p < 0.01]
with all pigment concentrations (chl «, carotenoids,
PCs) in both strains, and were more closely correlated
in Nostoc sp. strain PCC 9104 than in strain PCC 9025.
Moreover, there was a closer correlation between
carotenoid concentration and CIELAB color para-
meters than between either chl ¢ or PCs, and CIELAB
color parameters. The Spearman correlation coeffi-
cients revealed that the increase in pigment content led

Table 5. Bivariate Spearman’s correlation matrix among pigment contents and CIELAB color parameters for Nostoc sp. strains
PCC 9104 and PCC 9025.
PCs Chl a Carotenoids L* a* b* Cc* h

Nostoc sp. PCC 9104

PCs 1.000

Chl a 0.686** 1.000

Carotenoids 0.631%** 0.941%* 1.000

L* —0.689%* —0.836%* —0.833** 1.000

a* —0.608** —0.798** —0.816%* 0.891%* 1.000

b* 0.262%* 0.538** 0.597** —0.668** —0.819** 1.000

Cc* 0.360%* 0.621%* 0.671%* —0.745%* —0.897** 0.983%* 1.000

h 0.305%* 0.079 —0.006 0.022 0.146 —0.626** —0.508** 1.000
Nostoc sp. PCC 9025

PCs 1.000

Chl a 0.586%* 1.000

Carotenoids 0.610** 0.876** 1.000

L* —0.603** —0.800%* —0.844%** 1.000

a* —0.598** —0.735%* —0.825%* 0.913%** 1.000

b* 0.452%%* 0.545%* 0.670%* —0.687** —(.883%* 1.000

Cc* 0.529** 0.643%* 0.762%* —0.811%* —0.962%* 0.970%* 1.000

h 0.383%* 0.518%* 0.401%* —0.551** —0.315%* —0.069 0.102 1.000

n = 144, significance level **p < 0.01. PCs = phycocyanin concentration; Chl a = chlorophyll ¢ concentration; Carotenoids = carotenoid

concentration; L*, a*, b*, C*, h = CIELAB color parameters.



to a significant decrease in L* and «* values and a
significant increase in b* and C* values.

Discussion

Previous studies have shown that the color of epilithic
cyanobacterial biofilms growing on rocky substrata
changes as the biofilm develops and that the
directions in which the color parameters move in
the CIELAB space indicate whether the population is
developing or aging (Prieto et al. 2002, 2005). This
was considered in further detail in the present study,
and the relationship between color and pigments such
as chlorophyll (green), phycocyanins (blue), and
carotenoids (orange) was investigated. Moreover,
since growth and pigment production are affected
by environmental conditions, different culture condi-
tions were employed in order to cover a wider range
of color so that differences in color could be analyzed
and relationships established.

The experimental design enabled significant differ-
ences in the appearance of the cultures to be observed,
and their color characterized objectively. The results
confirmed the original hypotheses: (a) color, as
pigment content, is a changing characteristic related
to environmental parameters, and (b) there is a close
relationship between pigment production and color of
the microorganisms.

The same optimal range of growth was observed
for both strains of cyanobacteria tested, in terms of the
presence of nitrates and availability of nutrients. In
contrast, the effect of light intensity differed: low
intensity favored growth of strain PCC 9104, and high
intensity favored growth of strain PCC 9025. Assess-
ment of the optimal conditions for growth was made
by assessing the concentrations of pigments. However,
the results obtained showed that values of CIELAB
color parameters could have been employed for the
same purpose, as the concentration of each pigment
was correlated with each CIELAB color parameter,
except for h; thus when the pigment content increa-
sed, b* and C* increased, and L* and «* decreased
(Table 5). However, not all CIELAB color parameters
are equally sensitive to changes in pigment concentra-
tions. Thus, ¢* moved to negative values (the culture
became greener) as the culture aged (Figure 4) and
pigment content increased (Figure 2), but did not
respond to the differences in concentrations of chl a,
PCs, and carotenoids that occurred from the 10th day
among cultures (Figure 2). L* appears to be most
informative parameter since, besides being the CIE-
LAB color parameter most closely related to each
pigment studied (Table 5), it reflects the changes in
pigment concentrations due to the different environ-
mental conditions considered (Figures 3 and 4).
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The increase in the concentration of chl a, PCs, and
carotenoids throughout the experiment was reflected in
the increase in parameters b* and C*. Moreover, as
expected, both parameters provided important infor-
mation about the amount of PCs in relation to the
amount of the other pigments studied (carotenoids +
chl a). Proof of this is that the evolution of »* and C*
was different on the second and fourth days for both
strains growing on nitrate cultures. On these days, the
b* and C* values for Nostoc sp. PCC 9025 hardly
changed relative to the culture growing on the other
media (Ab* and AC* under 10 CIELAB units);
however, in Nostoc sp. PCC 9104 there was an acute
difference between nitrate-containing cultures and
culture without nitrate. Thus although the values of
b* and C* increased sharply (cultures became more
yellow) in cultures without nitrate, they decreased
(cultures became more blue) on the second and fourth
days in nitrate-containing cultures under high light
intensity and only on the second day in nitrate-
containing cultures under low light intensity (Figure 4).
These variations are reflected in the variations in
the ratio between PCs and carotenoids + chl « for
both strains (data not shown). It can be deduced that
the increase in the concentrations of PCs, with the
concomitant increase in the blue color of the organisms
is revealed by the »* and C* values.

Although / is correlated with each pigment in
Nostoc sp. PCC 9025 and with chl ¢ concentration in
Nostoc sp. PCC 9104 (Table 5), the correlation
coefficients are too low to establish any relationship
between pigments and the CIELAB color parameter.
However, the constant surveillance to which cultures
were subjected, together with analysis of the / values
enabled this parameter to be related to changes in the
appearance of the cultures (color and density) since the
most important change in appearance occurred be-
tween day 2 and day 4 in PCC 9025 and day 0 and day
2 in PCC 9104, for all conditions analyzed, and on the
second day the appearance of the PCC 9104 cultures
growing in media with nitrate was quite different
from the cultures growing in media without nitrate
(Figure 3). These changes are clearly reflected in the £
values (Figure 4). This is consistent with the findings of
other authors, considering / angle as the color para-
meter most closely related to human color perception
(Wyszecky and Stiles 1982; Martinez-Verda 2002).

It is important to note that while differences in
pigment contents were most notable from the eighth
day, differences in CIELAB color parameters occurred
earlier, which indicates that color quantification
provides information not only on pigment production
but also on changes in appearance. The color data
recorded in this work indicate the area of CIELAB
space in which both strains define their color, with
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maximum values as follows: L*: 86.34, a*: —2.50, b*:
35.22, C*: 41.00, and /h: 158.80° for Nostoc sp. PCC
9104 and L*: 92.39, a*: —2.28, b*: 23.57, C*: 29.30,
and A: 149.43° for Nostoc sp. PCC 9025, and minimum
values as follows: L*: 41.47, a*: —23.92, b*: 1.30, C*:
2.94, and h: 113.60° for Nostoc sp. PCC 9104 and L*:
36.85, a*: —18.18, b*: 2.88, C*:3.71, and h: 123.14° for
Nostoc sp. PCC 9025. This is the first time that
objective color values of different species of cyano-
bacteria growing in different environmental conditions
have been obtained, and is a first approximation to
the definition of the color gamut of cyanobacteria,
which is essential information for the development of
any color-based methodology for monitoring cyano-
bacterial growth.

Conclusions

The results of the present study demonstrate that
Nostoc sp. strain PCC 9104 and Nostoc sp. strain PCC
9025 respond in different ways in terms of color and
pigment production to environmental conditions such
as light intensity, macronutrient limitation, and avail-
ability of nitrates. While PCC 9104 is more strongly
affected by nutrient limitations, the presences of nitrate
together with high light intensity are the factors that
determine growth of strain PCC 9025. Moreover, the
effect of these factors was only observed from the
eighth day of culture. The color of the strains differed
throughout the experiment; PCC 9104 was lighter and
more chromatic than PCC 9025.

CIELAB color parameters were correlated with the
chl a, carotenoid and PC contents so that variations in
pigment contents were reflected by variations in color.
Each CIELAB color parameter adequately described a
specific aspect of the development of the two Nostoc
strains. L*, and to a lesser extent a*, was related to the
chl a, PC, and carotenoid concentrations; b* and C*
were related to the concentration of PCs, and /4, which
refers to the dominant wavelength, reflected the
changes in appearance of the cultures, ie changes in
color and density, and this parameter represents the
major color perception attribute.

Analysis of cyanobacterial color in relation to a set
of environmental conditions is a useful method to study
growth thereby enabling the relationships between color
and other physiological properties to be established. It
should also provide useful information needed to
develop the method of quantification for early detection
of epilithic biofilms on rocky substrata. However, it
must be stressed that the conclusions are based on data
for two samples cultured for only a short period of time.
Future research in this field will focus on the study of
communities forming biofilms subjected to different
environmental conditions in the field.
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Abstract The application of biocides is a traditional
method of controlling biodecay of outdoor cultural
heritage. Chlorophyll degradation to phaeopigments
is used to test the biocidal efficacy of the antimicro-
bial agents. In the present study, the usefulness of
color measurements in estimating chlorophyll degra-
dation was investigated. An aeroterrestrial stone
biofilm-forming cyanobacterium of the genus Nostoc
was chosen as test organism, comparing its different
behaviour in both planktonic and biofilm mode of
growth against the isothiazoline biocide Biotin T®.
Changes in A43s nm/A415 nm and Ages nm/Aes5a nm
and in the chlorophyll ¢ and adenosine triphosphate
(ATP) cell content were compared with the variations
in the CIELAB color parameters (L*, a*, b*, C*,,
and h,p,). Our findings showed that both the phaeo-
phytination indexes are useful in describing degra-
dation of chlorophyl a to phaeopigments. Moreover,
the CIELAB color parameters represented an effec-
tive tool in describing chlorophyll degradation. L*
CIELAB parameter appeared to be the most
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informative parameter in describing the biocidal
activity of Biotin T® against Nostoc sp. in both
planktonic and biofilm mode of growth.

Keywords Chlorophyll - Phaeophytination - Non-
destructive methods - CIELAB color measurements -
Biocide

Introduction

It is widely recognised that all the cultural heritage,
defined as the totality of tradition-based creations of a
cultural community (UNESCO 2000), exposed to
open air is susceptible to biodeterioration, the unde-
sirable change in the properties of a material caused
by the activities of organisms (Hueck 1965). Photo-
trophs, like algae and cyanobacteria, are pioneer
microorganisms able to readily colonize outdoor
surfaces and develop biofilms, which, in turn, causes
aesthetic, chemical and physical decay. Microbial
abatement is commonly achieved using biocides
(Cappitelli et al. 2009; De Saravia et al. 2008;
Fonseca 2009; Gladis et al. 2010; Young et al. 2008).

The effectiveness of biocides towards phototrophic
organisms can be tested as the degree of chlorophyll
degradation (Silkina et al. 2009; Underwood and
Paterson 1993). When chlorophyll degrades, it forms
a series of degradation products, the nature of which
depends on the part of the molecular structure of
chlorophyll affected. Chlorophyll molecule consists
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of a flat hydrophilic ring-like structure called “por-
phyrin”, which has in the center a magnesium
molecule, and a lipid-soluble hydrocarbon phytol,
“tail”. If the degradation causes the loss of the
magnesium from the center of the molecule, the
resulting molecule is termed phaeophytin, while if
the degradation causes the loss of the phytol tail, the
former molecule is chlorophyllide. Further degrada-
tion of either phaeophytin or chlorophyllide produces
phaeophorbide: phaeophytin is degraded by the loss
of the phytol tail and a chlorophyllide loses its
magnesium ion (Fig. 1). The three degradation prod-
ucts of chlorophyll: phaeophytin, chlorophyllide and
phaeophorbide are called phaeopigments.

Although the measurement of chlorophyll degra-
dation to phaeopigments has been well investigated
in lichens (Barnes et al. 1992; Manrique et al. 1989;
Pisani et al. 2007; Ronen and Galun 1984) and
aquatic bryophytes (Lopez et al. 1997; Martinez-
Abaigar and Nufez-Olivera 1998; Martinez-Abaigar
et al. 2008), knowledge about this process is currently
very limited in algae and cyanobacteria (Agrawal
1992; Louda et al. 1998). In all these studies, the ratio
of absorbances at 435 and 415 nm (Ay35/A415) Was
interpreted as the phaeophytinization quotient, which
reflects the ratio of chlorophyll to phaeopigments.
Similarly, the ratio between Aggs and Aggs,, Obtained
after acidification with hydrochloric acid, was used to
indicate phaeophytinization of chlorophyll. In both
cases a decrease in that ratio indicates the degradation
of chlorophyll to phaeopigments.

However, the spectrophotometric methods are
often time- and labor-intensive and require invasive
manipulation of the attached microbial community
and destructive sample preparation. Furthermore, due
to the need of sampling, they can only be applied

Fig. 1 Molecular structure
and degradations pathways
of chlorophyll (from
Carlson and Simpson 1996,
with permission of North
American Lake
Management Society)

Magnesium
maolecule

when the amount of sample is enough to take sample
which never occurs before the biofilm is visible to the
naked eye. By contrast, on site color measurements
do not present these disadvantageous features as they
can be applied even before the naked eye detects the
presence of biofilm. In fact, they have successfully
been applied for quantifying the growth and the
physiological state of phototrophic organisms on
solid substrata (De Muynck et al. 2009; Dubosc 2000;
Escadeillas et al. 2009; Prieto et al. 2002, 2005) and
to study the effect of environmental parameters, such
as light and nutrients on the pigment content of
cyanobacteria (Sanmartin et al. 2010). Since there are
relationships between some color parameters and the
amount of chlorophyll (Prieto et al. 2002; Sanmartin
et al. 2010), relationships between color and chloro-
phyll degradation should exist. Thus, the main aim of
the present work was to investigate whether color
measurements could be used as an indicator of
chlorophyll degradation in order to develop non-
invasive and non-destructive study methodologies
which can be applied to the cultural heritage.
Furthermore, the validity of both phaeophytinization
ratios (A435 nm/A415 nm and A665 nm/A66Sa nm) for
evaluating the chlorophyll degradation in Nostoc sp.
PCC 9104 both in planktonic and biofilm lifestyles
will be assessed.

Materials and methods

Cyanobacterial strain, medium and antimicrobial
agent

Nostoc sp. PCC 9104, a filamentous N,-fixing
heterocyst-forming cyanobacterium was chosen as

Ring-like structure Loss OfMg
| porphyrin =
,&s: Chlorophyll —  Phaeophytin
g
g | |
§
! Long o:g]a:mcph's"tol g; Chlorophyllide ——  Phaeophorbide
3

Molecular structure of chlorophvl
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test organism. This strain is an aeroterrestrial specie
isolated in Galicia (NW Spain). It has previously
been characterised with respect to its growth, pigment
content and color (Acea et al. 2001, 2003; Prieto et al.
2002; Sanmartin et al. 2010). PCC 9104 was
routinely grown in liquid and solid N-free BGl11,
medium (Rippka et al. 1979), at room temperature
under sunlight illumination.

A biocide based on N-octyl Isothiazolinone (OIT)
and quaternary ammonium salt (cationic surfactant),
Biotin T® supplied by CTS (Italy), was employed as
active antimicrobial agent. A volume of Biotin T®
stock solution was added to culture broth for the
planktonic experiments or was added to molten
culture medium supplemented with Bacto Agar to
create a biocide-amended agar for biofilm experi-
ments. The final Biotin T® concentration in both
planktonic and biofilm assays was 2% v/v following
the recommendations of the commercial supplier.
The isothiazoline-based biocide Biotin T® exhibits a
broad-spectrum activity against phototrophs and it is
often used in buildings (Fonseca 2009; Gladis et al.
2010) and water systems (Batista et al. 2000). It
interacts with thiol-groups of amino acids, degrading
proteins that play an important role in protecting the
organism cells (Collier et al. 1990).

Planktonic culture and biocide
susceptibility assay

Logarithmic-phase planktonic culture (1.55 mg L™")
was divided into two equal volumes and Biotin T®
was added to one aliquot and an equal volume of
water was added to the second aliquot. Both cultures
were placed in an orbital shaker at room temperature
and sampled at 0, 3, 9, and 24 h. Cells were harvested
by centrifugation at 4000g for 15 min, rinsed with
phosphate-buffered saline (PBS, Sigma-Aldrich,
Italy) and resuspended in the buffers. The resulting
cell suspension was analysed for color measurements,
pigments and ATP contents as reported in detail
below. Experiments were performed in triplicate.

Biofilm culture and biocide susceptibility assay

Sub-aerial biofilms of this strain were prepared
following the procedure described by Anderl et al.
(2000). Fifty microliters of cell suspension
(0.32 mg L") were used to inoculate sterile black

polycarbonate filter membranes (0.22 pm pore size
and 25 mm diameter, Millipore, Italy) resting on agar
BG-11, culture medium (Rippka et al. 1979). Using a
sterile forcep, membranes were transferred to fresh
agar plates every 3 days. Biomass of 40 days-old
mature biofilms was assessed gravimetrically. Mature
biofilms were transferred to Biotin T®-containing agar
and incubated at room temperature for 24 h. Biofilms
were sampled at 0, 3, 9 and 24 h and each membrane-
supported biofilm was placed in 2 mL of PBS. Biofilm
was dispersed by vortexing at 2,000 rpm for 2 min.
The resulting cell suspension was analysed for color
measurements, pigments and ATP contents as reported
in detail below. Additional control samples were
performed using biofilm-free polycarbonate filter
membranes. Experiments were performed in triplicate.

Staining, cryosectioning and microscopy

Forty days-old membrane-supported biofilm was
stained with the Alexa fluor® 488-labelled Conca-
navalin A (ConA, Invitrogen, Italy) as per the
manufacturer’s instructions to study the extracellular
polymer substances (EPS). Stained biofilms on poly-
carbonate membrane filters were covered carefully
with a layer of Killik (Bio Optica, Italy) and placed
on dry ice until completely frozen. Frozen samples
were sectioned at —19°C using a Leitz 1720 digital
cryostat (Leica, Italy). The 10-um thick cryosections
were mounted on a poly-L-lysine coated slides (VWR
International srl, Italy), examined by fluorescence
microscopy using Leica DM 4000 B microscope at a
magnification of 400x. Digital images were acquired
using the CoolSNAP CF digital camera (Photomet-
rics Roper Scientific, Germany) and elaborated using
the Imagej ver. 1.34s software (Rasband 1997-2007,
downloaded from http://rsbweb.nih.gov/ij/).

Color measurements

Two millilitres and 0.6 mL of homogeneous cell
suspensions from planktonic and biofilm assays,
respectively, were filtered under vacuum, through
nitrocellulose filter discs (0.22 um and 25 mm diam-
eter, Millipore, Italy), and reflectance color measure-
ments were taken directly on the still humid filters
(Prieto et al. 2010). A Konica Minolta colorimeter
with a measuring head CR-300 (8-mm-diameter
viewing area) was used. The measuring conditions

@ Springer



766

Biodegradation (2011) 22:763-771

were: (a) diffuse illumination geometry with an
integration sphere, covered with a white material, so
that the light is uniformly diffuse in all directions
illuminating the sample, and is observed with the
specular component included in 0° (d/0°) in relation to
normal, (b) illuminant D65, (c) observer 2°.

A total of five readings were taken at different
randomly selected zones on each filter (Prieto et al.
2010). Color measurements were analyzed by consid-
ering the CIELAB color system (CIE Publication 15-2
1986), which is organized with three axes in a spherical
form: L*, a* and b*. The L* axis is associated with the
lightness of the color and moves from top (value: 100,
white) to bottom (value: 0, black), whereas the a* and
b* axes are associated with changes in redness-
greenness (positive a* is red and negative a* is green)
and in yellowness-blueness (positive b* is yellow and
negative b* is blue); both move in the two axes that
form a plane orthogonal to L*, and do not have specific
numerical limits. Furthermore, the color parameters
most closely related to the psychophysical character-
istics of color, i.e., more related to color perception,
and which correspond to the angular coordinates
of chroma [C*,, = (a** + b**)"?] and hue angle
[h,, = arctan (b*/a*)] were also calculated. C*,, is
the relative strength of a color, chroma or saturation
of color, and h,, refers to the dominant wavelength,
starts with 0° and increases counterclockwise
(Wyszecki and Stiles 1982).

ATP cell content

ATP contents were measured by a luminescence
assay employing the luciferine—luciferase-based bio-
mass test kit (Promicol, The Netherlands) with a
luminometer Berthold Detection System (R-Biop-
harm, Italy). ATP was extracted and measured on
200 pL of cell suspension following the instructions
of the manufacturer and relative luminescence units
were converted to ATP concentrations with the use of
a standard ATP curve as previously described by
Principi et al. (2006). The values obtained were
normalised for dry biomass.

Chlorophyll a quantification
and phaeophytinization indexes

After color measurements, the cellular lawns deposited
on membrane filters were resuspended into 2 mL of
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dimethylsulfoxide (DMSO, Sigma-Aldrich, Italy) and
heated to 65°C for 1 h according to Bell and Sommer-
feld 1986. The samples were centrifuged 10 min at
7,000g and the supernatant was measured using the
6705 UV/VIS Spectrophotometer JENWAY, Italy) at
665, 435 and 415 nm. Chlorophyll a content was
calculated using the equation of Wollenweider (1969).
The ratio of absorbances at 435 and 415 nm (A435 o/
A4i5 nm), and the ratio of absorbances at 665 and
665a nm obtained after acidification with 100 pl HCI
1 M (Ag65 nm/As65a nm) Were used to indicate phaeo-
phytinization of chlorophyll a (Martinez-Abaigar and
Nufez-Olivera 1998). The values obtained were nor-
malised for dry biomass.

Statistical analyses

Statistical analyses were performed with SPSS (SPSS
v17.0 for Windows). Data were subjected to
MANOVA at the 5% significant level (p value <0.05)
and two-tailed-Bivariate Spearman’s correlations.

Results and discussion

The effectiveness of Biotin T® was tested against
Nostoc sp. PCC 9104 in both planktonic and biofilm
mode of growth. The biocide activity of 2% Biotin
T® in planktonic biocide susceptibility assays led to
the majority of the population being killed within
24 h as demonstrated by the ATP cell content (82%
reduction). Chlorophyll a content significantly
decreased over biocide time exposure (99.8% reduc-
tion) following the same trend of ATP (Table 1).
After 40 days of growth as a colony biofilm,
Nostoc sp. 9104 organisms accumulated to level of
3.70 & 0.57 mg of dry weight per membrane. Alexa
Fluor-labelled Concanavalin A staining was used to
investigate the extracellular polymer substances
(EPS) (Fig. 2). The fluorescently-labelled ConA
mainly accumulated inside the cell-free void of
mature microcolonies, demonstrating the presence
of the EPS fraction and the growth of a biofilm
defined as a complex community embedded in a self-
produced polymeric matrix attached to a surface
(Costerton 2007). Membrane-supported biofilms
method might be an attractive and simple model
system for recreating cyanobacterial sub-aerial bio-
films. As expected, biofilm retained its relative
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Table 1 Values of chlorophyll a content, phaecophytination indexes: (A43s5 nm/A415 nm and Agss nm/Aeesa nm)> and ATP cell content of Nostoc sp. PCC 9104 strain in planktonic

state and forming biofilm

Biofilm assay

Planktonic assay

24

24

Exposure time (h)

9.07 +£ 0.07° 9.64 + 1.81°  3.91 + 1.25°

5.78 £ 0.29*

0.62 +£022°  0.12 +£0.22°  0.01 &+ 0.01¢

2.84 £ 0.28"

pg chlorophyll a/pg biomass

0.05 £ 0.01°>  0.06 + 0.02°  0.04 & 0.00°

62.85 + 16.81°

234 + 0.45° 0.91 £+ 0.31° 0.86 + 0.47¢

476 + 1.84°

pmol ATP/pg biomass

3.02 + 0.01° 2.87 £ 0.01° 1.93 + 0.00¢

2.73 £ 0.03*

031 £0.01°> 033 4+0.02° 031 £ 0.05°

0.39 £+ 0.02°

(A435 nm/A415 nm)/1g biomass

1.62 + 0.04* 1.55 + 0.05* 1.27 £ 0.02°

1.60 + 0.10*

032 4+ 0.10> 020 + 0.04®> 043 4 0.18*°

0.65 + 0.02*

(Ag65 nm/Ac65a nm)/ g biomass

Different superscript letters indicate significant differences (p < 0.05) between the means of three independent replicates for the values of chlorophyll a, both phaeophytination

indexes and ATP in planktonic and biofilm assays, in relation to the exposure time to biocide

Fig. 2 Bright-field and fluorescence cryosectioning image from
Nostoc sp. PCC 9104 sub-aerial biofilm. Biofilm matrix was
stained in green (bright) with Alexa fluor® 488-labelled Conca-
navalin A. The red (dull) autofluorescence of individual cells
showed the total biomass. Scale bar represents 40 pm (Color
figure online)

resistance to Biotin T® compared to that of its
planktonic counterpart after 24 h of treatment. Deg-
radation of chlorophyll a occurred by 32% (Table 1).
It is well known that biofilms are less susceptible to
biocidal agents due to: (a) the barrier properties of the
EPS matrix; (b) the physiological state of biofilm
organisms and (c) the presence of subpopulations of
resistance phenotypes called persisters (Xu et al.
2000; Hall-Stoodley et al. 2004; Costerton 2007).
Interestingly, in the biofilm assays, the chlorophyll
a content increased within 9 h of biocide treatment.
Phototrophs may adjust their intracellular concentra-
tion of pigments in response to external stress in spite
of the energy cost (Ricart et al. 2009). It is worth
noting that this behaviour occurred only in the
biofilm lifestyle, suggesting a better response to
external stress. The ATP cell contents were not
correlated with the chlorophyll a degradation and
probably underestimated because the ATP extraction
and detection were strongly hindered by the presence
of the EPS matrix. In contrast, DMSO treatment used
in the pigment extraction protocol disrupting polymer
chain aggregation in EPS polysaccharides (Hera-
simenka et al. 2008) might improve cell release from
biofilm and lysis leading to an efficient recovery of
chlorophyll a. The colorimetric measurements
showed that the biocidal activity of Biotin T® against
both Nostoc sp. planktonic and biofilm lifestyles
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Table 2 Values of CIELAB color parameters (L*, a*, b*, C*,,, h,,) of Nostoc sp. PCC 9104 strain in planktonic state and forming biofilm

@ Springer

Biofilm assay

Planktonic assay

24

24

0

Exposure time (h)

74.06 + 4.78°
—2.39 4 0.39¢

62.04 £ 0.42°
—5.80 + 0.60°
11.76 & 0.15%
13.12 £+ 0.35°
116.19 + 2.20°

7137 &+ 5.77° 79.86 4+ 3.38°  85.17 + 2.77¢ 60.51 & 6.32% 60.68 + 7.33%
—2734+041° —0884+0.179 —15.09 + 1.82*°  —9.45 & 0.65°

—8.14 + 1.44°

58.21 + 2.92°
—20.23 £+ 1.29°

L*

435 + 1.41°

6.70 + 0.91°
11.63 £ 0.37°

144.66 + 5.14*

11.78 + 1.44°
19.15 £ 2.23*

142.01 £ 1.95°

9.96 &+ 0.29°
10.00 & 0.29°
95.04 + 0.93¢

8.72 + 0.96" 8.49 + 0.87°

12.04 + 0.29°
132.85 + 8.15°

27.03 + 2.03*
33.77 + 2.39*
126.82 + 0.38*

b*

4.98 4 1.40¢
120.16 + 5.57°

8.94 + 0.74°
108.05 + 4.08°

*
Cab

hab

Different superscript letters indicate significant differences (p < 0.05) between the means of three independent replicates (the reported color parameters for each replicate are the

mean values of five measurements) for the values of CIELAB color parameters in planktonic and biofilm assays, in relation to the exposure time to biocide

resulted in a significant color change (Table 2). The
L* parameter, associated to lightness, increased
significantly with the exposure time of biocide. The
increase of L* was higher in planktonic assay, with
values ranging from 58.21 to 85.17 CIELAB units,
whereas biofilm assay had a slighter range of
variation between 60.51 and 74.06 CIELAB units.
Previous studies evidenced the suitability of L*
parameter to estimate the cell population growth
(Prieto et al. 2002; Sanmartin et al. 2010), being the
decrease in L* close related with the population
growth, and its increase with the end of growth. Thus,
in both planktonic and biofilm biocide susceptibility
assays, cell activity and growth were affected, which
could have been followed by a degradation of
pigments. This process was more severe in planktonic
cells where the reduction of L* parameter was two
times higher with respect to biofilm assay (Table 2).

Regarding a*, associated to greenness (—)-redness
(+) changes, ranged between —20.23 and —0.88 for
planktonic assay, and between —15.09 and —2.39 for
biofilm assay. b* values, associated to blueness (—)—
yellowness (+) changes, ranged between 27.03 and
8.49 for planktonic assay, and between 11.78 and
4.35 for biofilm assay (Table 2). Thus, application of
the biocide gave rise to a decrease in the green and
yellow components of the color, being higher in the
planktonic culture. The latter indicates a better
physiological state (Prieto et al. 2002; Sanmartin
et al. 2010) of Nostoc sp PCC 9104 forming biofilm
at the end of the experiment.

Results for chroma C*,;,, showed a similar pattern
to that observed for b*, with values ranging between
33.77 and 8.94 CIELAB units for planktonic assay
and between 19.15 and 4.98 CIELAB units for
biofilm assay. In both cases Nostoc sp. PCC 9104
cells lost chroma in their color.

Hue angle (h,,) of Nostoc sp. PCC 9104 cells
decreased significantly with the exposure time of
biocide, varied in planktonic assay between a
yellow—greenish hue (126.82°) and a yellow hue
(95.04°); and in biofilm assay between a very
slightly bluish green hue (142.01°) and a yellow—
greenish hue (120.16°). h,, offered a clear and
comprehensive vision of color changes occurred in
Nostoc sp. PCC 9104 in both planktonic and biofilm
biocide susceptibility assays. It described the lower
chlorophyll a degradation occurred in the biofilm
tests.
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Table 3 Correlation matrices showing the Pearson coefficients (r) found among the phaeophytination indexes, the chlorophyll a content, ATP values and CIELAB color

parameters

Biofilm assay

Planktonic assay

C*ah

a¥ b*

L*

ATP L* a* b* C*p hap Chl a ATP

Chl a

—0.408 0.292  0.204 0.317
0.613*

—0.697*

—0.676%*
—0.613*

0.088  0.467 0.541*  0916**  0.081
0.387 0.578%*

—0.735%%*
—0.536%*

—0.603**

—0.547*

0.690**
0.564*

0.615%%*

A435 nm/A415 nm

0.368

0.534 0.574

0.620%*

0.269

0.727%*

A()65 nm/AGGSa nm

Significance level *p < 0.05; **p < 0.01

Spearman correlation coefficients were calculated
to evaluate relationships among phaeophytination
indexes and CIELAB color parameters, chlorophyll
a and ATP cell contents (Table 3). The statistical
analysis revealed that the phaeophytination indexes
A4zs nm/Asis am aNd Ages nm/Asssa nm Were related to
chlorophyll a content in both planktonic (rs3s/41s:
0.615%%; r1ep5/665q: 0.727*%* Pearson correlation test)
and biofilms tests (r43s/415: 0.916%%*; 1r¢65/665a: 0.578%*
Pearson correlation test). These findings demon-
strated the validity of the phaeophytinization ratios
in evaluating the chlorophyll a degradation for both
Nostoc sp. planktonic and biofilm lifestyle. Pearson
correlation tests also showed that the L* CIELAB
color parameter represents an effective tool in
describing chlorophyll degradation as is correlated
to both phaeophytinization ratios in both lifestyles.
Moreover, a* and C*,, are correlated to the Ages nm/
Agesa nm 1ndex in both lifestyles.

Conclusions

The suitability of color measurements as a reliable
method for estimating chlorophyll degradation to
phaeopigments has been stated in this work. The
determination of the phaeophytination indexes
Auzs am/Asrs am and Aggs nm/Aees5a nm, Which have
been proved as useful in describing degradation of
chlorophyl a to phaeopigments in both Nostoc sp.
PCC 9104 planktonic and biofilm biocide suscepti-
bility assays, could be substituted by color measure-
ments as there is a closed relation between them and
the color parameters. Among the CIELAB parame-
ters L* appeared to be the most informative param-
eter in describing the biocidal activity of Biotin T®
against Nostoc sp. in both planktonic and biofilm
mode of growth.

The methodology tested in this study will be very
useful in those fields where sampling is a critical
aspect, as in the field of conservation of works of art,
since it will allows to monitorizate the effectiveness
of biocides as the degree of chlorophyll degradation
to phaeopigment avoiding sampling.
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Abstract Biological colonization of rock surfaces consti-
tutes an important problem for maintenance of buildings and
monuments. In this work, we aim to establish an efficient
extraction protocol for chlorophyll-a specific for rock
materials, as this is one of the most commonly used bio-
markers for quantifying phototrophic biomass. For this
purpose, rock samples were cut into blocks, and three dif-
ferent mechanical treatments were tested, prior to extraction
in dimethyl sulfoxide (DMSO). To evaluate the influence of
the experimental factors (1) extractant-to-sample ratio, (2)
temperature, and (3) time of incubation, on chlorophyll-
a recovery (response variable), incomplete factorial designs
of experiments were followed. Temperature of incubation
was the most relevant variable for chlorophyll-a extraction.
The experimental data obtained were analyzed following a
response surface methodology, which allowed the devel-
opment of empirical models describing the interrelationship
between the considered response and experimental vari-
ables. The optimal extraction conditions for chlorophyll-
a were estimated, and the expected yields were calculated.
Based on these results, we propose a method involving
application of ultrasound directly to intact sample, followed
by incubation in 0.43 ml DMSO/cm? sample at 63°C for
40 min. Confirmation experiments were performed at the
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predicted optimal conditions, allowing chlorophyll-a recov-
ery of 84.4 & 11.6% (90% was expected), which implies a
substantial improvement with respect to the expected
recovery using previous methods (68%). This method will
enable detection of small amounts of photosynthetic
microorganisms and quantification of the extent of biocol-
onization of stone surfaces.
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Introduction

Stone surfaces exposed to the open air are inevitably col-
onized by a variety of organisms, some of which are
responsible for biofilm formation. Among them, algae and
cyanobacteria have great importance, since they feature an
extracellular matrix composed primarily of exopolymers
(EPS) which are involved in the formation of the biofilm
and in the resistance of biofilms to adverse abiotic condi-
tions [1—4]. Once established, algal-cyanobacterial biofilms
are added to by heterotrophic bacteria and fungi, forming a
microbial biocenosis [5]. Biofilms are responsible for
apparent staining of rocks due to the biogenic pigments of
phototrophic organisms [1, 6] and the formation of black
patinas [7, 8], and may also affect the physicochemical
properties of mineral materials [5]. This process is partic-
ularly important when the stone under consideration is the
building material of monuments of historic and cultural
interest [9-12].

Thus, determining the extent of algal and cyanobacterial
colonization is crucial for the study of the deterioration of
rocky works of art and for the development of methods to
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control their deterioration, as well as for the development
of bioreceptivity assays of building materials. Therefore, as
a starting point, it is necessary to establish a reliable
method for quantifying biocolonization on stone surfaces.

One of the most commonly used biomarkers for quan-
tifying microalgal and cyanobacterial biomass is chloro-
phyll-a, which has been extensively used to estimate
photosynthetic growth in water, liquid media, and soil, and
to a minor extent for estimating algal biomass in rocky
substrata [13-16]. Prieto et al. [17] compared several
methods for biomass quantification on stone surfaces, and
found that chlorophyll-a was a good estimator of biofilm
biomass. However, they observed problems in the total
extraction of chlorophyll-a from stone and obtained a rel-
atively high value as a lower limit of detection, which
would prevent early detection of stone biocolonization
below this lower limit. These authors suggested that the
stone itself impedes total chlorophyll-a extraction, and
concluded that optimization experiments carried out on
stone samples were necessary.

Traditional optimization methods examine a single
factor at a time, while fixing all other variables at one level.
Their major disadvantage is that these methods do not
include the interactive effects among the variables studied.
As a consequence, these techniques do not depict the
complete effects of the parameters on the response. To
avoid this problem, response surface methodology (RSM)
was developed by Box and collaborators in the 1950s [18].
RSM is a collection of mathematical and statistical tech-
niques based on the fit of a polynomial equation to the
experimental data, which must describe the behavior of a
data set with the objective of making statistical predictions.
It can be applied when a response is influenced by several
variables with the objective of simultaneously optimizing
the levels of these variables to attain the best system per-
formance [19]. Response surface designs are useful for
modeling a curved quadratic surface to continuous factors.
A response surface model can pinpoint a minimum or
maximum response inside the factor region. Three distinct
values for each factor are necessary to fit a quadratic
function, so standard two-level designs cannot fit curved
surfaces. Three-level full factorial designs are used, in
which factors can take on three values: low, medium or
center, and high. Generally, if midpoints or center points
are added to a 2* full factorial design then it will become a
3% full factorial design, where k is the number of factors.
However, the main disadvantage of this design (3%) is the
need for a large number of experimental runs, which pro-
duces unwanted high-order interactions, and in addition
can be expensive and time consuming. Therefore, designs
that present a smaller number of experimental points, such
as the Box—Behnken method where the number of exper-
iments required (N) is given by N = 2k(k — 1) + C,,
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where k is the number of variables and Cy is the number of
center points, are more often used.

In this work, we tried various combinations of mechan-
ical and ultrasonic methods as pretreatments to improve the
extraction efficiency of chlorophyll-a from stone samples,
as this is the primary photosynthetic pigment present in
organisms responsible for biofilm formation on building
materials. To find the optimal conditions of the three
independent variables (sample-to-extractant ratio, temper-
ature, and extraction time) potentially influencing the effi-
ciency of phytopigment extraction with dimethyl sulfoxide
(DMSO), we performed a response surface analysis fol-
lowing a Box—Behnken design. Finally, we compare the
results achieved by the different pretreatments and discuss
the adequacy of these methods for quantification of the
extent of biocolonization on rock surfaces.

Materials and methods
Preparation of samples

Experiments were carried out with a mixed culture of the
filamentous N,-fixing heterocyst-forming cyanobacteria
strains Nostoc PCC 9025, Nostoc PCC 9104, and Scytonema
CCC 9801, grown in BG11y medium. The mixed inoculum
consisted of 0.42 g (dry weight) of each strain per liter of
medium. Ten milliliters of mixed culture (equivalent to
12.7 g total dry weight and 90.5 pg chlorophyll-a) was
sprayed onto the surface of 6 x 6 x 1 cm® blocks cut from
a granite rock. The blocks were placed in a climatic chamber
for 2 days under stationary conditions at 25°C, 95%
humidity, and 12 h of light (1,600 1x) to induce biofilm
formation before pigment extraction was carried out.

To determine the chlorophyll-a content from the culture
mixture, five replicate aliquots of 5 ml culture were filtered,
and the filters were added to 5 ml DMSO and heated to 65°C
for 1 h as described in [17]. After filtration of the samples to
remove filter fragments, absorbance of the extracts was
measured at 649.1 and 665.1 nm wavelength (Aggs.; and
Aga9.1)- The concentration of chlorophyll-a (C,) was calcu-
lated using the equation proposed by Wellburn [20]:

C, = 12.47A¢651 — 3.62A649.1-

Mechanical pretreatment of samples

Three different block pretreatments were assayed to
determine the best procedure for complete chlorophyll-
a extraction (Table 1). For the first method (pretreat-
ment A), 15 inoculated blocks were crushed to obtain
fragments no larger than 0.25 cm®, which were added to
DMSO following the protocol described by Prieto et al.
[17]. For pretreatment B, 15 inoculated blocks were
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Table 1 Independent and dependent variables employed in this study
Sample pretreatment Nomenclature
Experiment
Block crushing A
Block crushing and sonication in DMSO (ultrasonic bathing 30 min) B
Whole blocks sonication in DMSO (tip ultrasonic generator 2 min 30 s) C
Variable Nomenclature Units Variation range
Independent variables
Extractant/sample (v/v) ratio™® ES ml/cm*® or ml/cm>® 1.39-1.94%; 1.67-2.22%;
or extractant volume/sample surface® 0.28-0.56°
Temperature T °C 30-80
Time t min 30-90
Variable Nomenclature Definition Variation range
Dimensionless, coded independent variables
Dimensionless extractant/sample ratio X (ES-1.67)/1.39% (ES-1.94)/1.67°; (-1, 1
(ES-0.42)/0.28°
Dimensionless temperature X (T-55)/140 -1
Dimensionless time X3 (-60)/30 (-
Variable Nomenclature Units
Dependent variables
Chlorophyll-a Y1 Hg

& Pretreatment A
® Pretreatment B
¢ Pretreatment C

crushed and introduced into 250-ml glass flaks, DMSO was
added, and the flasks were introduced into an ultrasonic
bath (Transonic T780, ElmaTM) filled with enough water to
apply ultrasound to the whole of each sample, during
30 min (the water temperature was measured during this
process to ensure that no heating was taking place). For
pretreatment C, 15 intact inoculated blocks (without
crushing) were placed onto Petri plates containing DMSO
and sonicated by inserting the narrow tip of an ultrasonic
generator (UP200S; Dr Hielscher GmbH) into the
extractant. Sonication was for 5 x 30 s (0.5 duty cycle,
60% amplitude), with 30 s breaks to avoid overheating.

Design of experiments

For each pretreatment we performed a Box—Behnken design
for three-variable optimization with 13 experimental points
plus 2 additional experiments at the central point (three
central replicates), to study the influence of the experimental
conditions on the extraction yield. (Note that this makes a
total of 15 experiments, which in comparison with a 3°
design with 27 experiments, is more economical and effi-
cient.) The independent variables used in this study and their

variation limits are listed in Table 1. ES corresponds to the
extractant/sample ratio, expressed as volume of DMSO/
volume of the sample blocks (v/v) for the crushed samples
(pretreatments A and B) and as volume of DMSO/sample
surface (sz) for the intact blocks (pretreatment C); T cor-
responds to the temperature of extraction (°C); and ¢, to the
extraction time (min). The levels of the variable were coded,
namely each studied real value was transformed into coor-
dinates inside a scale with dimensionless values propor-
tional to its location in the experimental space. Codification
enables the investigation of variables of different orders of
magnitude without the greater influencing the evaluation of
the lesser [19]. The standardized (coded) dimensionless
independent variables employed, having variations limits
(—1, 1), were defined as x, (coded extractant/sample ratio),
X5 (coded temperature), and x3 (coded extraction time). The
correspondence between coded and uncoded variables was
established by linear equations deduced from their respec-
tive variation limits (Table 1). The dependent variable
considered was chlorophyll-a, measured by the variable y;.
After incubation in DMSO at their corresponding condi-
tions, samples were filtered, and the concentration of chlo-
rophyll-a was determined, as described before.
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Model fitting

To evaluate the importance of the independent factors
studied in the extraction of chlorophyll-a, for each pre-
treatment, the experimental data were subjected to anal-
ysis of variance (ANOVA). Tests on equality of the
different factor levels were performed, and main (linear
and quadratic) and interaction (linear by linear) effects
were estimated. The main effect of a factor is the change
in the average response produced by a change in the level
of that factor. The interpretation of the quadratic main
effects is analogous to that of the linear main effects; this
is, the estimated quadratic main effect is the difference
between the medium setting and the average of the low
and high settings for the respective factors. Interaction
effects exist if the difference in response between the
levels of one factor is not the same at all levels of another
factor. Replicates at the center point allow estimation of
the pure error associated with repetitions. Thus, the sum of
the square of residuals (SS,.s) can be separated into two
contributions: the sum of squares due to pure error (SS;.)
and the sum of squares due to lack of fit (SS;,). To
evaluate the adequacy of the model, a lack-of-fit test was
performed. The key idea of this test is that, if the math-
ematical model is well fitted to the experimental data, the
mean of the squares of the lack of fit (MS,,¢) should reflect
only the random errors inherent to the system. Addition-
ally, the mean of the square of the pure error (MS,.) is
also an estimate of these random errors, and it is assumed
that these two values are not statistically different. Thus, it
is possible to use the Fisher distribution (F-test) to eval-
uate whether there is some statistical difference between
these two means:

Mslof/ Mspe ~ Fvf, Vpe»

where vio and vy, are, respectively, the degrees of freedom
associated with the lack of fit and the pure error variances.
If this ratio is higher than the tabulated value of F, it is
concluded that there is evidence of lack of fit and that the
model needs to be improved [19].

Optimization of experimental variables

Finally, the experimental data were analyzed by the
response surface methodology [18] using Statistica soft-
ware (version 8.0; Stat Soft Inc., Tulsa, OK [http://www.
statsoft.com]), which allowed the development of empirical
models describing the interrelationship between opera-
tional and experimental variables by equations including
linear, interaction, and quadratic terms:

y = by + bixi + baxy + bsxy + bppxixo + bizxixs
+ bazxaxs + biixt + byxy + by, (1)
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where y is the dependent variable, b denotes the regression
coefficients (calculated from experimental data by multiple
regression using the least-squares method), and x denotes
the independent variables. This model enabled the predic-
tion of optimal conditions (x;, x,, and x5 values) corre-
sponding to the best extraction yield (maximum y).

Influence of concentration on the accuracy
of spectrophotometric estimation of chlorophyll-a

Chlorophyll-a was extracted with DMSO from five aliquots
of a mixed culture of the three cyanobacteria (0.24 g of
each strain per liter), as described above. Serial dilutions
(1, 172, 1/4, 1/8, 1/16, 1/32, and 1/64) were made, and the
concentration of chlorophyll-a of the 35 samples (7 dilu-
tions x 5 replicates) was estimated using the equations
proposed by Wellburn [20]. The mathematical relationship
between chlorophyll-a concentration and dilution factor
was determined by regression analysis using the JMP
statistical package (version 8.0; SAS Institute, Cary, NC
[http://www.jmp.com]). The same analysis was performed
with a subset of samples corresponding to the four most
diluted cases (1/8, 1/16, 1/32, and 1/64). In each case, the
coefficient of determination (R?) and the 99% confidence
interval were calculated.

Results and discussion
Design of experiments

Tables 2, 3, 4 show the set of experimental conditions
assayed for the 3° Box-Behnken design (expressed in
terms of both coded variables and real values), as well as
the experimental data obtained for chlorophyll-a (y,). It
should be noted that experiments 1-12 allowed the calcu-
lation of the regression coefficients, whereas experi-
ments 13-15 were replications at the central point of the
design to estimate the influence of experimental error (pure
error) and to determine whether quadratic effects should be
included.

The most efficient extraction was achieved by crushing
the sample blocks followed by ultrasonic bathing (pre-
treatment B), with subsequent incubation under the fol-
lowing conditions: in 1.94 (v/v) DMSO at 80°C for 90 min.

Optimization of chlorophyll-a extraction

Experimental results were employed to construct a second-
order model with linear, quadratic, and interaction effects,
which can predict the total weight of chlorophyll-
a extracted (dependent variable) as a function of the
extractant/sample ratio, temperature, and extraction time
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Table 2 Operational conditions for the factorial design considered in
this study, and experimental results for phytopigment extraction
achieved after sample crushing (pretreatment A)

Experiment Independent variables Dependent
variable
ES (x)) (v/v) T (x2) (°C) 1 (x3) (min) y; (ug)
1 1.67 (0) 80 (1) 30 (=1 71.6
2 1.67 (0) 30 (—1) 30 (1) 56.7
3 1.67 (0) 80 (1) 90 (1) 70.2
4 1.67 (0) 30 (-1 90 (1) 47.0
5 1.39 (1) 80 (1) 60 (0) 96.1
6 1.39 (1) 30 (-1 60 (0) 49.7
7 1.94 (1) 80 (1) 60 (0) 109.1
8 1.94 (1) 30 (-1 60 (0) 41.2
9 1.39 (=1) 55 (0) 30 (=1 453
10 1.39 (—1) 55 (0) 90 (1) 70.2
11 1.94 (1) 55 (0) 30 (=1 57.4
12 1.94 (1) 55 (0) 90 (1) 71.1
13 1.67 (0) 55 (0) 60 (0) 49.4
14 1.67 (0) 55 (0) 60 (0) 67.9
15 1.67 (0) 55 (0) 60 (0) 60.7

Levels for coded dimensionless variables are indicated in brackets

Table 3 Operational conditions for the factorial design considered in
this study, and experimental results for phytopigment extraction

achieved after sample crushing and ultrasonic bathing
(pretreatment B)

Experiment Independent variables Dependent

variable
ES (x1) v/V) T (x) °C)  t (x3) (min) y; (ng)

1 1.94 (0) 80 (1) 30 (—1) 102.5

2 1.94 (0) 30 (—1) 30 (—1) 61.6

3 1.94 (0) 80 (1) 90 (1) 115.4

4 1.94 (0) 30 (—1) 90 (1) 62.3

5 1.67 (—1) 80 (1) 60 (0) 97.1

6 1.67 (—1) 30 (—1) 60 (0) 534

7 222 (1) 80 (1) 60 (0) 104.4

8 222 (1) 30 (—1) 60 (0) 63.1

9 1.67 (1) 55 (0) 30 (-1 59.5

10 1.67 (1) 55 (0) 90 (1) 79.9

11 222 (1) 55 (0) 30 (-1 72.8

12 222 (1) 55 (0) 90 (1) 82.0

13 1.94 (0) 55 (0) 60 (0) 75.0

14 1.94 (0) 55 (0) 60 (0) 90.1

15 1.94 (0) 55 (0) 60 (0) 89.4

Levels for coded dimensionless variables are indicated in brackets

(independent variables). The sums of squares (SS) and
F-tests associated with the combined linear and quadratic
effects and their interactions are presented in Table 5. The
mean of squares due to pure error (MS,,.) and the mean of

Table 4 Operational conditions for the factorial design considered in
this study, and experimental results for phytopigment extraction
achieved after sonication of the intact block samples without crushing
(pretreatment C)

Experiment Independent variables Dependent
variable
ES (x1) (viem®) T (xp) (°C) 1 (x3) (min) y; (ug)
1 0.42 (0) 80 (1) 30 (—1) 88.8
2 0.42 (0) 30 (1) 30 (—1) 52.7
3 0.42 (0) 80 (1) 90 (1) 67.0
4 0.42 (0) 30 (—1) 90 (1) 68.4
5 0.28 (—1) 80 (1) 60 (0) 71.3
6 0.28 (—1) 30 (—1) 60 (0) 56.4
7 0.56 (1) 80 (1) 60 (0) 69.9
8 0.56 (1) 30 (—1) 60 (0) 58.7
9 0.28 (—1) 55 (0) 30 (—1) 65.6
10 0.28 (—1) 55 (0) 90 (1) 51.2
11 0.56 (1) 55 (0) 30 (—1) 76.1
12 0.56 (1) 55 (0) 90 (1) 78.0
13 0.42 (0) 55 (0) 60 (0) 64.8
14 0.42 (0) 55 (0) 60 (0) 79.2
15 0.42 (0) 55 (0) 60 (0) 90.6

Levels for coded dimensionless variables are indicated in brackets

squares due to lack of fit (MS,.¢) were also estimated. In all
cases (pretreatments A, B, and C), the ratios MS;o/MS.
were lower than the tabulated value of F(viesVpe), indi-
cating that the model fitness can be considered satisfactory.

Table 6 presents estimates of the main (linear and
quadratic) and interaction effects. These represent the dif-
ference in process performance caused by a change from
low (—1) to high (+1) levels of the corresponding factor
[21]. Both Student tests (z-tests) and their associated
probabilities (P-values) were used to confirm the signifi-
cance of the factors studied. Temperature of incubation was
the most relevant variable with respect to pretreatment for
recovery of chlorophyll-a (T, P < 0.05). Raising the tem-
perature from 30°C to 80°C led to an increase in chloro-
phyll-a extraction, on average, of 39.61, 44.76, and
15.20 pg (after pretreatments A, B, and C, respectively).
The P-values for the main effects of ES and ¢ were higher
than 0.05, and their corresponding coefficients had very
low values in the equations proposed by the coded models.
Consequently, these parameters will not have a great
influence on the values of y;. This result contrasts with the
observations made in similar studies [22], where it was
found that the extraction efficiency of DMSO for epilithic
biofilms was greatly influenced by both the ratio of
extractant volume to sample weight and extraction time.
However, in our case, the volume of DMSO (ES) varied
within a range that was probably too narrow to have a
significant effect, the limits being defined by experimental
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Table 5 Results of ANOVA and lack-of-fit tests for pretreatments A,
B, and C

Factor SS df MS F P

Pretreatment A (crushing)

ES 38.13 1 38.13 0.44 0.58
ES x ES 153.09 1 153.09 1.76 0.32
T 3,137.27 1 3,137.27  36.02 0.03*
TxT 252.56 1 252.56 2.90 0.23
t 57.29 1 57.29 0.66 0.50
txt 82.89 1 82.89 0.95 0.43
ES x T 116.64 1 116.64 1.34 0.37
ES x t 31.63 1 31.63 0.36 0.61
T xt 1.17 1 1.17 0.01 0.92
Lack of fit  1,011.52 3 337.17 3.87 0.21
Pure error 174.21 2 87.10

Total SS 5,070.59 14 R =0.77

Pretreatment B (crushing and ultrasonic bathing)

ES 131.12 1 131.12 1.80 0.31
ES x ES 273.77 1 273.77 3.75 0.19
T 4,007.05 1 4,007.05 54.96 0.02*
TxT 39.73 1 39.73 0.54 0.54
t 234.68 1 234.68 322 0.21
txt 26.85 1 26.85 0.37 0.61
ES xT 1.46 1 1.46 0.02 0.90
ES x t 31.49 1 31.49 0.43 0.58
T Xt 37.13 1 37.13 0.51 0.55
Lack of fit 42.55 3 14.18 0.19 0.89
Pure error 145.82 2 7291

Total SS 4,982.84 14 R* = 0.96

Pretreatment C (sonication without crushing)

ES 182.60 1 182.60 1.09 0.41
ES x ES 224.05 1 224.05 1.34 0.37
T 462.22 1 462.22 2.77 0.24
TxT 146.23 1 146.23 0.88 0.45
t 4291 1 4291 0.26 0.66
txt 26.07 1 26.07 0.16 0.73
ES x T 3.51 1 3.51 0.02 0.90
ES x t 65.98 1 65.98 0.40 0.59
T xt 350.69 1 350.69 2.10 0.28
Lack of fit 179.05 3 59.68 0.36 0.79
Pure error 333.62 2 166.81

Total SS 1,975.24 14 R*=0.74

* P < 0.05; SS sum of squares, df degrees of freedom, MS mean
square, R coefficient of determination

constraints. In experiments A and B, the receptacles had to
be filled up to a level that covered the crushed blocks with
DMSO completely without diluting the phytopigments too
much. In experiment C, smaller volumes could be
employed, as only the bottom face of the blocks had to be
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immersed in DMSO, but the volume had to be sufficient to
allow introduction of the sonicator tip, and the upper limit
was defined by the plate capacity. Anyway, the fact that ES
did not have a significant effect enables the use of small
volumes of extractant and consequently reduces experi-
mental costs. Similarly, a 30 min extraction time was
probably long enough to extract the maximum amount
of chlorophyll-a under the test conditions; as a conse-
quence, no improvement was observed at longer extraction
times. Our results show that the problem of chlorophyll-
a extraction from rock materials cannot be simply over-
come by longer extraction periods, enabling the use
of shorter incubation times than used by other authors
[13, 17, 23].

The regression coefficients for equation Eq. 1 are pre-
sented in Table 7. These were used to construct the
response surfaces for pretreatments A, B, and C, depicted
in Fig. 1. The surfaces illustrate how higher temperatures,
mainly, and longer extraction times, to a lesser extent,
improved extraction of chlorophyll-a in these experiments.
Visual inspection of the surfaces reveals the quadratic
effects: variables with positive values for the regression
coefficients of linear effects and negative coefficients for
quadratic effects exhibit a maximum inside the experi-
mental region.

Our model predicts the total weight of chlorophyll-a that
will be extracted as a function of ES, T, and ¢. It thus allows
determination of the optimum conditions at which maxi-
mum extraction will be achieved. Table 8 shows the optimal
conditions for extraction of chlorophyll-a for pretreat-
ments A, B, and C and also the predicted results, both in
terms of total weight of chlorophyll-a and extraction yield.
The model predicts that, under the optimal conditions, pre-
treatments A and B will yield the maximum weight of
chlorophyll-a compared with pretreatment C. However,
these values correspond to extraction yields superior to
100%, indicating a systematic error in the estimation of the
chlorophyll-a concentration derived from the fact that the
utilization of crushed blocks necessitates the use of large
volumes of extractant, and therefore the total weight of
chlorophyll-a is estimated from absorbances measured from
very dilute solutions. This was corroborated by a comple-
mentary experiment in which the relationship between
microorganism and chlorophyll-a concentration was studied
with serial dilutions of a mixed culture with characteristics
similar to those used in the optimization experiment. A
strong linear relationship between concentrations of
microorganism and chlorophyll-a was observed when all
samples were considered (R2 = 0.99, P < 0.0001), but this
relationship was weakened when only the most diluted
samples were taken into account (R2 = 0.85, P < 0.0001)
(Fig. 2). Thus, we conclude that the precision of the spec-
trophotometric method for calculation of chlorophyll-
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Table 6 Estimates of main and

interaction effects analysis for Factor Effect (ug)  Pure error  t-value  P-value  Significance  Regression coeff.”

significant models Of, Pretreatment A (crushing)

chlorophyll-a extraction after .

pretreatments A, B, and C Mean/intercept 65.98 2.69 24.49 0.002 ko 65.98
ES 4.37 6.60 0.66 0.576 2.18
ES x ES —6.44 4.86 —1.33 0.316 -3.21
T 39.61 6.60 6.00 0.027 * 19.80
TxT —8.27 4.86 —1.70 0.230 —4.14
t 5.35 6.60 0.81 0.503 2.68
txt 4.73 4.86 0.98 0.432 2.37
ES xT 10.80 9.33 1.16 0.367 5.40
ES x t —5.62 9.33 —0.60 0.608 —-2.81
Txt 1.08 9.33 0.12 0.918 0.54

Pretreatment B (crushing and ultrasonic bathing)
Mean/intercept 79.51 2.46 3225 <0.001 o 79.51
ES 8.10 6.04 1.34 0.312 4.05
ES x ES 8.61 4.44 1.94 0.192 4.30
T 44.76 6.04 7.41 0.018 * 22.38
TxT —3.28 4.44 1.94 0.192 —1.64
t 10.83 6.04 1.79 0.215 542
txt 2.70 4.44 0.61 0.606 1.35
ES xT —-1.21 8.54 —0.14 0.900 —0.61
ES x t —5.61 8.54 —0.66 0.579 —2.81
Txt 6.09 8.54 0.71 0.549 3.05
Pretreatment C (sonication without crushing)

Mean/intercept 67.00 3.73 17.97 0.003 wx 67.00
ES 9.56 9.13 1.05 0.405 4.78
ES x ES 7.79 6.72 1.16 0.366 3.89
T 15.20 9.13 1.66 0.238 7.60
TxT 6.29 6.72 0.94 0.448 3.15
t —4.63 9.13 —0.51 0.662 —2.32
Xt 2.65 6.72 0.40 0.731 1.33
ESxT —1.87 12.92 —0.15 0.898 —0.94
ES xt 8.12 12.92 0.63 0.594 4.06

* P <005; ** P<0.01; " For Txt —18.73 12.92 —145 0284 —9.36

coded variables

a concentration decreases when samples are much diluted,
probably as a consequence of the spectrometer precision
per se and the inadequacy of the equations of Wellburn et al.
[19] in this range. An additional drawback derived from the
use of large volumes of extractant is that there is a lower
detection limit (sensitivity) bellow which fewer colonizing
organisms cannot be detected [17]. Moreover, the experi-
mental error (intrinsic and derived from device precision) is
magnified when chlorophyll-a total weight values are
inferred from large volumes. All these problems are over-
come when chlorophyll-a is extracted and quantified from
whole blocks, making the quantification of chlorophyll-
a and the estimation of microbial biomass much more
accurate. As a final consideration, this method is more
convenient from a practical perspective, since it avoids

labor-intensive and time-consuming crushing of rock
materials.

Our results predict that direct extraction from whole
blocks after ultrasonic treatment (treatment C) will enable
extraction yields over 90% for chlorophyll-a. To experi-
mentally confirm the prediction of the model, granite
blocks were inoculated with 10 ml mixed culture of cya-
nobacteria of known chlorophyll-a content. After 2 days,
chlorophyll-a was extracted by direct sonication of the
intact blocks in 0.43 ml DMSO/cm? sample at 63°C for
40 min, which enabled 84.4 £ 11.6% chlorophyll-a
recovery. Optimization of the sonication conditions (time,
intensity, and/or frequency) might eventually improve the
efficiency of extraction. To compare the efficacy of this
protocol with other methods, we compare our results with
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Table 7 Regression coefficients (b,) and lack-of-fit analysis for the
proposed regression models for extraction of chlorophyll-a (y) from
rock biofilms following sample pretreatments A, B, and C

Coefficient A B C

Y1 Y1 Vi
Linear
bg 290.11 —455.59 —82.47
by —292.83 473.55 327.27
b, —2.00 0.24 2.27
bs 1.24 0.97 0.56
Quadratic
by 83.45 —111.60 —403.82
bay 0.01 0.01 —0.01
bss —0.01 0.00 0.00
Interaction
b1 0.78 —0.09 —-0.27
b3 —-0.34 —-0.34 0.97
b3 0.00 0.00 —0.01

those reported by Prieto et al. [17], who applied a proce-
dure similar to pretreatment A, in which they crushed
the granite sample blocks and incubated in 0.83 ml

Fig. 1 Response surfaces for
pretreatments A, B, and C
showing dependence of
chlorophyll-a (expressed in pg)
on extractant-to-sample ratio
(ES) and temperature

(T) predicted for samples
extracted during 60 min (leff)
and on extraction time (f) and
temperature (7) for samples
extracted in 1.67 DMSO:sample
(v/v), 1.94 DMSO:sample (v/v)
or 0.42 ml/cm®

(pretreatments A, B, and C,
respectively) (right)
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DMSO/cm® sample (v/v) at 65°C for 1 h, obtaining a 68%
extraction yield for the same amount of inoculated chlo-
rophyll-a. The method we propose therefore implies a
substantial improvement of extraction efficacy compared
with previous studies.

Conclusions

From the obtained results it can be concluded that:

(a) The application of ultrasonic methods improved
extraction of chlorophyll-a from biofilms developed
on rocky substrata.

(b) The precision of the spectrophotometric method for
calculation of chlorophyll-a concentration decreases
when samples are highly diluted, thus methods
requiring a lower volume of extractant are more
convenient.

(c) The temperature of extraction (7) is the most impor-
tant factor (compared with ¢ and ES) in chlorophyll-
a extraction from biofilms on rocky substrata.
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Table 8 Chlorophyll-a recovery predicted by the model after extraction with DMSO under the optimal experimental conditions after pre-

treatments A, B, and C

Independent variables

Dependent variables

ES ratio® T (°C) t (min) Chlorophyll-a total Chlorophyll-a
dry weight (pg) extraction yield (%)
Pretreatment A 2.00 80 61 105.77 117
Pretreatment B 1.95 78 90 115.40 128
Pretreatment C 0.43 63 40 82.35 91

® Units are ml/cm? for pretreatments A and B, and ml/cm? for pretreatment C

R2=0.99, P<0.0001
R?=0.85, P<0.0001

N W B 9 9 N ® ®

=y

.9

001 020304050607 0809 1 11
dilution

Fig. 2 Regression analysis between microorganism and phytopig-
ment concentration. Chlorophyll-a concentration was estimated with
the help of Wellburn’s equations. Measurements correspond to serial
dilutions of a mixed culture of cyanobacteria at 0.72 g dry weight/1 (1,
172, 1/4, 1/8, 1/16, 1/32, 1/64 dilutions corresponding to 0.72, 0.36,
0.18, 0.09, 0.045, 0.0225, 0.01125 g/1)

Thus, we propose the application of ultrasound directly
to uncrushed rock samples followed by incubation in
0.43 ml DMSO/cm® sample (vol/surface) at 63°C for
40 min, as an efficient method for chlorophyll-a extraction
from rock materials, which will allow detection of small
amounts of photosynthetic microorganisms and quantifi-
cation of the extent of biocolonization.
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This paper addresses the detection and monitoring of the development of epilithic phototrophic biofilms on the
granite fagade of an institutional building in Santiago de Compostela (NW Spain), and reports a case study of
preventive conservation. The results provide a basis for establishing criteria for the early detection of phototrophic
colonization (greening) and for monitoring its development on granite buildings by the use of color changes
recorded with a portable spectrophotometer and represented in the CIELAB color space. The results show that
parameter b* (associated with changes of yellowness-blueness) provides the earliest indication of colonization and
varies most over time, so that it is most important in determining the total color change. The limit of perception of
the greening on a granite surface was also established in a psycho-physical experiment, as Ab*: +0.59 CIELAB units
that correspond, in the present study, to 6.3 ug of biomass dry weight cm~2 and (8.43 + 0.24) x 10~ ug of

extracted chlorophyll ¢ cm™".

Keywords: preventive conservation; CIELAB color system; biofouling; greening; monitoring; phototrophic

colonization

Introduction

The fouling of stone surfaces by abiotic substances and
organisms poses serious problems for the maintenance
of all types of buildings. Fouling by microorganisms,
known as biofouling, is considered to start with
phototrophic organisms (algae and cyanobacteria)
conditioning the inert surfaces for subsequent growth
of heterotrophic organisms (eg Grant 1982; Ortega-
Calvo et al. 1993; Saiz-Jimenez and Arifio 1995; Prieto
et al. 2005; Miller et al. 2010). However in the absence
of a primary colonizing film of phototrophs, hetero-
trophic bacteria and fungi can grow on building
facades, using organic compounds from organic
pollutants, painted surfaces or conservation treatments
(eg Cappitelli et al. 2005, 2007). Unlike heterotrophic
biofilms, phototrophic biofilms have received little
attention until recently (Di Pippo et al. 2009, 2011).
Biofilms that grow in areas exposed to light tend to
contain photosynthetic organisms (Ramirez et al.
2010). The presence of these pioneer photosynthetic-
based microbial communities generally result in the
appearance of thin green films, which usually adhere to
the stone substratum (ICOMOS-ISCS 2008) in a
phenomenon often referred to as greening. The
presence of greening depends on a variety of factors,
such as a suitable combination of dampness, warmth

and light on the stone surface (Tiano 2002) as well as
the intrinsic characteristics of stone, such as perme-
ability, porosity and surface roughness, which influ-
ence its bioreceptivity (Guillitte 1995; Prieto and Silva
2005; Miller et al. 2006). Factors such as the exposure
site (Barberousse et al. 2006), the presence or absence
of adjacent vegetation (Smith et al. 2011) and the
urban or rural location (Tanaca et al. 2011) also affect
the development of biofouling.

The study of greening on building fagades deserves
considerable attention because pollution-related soil-
ing has been widely superseded by algal growth. Since
the beginning of the twentieth century, when the first
data on the aspect of some important buildings were
recorded, there has been an apparent decrease in the
occurrence of black deposits (Newby et al. 1991;
Davidson et al. 2000; Brimblecombe and Grossi 2009),
partly because of the decrease in air pollution resulting
from the declining use of coal and the switch to gas and
electrical heating (Brimblecombe 1987; Grossi and
Brimblecombe 2008). At the same time, there has been
an increase in biological activity, favored by lower
concentrations of sulfur dioxide and greater deposition
of organic compounds and nitrogen (Grossi and
Brimblecombe 2008). Higher humidity caused by
climate change also favors the development of greening
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as it increases the time that stone structures remain wet
and possibly the depth of penetration of moisture. This
has already been observed on buildings in places such
as Northern Ireland and London, as respectively, an
increased incidence of algal greening (Smith et al. 2011)
and a decreased incidence of blackening (Brimble-
combe and Grossi 2009).

Several authors have demonstrated that the dis-
coloration of stone caused by the growth of micro-
organisms can be easily determined by a non-invasive
(non-destructive) technique based on measurement of
the reflectance by a spectrophotometer or a tristimulus
colorimeter. The data are expressed in CIE-L*a*b*
color system units (Wyszecki and Stiles 1982; Sanmar-
tin et al. 2010). Using this technique, Urzi and Realini
(1998) correlated the orange or grey color of the patina
on Noto’s calcareous sandstone with the associated
microflora, Prieto et al. (2005) quantified the develop-
ment of biofilm induced on the open rock faces of
quartz quarries to reduce the visual impact, De
Muynck et al. (2009) evaluated strategies for prevent-
ing algal fouling on two types of concrete (man-made
stone), and more recently Tanaca et al. (2011)
evaluated fungal colonization on three fiber cement
(man-made stone) formulations exposed to urban,
rural and coastal environments. Nevertheless, to the
authors’ knowledge, the color measurement technique
has not previously been used to study the phototrophic
colonization (greening) of granite stone buildings
naturally exposed to the outdoor environment.

Apart from the chemical and/or physical deteriora-
tion of buildings caused by phototrophic-based micro-
bial communities, greening must be considered as
aesthetic damage that depends not only on the general
conditions of the local environment, but also on the
individual perception by the people involved (Smith
et al. 2011). In this respect, green is more easily
perceived than other colors, since the differences
detected by the human eye are not of the same
magnitude in the different parts of the spectrum;
wavelengths close to 400 (blues) and 700 nm (reds) are
less important from the point of view of perception
than those around 500 nm. Five hundred and sixty nm
(corresponding to the green area) is the wavelength at
which the human eye is most sensitive (Gescheider
1976; McDonald 1997). Green has been used for the
quantification of biomass of the green alga Ulva (syn.
Enteromorpha) on test panels coated with a range of
experimental formulations (Cassé et al. 2007). Knowl-
edge of the threshold of perception of greening by the
human eye would be very useful for the effective and
sustainable management of stone buildings and monu-
ments. To date, few studies have addressed the human
perception of changes in the appearance of stone due
to general fouling, and most of the existing studies

have investigated the changes in appearance in terms
of Dblackening or darkening (Newby et al. 1991;
Andrew 1992; Grossi and Brimblecombe 2004; Brim-
blecombe and Grossi 2005). As far as the authors are
aware, only one laboratory-based study has examined
the limits of perception of the phototrophic coloniza-
tion on building stones (Prieto et al. 2006). In the latter
study the qualitative terms, ranging from inappreciable
to very intense, referred to the change in appearance
caused by the live microorganisms on the surface of
granite rocks were related to the total color change
(AE*,,). However, variations in the three color
parameters, lightness-darkness AL*, redness-greenness
Aa* and yellowness-blueness Ab*, were not analyzed.
In the present study, these variations were taken into
account with the aim of selecting the parameter that
provides most information regarding the detection and
monitoring of greening on granite fagades.

Thus, the overall aim of the study was to
demonstrate the suitability of a spectrophotometric
measurement technique for detecting phototrophic
colonization (greening) and real-time monitoring of
the development of the colonization in a real case of a
granite building. The specific purposes of the study
were as follows: (1) to establish the threshold of human
perception of greening on granite rock and its value in
terms of partial color differences (AL*, Aa* and Ab*),
amount of phototrophic biomass (dry weight) and
extracted chlorophyll a (chl a) content; (2) to analyze
the changes in the L*, a* and b* CIELAB coordinates
in a real case involving the cleaning and recolonization
of a granite fagade, with the aim of determining the
parameter or parameters that best indicate the start of
the greening process; and (3) to describe a methodol-
ogy that could be used as a tool for making decisions
about the required frequency of cleaning and biocide
treatment in a real case.

Materials and methods

The perception of color depends on the incident light
and variations in illumination, thus changes in the
natural light affect the judgment of the observer about
the color observed. For this reason, a visual sorting
task used to estimate the threshold of perception of
greening by the human eye was carried out in a
laboratory test, under standard conditions of illumina-
tion. Detection and monitoring of greening were
performed outside, since measurements made with a
portable spectrophotometer are not affected by ex-
ternal light parameters. Psycho-physical and monitor-
ing experiments were carried out with granite rocks of
similar color characteristics and mineralogical nature
in order to obtain comparable results.



Psycho-physical experiment

A visual sorting task (psycho-physical experiment) was
conducted to investigate the threshold of perception of
greening on granite surfaces. Blanco Cristal, a medium-
grain, heterogranular-panallotriomorphic, biotitic ada-
mellitic leucogranite (with dark minerals absent), and
feldspar-K, plagioclases, quartz, biotite, chlorite and
moscovite as major minerals was selected for the
experiments. The petrographic characteristics and miner-
al composition of this lithotype were described in a
previous study (Sanmartin et al. 2011). Twenty-one
blocks (6 x 3 x 1 cm) were cut and sterilized before
starting the experiments. The upper surface of each
granite block (18 cm?) was inoculated in a laminar flow
cabinet with a mixed culture of three isolates of subaerial
stone biofilm-forming cyanobacteria grown in BGl11,
medium (Rippka et al. 1979), viz. Nostoc sp. PCC 9025,
Nostoc sp. PCC 9104 and Scytonema sp. CCC 9801. The
mixed inoculum consisted of 0.21 mg (dry weight) of each
strain per ml of medium giving 0.63 mg (dry weight) per
ml of mixed inoculum. Distinct volumes from 150 ul (the
minimum volume required to fully cover the total area of
18 cm? of the surface block) to 540 ul mixed cyanobac-
terial suspension, were inoculated uniformly with the
point of a pipette onto the surface blocks, in order to
adjust phototrophic biomass between 0 (to exclude the
possibility of an abiotic contribution to the green color)
and 18.9 ug of biomass (dry weight) cm ~2 of surface area.
Experiments were performed in triplicate.

Each inoculated block was assessed by eight
different observers (five females and three males aged
from 25 to 60 years) with normal color vision, ie
normal trichromat observers without color blindness
(see Fletcher and Voke (1985) for details of color
vision examination). The task of each observer was to
decide if the greening due to the presence of organisms
was perceptible. The responses reported by the
observers (yes/no) were recorded and analyzed. The
point at which the observers began to note the green
color has been coined as the just noticeable difference
(jnd). The conceptualization of the greening threshold
has its roots in the study of thresholds for other
sensory-related stimuli (Gescheider 1976).

The color of the upper surface of each granite block
was measured before and after inoculation, following
the methods proposed by Prieto et al. (2010a, 2010b).
The CIELAB coordinates (L*, a* and b*) were
measured before and after inoculation, with a portable
spectrophotometer (Konica Minolta CM-700d/600d)
equipped with CM-S100w (SpectraMagicTM NX)
software; the measuring conditions were illuminant
D65, observer 2° and a 8-mm diameter viewing area. A
total of 14 readings were taken at different randomly
selected zones on each wet surface block, and the
results expressed as the mean values.
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To relate the phototrophic biomass (dry weight) to
color and extracted chl a content, the concentration of
chl a on each block was determined after the visual
evaluation and color measurements, following the
protocol for the extraction of chl ¢ from microorgan-
isms colonizing rocks, recently proposed by Fernan-
dez-Silva et al. (2011). The extracts were measured in a
UV-Visible spectrophotometer (UVIKON XS, Bio-
Tek), and the equation proposed by Wellburn (1994)
was used to calculate the concentration of chl a,
expressed as ug chl @ cm 2 of surface area.

In addition, the thresholds between imperceptible
and perceptible greening, in terms of partial color
differences (AL*, Aa* and Ab*), amount of photo-
trophic biomass (dry weight) and extracted chl a
content, were estimated (Prieto et al. 2006). For this
purpose, a data table was built in which for each
sample (1-21), including its measured parameters, the
eight answers from observers were included (1-8)
(Berns 2000). The whole of cases (1-1, 1-2, (...), 1-8,
2-1, 2-2, (...), 21-8; ie sample-observer) were sorted
into two sets, imperceptible and perceptible, and
cumulative percentages were calculted for each group
using the following equations where n, represents the
number of answers that were ‘yes, ie perceptible, n;
represents the number of answers that were ‘no, ie
imperceptible’, and z represents answer 1, 2, ..., n, or
n;:

CumUIativeperceplible.z = 100 (Z/np);

Cumulativeimperceptiblez = 100 — 100(z/n;)

The greening thresholds on granite were derived by
plotting the cumulative percentages, cumulative fre-
quency of answers for each qualitative term (imper-
ceptible and perceptible) vs ordered partial color
differences, phototrophic biomass (dry weight) and
extracted chl a content. The intersection of the two sets
of data defines the jnd in greening.

Monitoring experiment

The progress of recolonization of the granite fagade
of the Supercomputing Centre of Galicia (CESGA,
www.cesga.es), a centre par excellence in research
and high-performance computing services built in
1993 in Santiago de Compostela (Galicia, NW
Spain), was monitored fortnightly for a period of
10 months (289 days, March/2009-January/2010),
using a spectrophotometer for instrumental color
measurements. Three target areas (1, 2, 3) of the
south facing wall, each of which was divided in two
subareas, upper (A) and lower (B), were selected and
cleaned mechanically with distilled water and a brush
to remove the existing phototrophic colonization
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(Figure 1). The six study areas (1A, 1B, 2A, 2B, 3A
and 3B), each of 21.5 cm x 31.0 cm, did not receive
direct sunlight because of the proximity of the
neighboring buildings. They are also very damp
due to water run-off. The weather conditions in
Santiago de Compostela during the experiment
(according to data from the Galician regional
meteorological office: MeteoGalicia, www.meteogali-
cia.es) are shown in Table 1.

Following the methodology proposed by Prieto
et al. (2010b), a total of 234 readings were taken
fortnightly at random points in the six study areas. A
portable reflection spectrophotometer (CE-XTH)
equipped with OptiviewSilver/i QC Basic software,
was used under the following conditions: illuminant
D65; observer 2° and a 10-mm diameter viewing area.
Color measurements were analyzed by considering the
CIELAB color system (CIE Publication 15-2, 1986),

Figure 1.

Granite fagade of the Supercomputing Centre of Galicia (CESGA), showing extensive phototrophic colonization

(greening) developed as streaks following the path of water run-off. (a) On site measurement of the color on the fagade; (b)
overview of the fagade with perceptible colored stains (greening) in humid zones; (c) location of the six study areas before
cleaning; (d) location of the six study areas after cleaning. Six study areas: three target areas (1, 2, 3) each of which was divided in

two subareas, upper (A) and lower (B).

Table 1.

Temperature, humidity, sunshine duration and daily global radiation during the exposure period (March 2009 to

January 2010), recorded at the Santiago EOAS meteorological station (Santiago de Compostela) and captured by Meteogalicia.

Average air Dew point

Mean relative

Daily global

Sunshine radiation

Date temperature (°C)  temperature (°C)  humidity (%) Rain Im~?) duration (h) (10 KJ m~? day ")
March 2009 11.1 4.5 63 30.4 246.6 1617
April 2009 10.3 6.2 79 106.2 177.6 1581
May 2009 14.5 8.9 73 55 241.6 1932
June 2009 17.2 12.9 78 106.6 218.4 1942
July 2009 17.1 13.1 80 105.2 211.4 1917
August 2009 18.8 14.4 78 24.5 236.9 1917
September 2009 18.0 13.5 78 13.5 248.6 1691
October 2009 16.2 13.4 86 189 149.0 935
November 2009 11.7 9.9 92 272.2 60.1 433
December 2009 8.1 5.9 89 424.5 96.6 434
January 2010 7.6 5.6 91 200.2 85.4 489




taking into account the mean values of CIELAB
coordinates (L*, a* and b*). Variations in the three
color parameters (partial color differences), lightness-
darkness AL*, redness-greenness Aa* and yellowness-
blueness Ab*, were calculated as follows:

AL = L7 — L;
Aa* = aj —ag;
Ab”" = b; — by,

where Lj, aj, by = the mean value of CIELAB color
parameter at the study area after cleaning, and
L;, af, b; = the mean value of CIELAB color para-
meter at the study area after a period of exposure (t).

Results and discussion

The laboratory-induced epilithic cyanobacterial bio-
films on granite blocks served to emulate the presence
of initial green fouling. Photographs of the granite
blocks inoculated for the psycho-physical experiment,
along with the data for the amount of phototrophic
biomass (dry weight) and the concentration of chl a
extracted are shown in Table 2.

On the basis of the visual evaluation, the threshold
of human perception between imperceptible and
perceptible greening in terms of the partial color
differences (AL*, Aa* and Ab*), biomass (dry weight)
and extracted chl a content, were calculated by plotting
the cumulative frequency of answers given by each
observer (Figure 2). The visual perception of the color
difference differed with each observer, and the point at
which individuals began to note the greening on the
surface due to phototrophic biomass also differed
among the different observers. From the results
summarized in Figure 2, it was concluded that greening
became perceptible when colonization resulted in a
decrease of 4.37 CIELAB units in parameter L*, or
when the values of parameters a* and b* decreased and
increased, respectively, by only 0.41 and 0.59 CIELAB
units. In terms of mg biomass (dry weight) and
extracted chl « content, a lower abundance of
phototrophic biomass was required to reach the
greening threshold or jnd in greening in terms of
yellowness-blueness variations, Ab* (6.3 ug biomass
dry weight cm ™2 and (8.43 + 0.24) x 107 ug ex-
tracted chl  cm ~?) and a larger quantity was required
for the other two color parameters, lightness-darkness,
AL*, and redness-greenness, Aa* (12.6 ug biomass dry
weight cm ~2 and (20.33 + 1.60) x 10~* ug extracted
chl « cm~2). This indicates that of the CIELAB color
parameters, parameter b* provides the earliest indica-
tion of the presence of phototrophic microorganisms.

The thresholds calculated for the partial color
differences were used in the outdoor experiment, in

Table 2. Blanco Cristal granite specimens inoculated with mixed cyanobacterial culture used in the psycho-physical experiment.

Photograph of the
granite block surface

12.6 18.9

6.3

3.2

2.1

0.7 1.1 1.4

0.4

0.0
(ug dry weight cm~2)
131 a extraczted
pgem™ o)

Phototrophic biomass
Chlorophy

Biofouling

1.65+0.12  2.49+40.21 4.04+0.08 4.49+0.02 5.74+0.02 4954091 8.43+0.24  20.33+1.60  31.50+2.47

0.0

(*) (10~
Note: Scale bar = 3.5 cm. *Mean value of three replicates + SD.
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which the rate of greening on building granite was
monitored for 10 months after cleaning, by changes in
L*, a* and b*. The results are shown in Figure 3 as a
summary of the variations in L*, a* and b* values in
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the six study areas after the exposure period; the time
at which the observers began to note the greening is
indicated by a shaded circle in the figure. This
corresponds to AL* < —4.37; Aa* < —0.41 and Ab*
>+ 0.59 CIELAB units. Thus, the first bar of the
histograms (BC) represents the color difference before
and after cleaning the colonized surface, and was used
as a reference. Subsequent bars reflect the development
of the recolonization process, ie the difference between
the value on the first day after cleaning and the
subsequent values. In all cases, the trends were all in
the same direction as the value of the difference
between the colonized and the clean rock (BC) (Figure
3), thus indicating that the color change was due to
recolonization. Thus, during the recolonization
process a decrease in the AL* and Aa* values and an
increase in the Ab* value were observed, indicating
that the facade became darker and more yellow-
greenish color.

One important aspect of the results obtained is that
analysis of the Aa* and Ab* parameters enabled
identification of the point at which recolonization
began, as in both cases the difference (A) remained
constant for a certain period of time and then
increased gradually. The moment at which the
difference (A) began to increase also coincided with
the moment at which the value of the increase changed
direction towards the reference value (BC), thus
indicating the start of colonization. Analysis of the
values in Figure 3 shows that recolonization began at
between 80 and 129 days (marked with an arrow in the
Figure 3). However, analysis of the AL* values was not
as useful for identifying the moment at which
recolonization began as the variations were more
erratic (Figure 3).

Comparison of the day on which recolonization
began, determined by analysis of the trends (direction
changes towards reference value) in the Aa* and Ab*
values, and the moment at which greening is con-
sidered perceptible in terms of the Aa* and Ab* values
(both indicated in Figure 3), revealed that in all cases,
the earliest detection of recolonization was by analysis
of the trends. Thus monitoring the color of granite
facades using a portable spectrophotometer enables
early detection of the appearance of greening, even

Figure 2. Results of the psycho-physical experiment. Top:
lightness-darkness AL*, middle: redness-greenness Aa*, and
bottom: yellowness-blueness Ab*. Partial color differences
CIELAB units (on the bottom x-axis) and ug biomass (dry
weight) ecm ™2 surface area and ug extracted chl ¢ cm ™2
surface area (in italics) (on the top x-axis) plotted against the
cumulative frequency of answers for perceptible and
imperceptible qualitative term (%). The values of the
greening threshold in terms of these parameters are shown
in a box in the figures.
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Results of the monitoring experiment. Color changes (top: AL*, middle: Aa* and bottom: Ab*) during the period of

exposure (289 days) at the six study areas (1A, 1B, 2A, 2B, 3A and 3B, see Figure 1). AL* = L* — L*,; Aa* = a* —
a*y; Ab* = b* — b*,, where L*j, a*,, b*; = mean value of CIELAB color parameter at the study area after cleaning with water
and a brush, and L*, a*, b*, = mean value of CIELAB color parameter at the study area after a period of exposure (7). For
comparison, the color change before and after cleaning is shown as BC (Before Cleaning). The change in the direction of the
partial color difference is indicated by an arrow, and the time when colonization becomes perceptible by a shaded circle
(AL* < —4.37; Aa* < —0.41 and Ab* > +0.59 CIELAB units).
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before it is perceptible to the human eye. As in most
cases, the greening threshold was reached several days
after the value at which colonization was considered to
begin, building managers therefore have a period of
time in which to decide when cleaning or treatment
should be applied.

Another aspect to take into account is that when
biological colonization develops, the Ab* values, which
tend to more positive values, underwent a faster
change than the Aa* values, which tend to more
negative values. This is consistent with the previous
finding that Ab* provides the earliest indication of
perceptible greening due to the presence of photo-
trophic microorganisms. In addition, if the magnitude
of the change caused by colonization is taken into
account, it was found that, taking into account the 6
plots, parameter L* varied on average by 6.12 + 1.78
CIELAB units, a* by 3.40 + 0.24 CIELAB units and
b* by 9.82 + 1.42 CIELAB units. Therefore para-
meter b* varied most and thus contributed most to the
total variation in color (AE*,, = [(AL¥)* + (Aa*)* +
(Ab*)?]'?, Wyszecki and Stiles 1982). This is consistent
with previous observations for other stone materials
such as quartz (Prieto et al. 2005) and concrete (De
Muynck et al. 2009) and shows that parameter b* is
the most informative for detecting phototrophic
colonization. This finding suggests that the technique
proposed here can be extrapolated to buildings other
than those built from granite.

For maintenance of granite buildings affected by
greening, decisions about the required frequency of
cleaning and biocide treatment should therefore take
into account the time at which greening becomes
perceptible, as well as the time at which colonization is
present but not perceived; both parameters are easily
determined by use of a portable spectrophotometer. If
the cleaning and/or treatment processes are carried out
when colonization exists but is not yet perceptible, it
would be easier to establish a target level of color of
the original surface (Doehne and Price 2010). More-
over, cleaning when greening is marked can lead to the
use of chemicals or excessive quantities of water, which
may also cause damage (Maxwell 1992).

According to Escadeillas et al. (2007), it generally
takes a year for stains to appear on walls, although
under favorable growth conditions, development may
be extremely rapid. In practice, and under favorable
growth conditions (porous support such as concrete
walls), it takes 1 year before the first greening is visible
and 2-5 years for intense greening to develop. Thorn-
bush and Viles (2006) showed that biological coloniza-
tion of stonework by fungi was evident after just 2
years. Smith et al. (2004) demonstrated the rapid
surface colonization (<2 years) of sandstone by algae
in exposure trials in Belfast. In the present case,

recolonization (greening) of the granite fagade was
apparent within a much shorter time. Recolonization
took no more than 129 days (just over 4 months), and
greening due to the phototrophic microorganisms was
perceptible after approximately 178 days (almost 6
months). This rapid biological colonization was
undoubtedly favored by the mild wet climate of
Santiago de Compostela, especially the microclimate
affecting the most shaded walls of the buildings, as also
occurs in other buildings in the city (Silva et al. 1997).

Conclusions

This study demonstrated that measurement of color
changes with a portable spectrophotometer was a
reliable method for the early detection and real-time
monitoring of phototrophic growth (greening) on
granite fagades, even when it is not perceptible to the
human eye. In this sense changes in parameter b* were
demonstrated to be the most informative. Thus, Ab*:
-+0.59 CIELAB units, that correspond in this study to
6.3 ug biomass dry weight cm ™2 and (8.43 +
0.24) x 1077 ugextracted chl « cm 2, was established
as the greening threshold.

Cleaning and/or treatment should be carried out
taking into account both the greening threshold in
terms of Ab* and the time that the trend in the value
of Ab* changes and becomes positive, ie indicates the
occurrence of phototrophic colonization. In this sense,
monitoring changes in b* of a cleaned granite fagade
exposed to the natural environment in Santiago de
Compostela (NW Spain) revealed that recolonization
by phototrophic microorganisms (greening) took no
more than 129 days (just over 4 months), and greening
was perceptible after approximately 178 days (almost 6
months).
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ABSTRACT

Substitution of slate roofing tiles is a conventional operation during building restoration, since tiles are
very difficult to restore or clean because of the high degree of alteration they suffer. Criteria for replace-
ment of historical building stones must be based on geological, geotechnical and esthetic parameters,
among which color is of great importance. In this sense, this paper constitutes a comprehensive and
useful colorimetric study of roofing slates from the Iberian Peninsula, for the purposes of restoration.
The color of 50 commercial varieties of roofing slate mined in quarries from the 12 mining districts in
the Iberian Peninsula was analyzed with a spectrophotometer device, by considering the CIELAB color
space. The results of the study were used to develop a protocol for characterizing the color of roofing
slate and to define the color range of roofing slate from the Iberian Peninsula. In addition, the similarities
and differences in the color and microstructure of the different commercial varieties of Iberian roofing
slate were established and the limit of acceptability of replacement of one type of slate by another was
determined. Parameter h,, was found to be the most important CIELAB color coordinate as regards the
formation of homogeneous color groups, and the specular component excluded (SCE) mode was most

sensitive as regards detecting color differences between two samples.

© 2011 Elsevier Masson SAS. All rights reserved.

1. Introduction

Slate has been used for centuries as a roofing material and the
extraction of slate and other fissile rocks for roofing is probably as
old as the art of building with stone [1]. There are some remains
of slate roofs on Roman buildings in England [2] and many histor-
ical centers of European cities include Medieval and Renaissance
buildings covered with slate, such as the monastery of El Escorial in
Madrid (Spain). Before the slate industry began in the USA - slate
was first quarried in the country in 1839 at Fair Haven (Vermont) -
slate was exported from Europe, with France being the main pro-
ducer, followed by Germany and the United Kingdom. Spanish slate
deposits did not begin to be exploited industrially until the 1970s
[3] in response to the exhaustion of mining resources in European
quarries and the modernization of the production chain in Spain
[4]. Nowadays, Spain is the principal producer of roofing slate in
the world, and the main areas of exploitation are in the Variscan
belt in the northwest of the Iberian Peninsula [1,5].

Slate can be used as roofing material because it contains a
high proportion of phyllosilicates, which become aligned during
metamorphism and develop a new set of planes in a process

* Corresponding author. Tel.: +34 881 814594; fax: +34 981 594912.
E-mail address: beatriz.prieto@usc.es (B. Prieto).

1296-2074/$ - see front matter © 2011 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.culher.2011.02.001

named schistosity or slaty cleavage (S1) [6]. The material can there-
fore be split into thin slabs (2-8 mm thick), which maintain high
mechanical strength and uniform surface [7,8]. In addition, its low
water absorption index (<0.6%) lends slate a waterproof charac-
ter and makes it very resistant to frost damage and breakage due
to freezing/thawing cycles [9]. However, slate tiles still undergo
weathering and must be replaced by new ones, which in order to
maintain the esthetic properties of the building, should be selected
from the same quarry where the weathered slates were originally
extracted. As the original quarry is often unknown, has been mined
outorisnolongeraccessible, slate tiles must be obtained from other
quarries in similar geological formations. In such cases, the crite-
ria for replacement of historical building stones should be based
on geological, geotechnical and esthetic parameters rather than
on visual and purely qualitative-subjective methods and/or eco-
nomic considerations [10,11], which too often results in inadequate
replacement, giving rise to a patchwork of original and substituted
slates (Fig. 1). This not only causes an unpleasant esthetic effect as
regards the color of the roof, but does not comply with the basis
of international criteria for restoration and the current legislation
regarding national heritage monuments [12-14].

From a geological point of view, roofing slate is formed under
very low metamorphic conditions (greenschists facies), with a rel-
atively simple mineral composition of quartz, mica and chlorite,
plus some accessory minerals. The mineralogy of Spanish roofing
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Fig. 1. Example of inadequate partial replacement of roofing slate.

slates is quite homogeneous [5,15,16], with three main compo-
nents (mica, chlorite and quartz), secondary minerals (chloritoid,
feldspars, iron sulphides and carbonates), and some accessory min-
erals. Examined with the petrological microscope, spanish roofing
slate may present two different microtextures well defined, lepi-
doblastic, with small grain size, and porphido-lepidoblastic, with
bigger blasts standing out the mica matrix. Both microtextures
are characterized by the repetition of mica alignment formed
during the metamorphism which coincides with S;. The occur-
rence of sedimentation beds (Sy) can be easily detected by a third
microstructure, granolepidoblastic, which is a mosaic of quartz
crystals, present in these sedimentation beds under the form of
sandy levels [17]. These mica alignments, which confer to the slates
their anisotropic nature, together with the color are the two main
factors involved in the appearance of the slates.

Although color is one of the main factors involved in the per-
ceived appearance of a material, and therefore of great importance
in restoration work, no studies concerning the objective character-
ization of this property in roofing slates have yet been published.
The aims of the present study were therefore the objective char-
acterization of the color of 50 commercial varieties of roofing
slate mined from the 12 mining districts in the Iberian Peninsula
[18], and the evaluation of the differences in color, in order to
establish homogeneously colored groups of roofing slates. More-
over, microstructure features [6] as S;, Sg and the intersection
between them (S;/Sg angle), which forms a set of lineation named
intersection lineation (Ly), were analyzed. This information will
help improve the replacement of roofing slates in restoration
work.

2. Material and methods
2.1. Roofing slates

Slate is a fine-grained rock formed by the low-grade metamor-
phism of sedimentary clays [19]. The main minerals are quartz and
phyllosilicates (mica and chlorites), with variable amounts of albite,
chloritoid, and small amounts of tourmaline, zircon, rutile, iron sul-
fides and carbonates [20]. The latter two minerals are potentially
highly alterable and therefore undesirable in top quality roofing
slate.

Not all types of slate are useful for roofing tiles. Thus, the
European Committee of Standardization defines slate as ‘a fine-
grained very low- to low-grade metamorphic rock possessing a

well-developed fissility parallel to the planes of slaty cleavage’ and
roofing slate as ‘rocks that are easily split into thin sheets along
planes of slaty cleavage, caused by very low- to low-grade meta-
morphism due to tectonic compression’ [21]. Commercial slate
slabs are obtained by splitting, creating uneven surfaces and a nat-
ural looking finish, which contrasts with other ornamental rocks
most often traded polished.

In this study, 50 commercial varieties of roofing slates from
quarries in the 12 different mining districts of the Iberian Penin-
sula (Fig. 2) were considered. The name relative to the origin,
mining district, stratigraphic level and the color description by
visual assessment are given for each type of roofing slate studied
in Table 1.

2.2. Colorimetric characterization: measuring protocol

With the purpose of determining the reproducible and compa-
rable color of roofing slates, a measuring protocol, which takes into
account the minimum number of measurements and the minimum
area of measurement required to quantify roofing slate color in
relation to the dimensions of the measuring head (circular viewing
aperture), was established following the methodology proposed by
Prieto et al. [22] for granite rocks. The protocol combines colori-
metric measurements and the corresponding statistical analysis.
Four different sizes of surface area (36, 54, 72 and 90cm?) of
each of three specimens of the 50 commercial varieties of roof-
ing slate (50 x 12 =600 specimens) were measured with a Minolta
colorimeter, equipped with two interchangeable diameter view-
ing apertures, CR-300 (8 mm) and CR-310 (50 mm), and a portable
spectrophotometer GretagMacbeth CE-XTH, with two diameter
viewing apertures of 5 and 10 mm. The measuring conditions were:
CIE standard daylight illuminant D65, 1931 (2°) CIE standard colori-
metric observer, and integrating sphere geometry in which the light
is uniformly diffuse in all directions illuminating the sample, and is
observed at 0° in relation to normal for the colorimeter (d/0°) and at
8¢ for the spectrophotometer (d/8°). Twenty measurements were
executed at random by reflection in speculate component included
(SCI) mode, with each aperture (5, 8, 10 and 50 mm) on each surface
area of the 600 specimens of roofing slates.

The CIELAB color space was used to define the measuring pro-
tocol by considering the Cartesian coordinates: L*a*b*, where L*
represents the lightness of the color, which varies from 0 black to
100 white, a* the red-green coordinate on a red (+) to green (—)
axis, and b* is the yellow-blue coordinate on a yellow (+) to blue
(—) axis.

All of the data were subjected to multivariate analysis of vari-
ance (Manova) and the Tukey-b multiple comparison test by use of
the SPSS 15.0 statistical software.

2.3. Colorimetric characterization: roofing slate color

Once the measuring protocol was defined, the color of each com-
mercial variety of roofing slate was characterized by carrying out six
measurements at random positions on three specimens (36 cm?) by
use of a GretagMacbeth CE-XTH spectrophotometer with a diame-
ter viewing aperture of 10 mm (Section 3.1). The measurements
were performed in both the specular component included (SCI)
mode and specular component excluded (SCE) mode, as it has
been suggested that SCE geometry is more useful for the detec-
tion of small color differences in other materials [23-25]. SCI mode,
with the gloss trap of the spectrophotometer closed, includes the
total reflectance (considering both specular and diffuse reflections),
whereas the SCE mode, with an open gloss trap, includes the dif-
fuse reflectance and excludes most of the specular component and
is therefore more sensitive to differences in color due to differ-
ences in surface roughness [26]. In general, it is an accepted theory
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in color science that the SCE mode closely simulates the view with
the naked eye, and that the SCI mode is adequate for analyzing the
intrinsic color of objects.

The CIELAB color space was used to represent color measure-
ments by use of the two different sets of coordinates, the Cartesian
coordinates: L*a*b*, preferred for achromatic colors, i.e. whites,
blacks and grays [27], and the cylindrical coordinates: L*C*,,h,p,
which represent the qualitative and quantitative psychophysical
components of the color: lightness, saturation and hue [28]. In both
spaces, L* represents the lightness of the color, which varies from
0 black to 100 white, a* represents the color on the red-green scale
(red [+] to green [—]), b* represents the color on the yellow-blue
scale (yellow [+] to blue [-]), C*,p, is the chroma or saturation of
color (C*,p, =[a*2 +b*2]1/2) measured as the length of the line from
the neutral point to the sample point in the a*b* plane, and hg,
is the hue angle or tone (h,, =arctan (b*/a*)), refers to the domi-
nant wavelength, as is the CIELAB color parameter that represents
the major color perception attribute, indicating redness, yellow-
ness, greenness, or blueness in a circular scale that starts at 0° and
increases counterclockwise to 360°.

The total color differences were calculated by the classical
CIELAB 1976 color equation, AE*,, =[(AL*)2 +(Aa*)2 +(Ab*)2]|1/2,

Iberian Massif Zones
Cantabrian zong
B Asturian-Leonese zone
M Central Iberian zone
W Galicia-Tras Os Montes zone
M Ossa-Morena zono
I South-Portuguese zone
4 Slate districts
e Citios

Slate Districts

1 Monle Rande (A Corufia)

2 Terra Ch4 (Lugo)

3 Los Oscos (Asturias)

4 El Caurel - A Lastra (Lugo - Ledn)
5 Alto Bierzo (Ledn)

6 Valdeorras (Ourense)

7 La Cabrera - La Bafa (Ledn)
8 Alisto (Zamora)

9 Bemardos (Segovia)

10 Villar del Rey (Badajoz)

11 Valongo (Porto, Portugal)
12 Arouca (Aveiro, Portugal)

Fig. 2. Location of the Iberian Peninsula roofing slate districts (from [18]) and appearance of some of the mined roofing slates. (Bar corresponds to 4 mm).

recently recommended for the study of textured samples [29]. AL*,
Aa* and Ab* represent the difference between both considered
values of L*, a* and b*.

In order to analyze differences in color, the roofing slates were
grouped by color, by means of a Hierarchical Cluster Analysis (HCA).
The average linkage between groups was applied and the Euclidean
distance was selected as a criterion of similarity. The analysis was
carried out with SPSS 15.0 statistical software.

A student t-test (p =0.01) was used to compare the CIELAB color
coordinates between roofing slates depending on the color mea-
suring mode (SCI or SCE).

2.4. Microstructure characterization: S1/Sy angle and Lineation Ly

Thin sections of 30 microns thickness were elaborated from the
three spatial planes XY, XZ and ZY of the slate (Fig. 3). These thin
sections were examined with a Polarized Light Carl-Zeiss Univer-
sal microscope. The best plane to determine the microstructures
is ZY, ortogonal to Sq, Sg and Lg, where the angle S;/Sg can be
measured with the graduated slide of the microscope. This angle
defines by itself the internal relationships of the slate, as much as
this angle is close to 90°, Ly will be more marked. Also, in regional
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Table 1

Description of the 50 roofing slates collected from quarries in the 12 different mining districts of the Iberian Peninsula.

Roofing slate Mining district

Stratigraphic level Color by visual assessment?

Monte Rande (MRA)

Lombao (LOM)

Verde Xemil (VXE)

Gris Lugo (GLU)

Verde Lugo, Pol (VLU)
Villarbact (VIB)

Caurel Quiroga (CAU)

Pacios Quiroga alto (QIA)

Pacios Quiroga bajo (QIB)
Pebosa, Pacios de la Sierra (PEB)
A Lastra (LAS)

Vilarchao - Fonsagrada (EUP)
San Victor (SVI)

Castafieiro (CTN)

Los Molinos (LMO)

Rozadais (ROZ)

Castrelos (CST)

Casaio (TRA)

Casaio (3C)

Os Vales (PIV)

Mormeau (CAP)

Riodolas (RIO)

Los Campos (CAM)

Domiz (DOM)

Vianzola, Penedo Rayado (VIA)
Gaton Mex6n (GMP)

Intradima, Gato Mexén (GMI)
Os Follos (OFON)

Os Follos (OFOH)

San Vicente (SVE)

Alto Bierzo (ROC)

Piforsa, San Pedro de Trones (UPA3)
Armadilla, Benuza (CU4)

Las Arcas - San Pedro (CU6)

Las Arcas - Prada (UPA7)

Las Arcas San Pedro (CU10)
Raniella, Sotillo - Benuza (CU13)
Lombilla, Piz Garramateira (CU14)
Beta, Sotillo (CU25)

Pizarras Carucedo (Vazfer) (VAZ)
Pz Templarios (TEM)

Itasi, Siglieya-Benuza (ITA)
Galir (GAL)

Gonta (GON)

Aliste - Pizarras Abejeda (RFR)
Pizarras Riofrio, Aliste (ALI)

] Bernardos (BRN)

OO ONNNNNNNNNNNNNOOUuUuUuUuUUUU U bhwWwwwwwWwNhNN = =

Villar del Rey (VDR) 10
Valongo (VAL) 11
Canelas/Arouca (ARO) 12

Upper Ordovician Gray-black
Upper Ordovician Gray-black
Cambrian Green-gray
Cambrian Gray-green
Cambrian Green
Middle Ordovician Dark-gray
Middle Ordovician Dark-gray
Middle Ordovician Black
Middle Ordovician Black
Middle Ordovician Dark-gray
Middle Ordovician Dark-gray
Middle Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Black
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Dark-gray
Middle Ordovician Black
Middle Ordovician Black
Upper Ordovician Dark-gray
Upper Ordovician Dark-gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Dark-gray
Upper Ordovician Gray
Middle Ordovician Gray
Middle Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Upper Ordovician Gray
Middle Ordovician Gray
Middle Ordovician Dark-gray
Precambrian Dark-gray
Devonian Black
Middle Ordovician Gray-blue
Middle Ordovician Black

@ Color definition in Garcia-Guinea et al. [5] and Cardenes et al. [18].

SEDIMENTATION BEDS
Split surface X Lo Lineation “
N 4 oy =
— o &
_ / g SLATE -
. &

R B %
Siplanes / “1em- Soplanes

Fig. 3. A. Relationships among slaty cleavage (S;), sedimentation beds (Sp) and lin-
eation (Lo ). B-C. Variation of the thickness of SO on the tile surface depending on the
S1/So angle.

exploration of slate outcrops, angle S;/Sg is very important, since
it determines the orientation of the slate layers. Other important
feature is the thickness of Sy beds, since it determines the thickness
of lineation over the slate tile surface (Fig. 3). Sp laminations with
thickness over a few centimetres prevent the tiles to split in flat
sheets, so they are rejected during the first stages of the elabora-
tion process. The incidence of Ly was determined by examining the

XY plane of the slate specimens with naked eye, determining the
character of the Ly trace (no trace, slightly, moderate or pronounced
marked).

3. Results and discussion
3.1. Measuring protocol

The minimum number of measurements required to character-
ize each color coordinate (L*, a* and b*) in each sample of roofing
slate was defined from the steady section of the inverted expo-
nential decay graph, obtained by plotting the cumulative averages
of Cartesian CIELAB coordinates against number of measurements
[22], and taking into account the short-term repeatability of the
instrument (AL*=0.18, Aa*=0.36, Ab*=0.42), calculated from 20
color measurements made at the same point on black, white,
orange, blue and green chips, as rapidly as the device allowed.



424 B. Prieto et al. / Journal of Cultural Heritage 12 (2011) 420-430

Table 2
Three-way multivariate analysis of variance for the number of measurements.
N\ de Wilks F G.L Sig.
Roofing Slate 0.001 4281.6 156 0.000
Diameter viewing aperture 0.276 4643.1 9 0.000
Roofing slate*Aperture 0.475 443 468 0.000
Dependent: L*, a*, b*.
The minimum number of measurements differed significantly 0.9
(Table 2) for each CIELAB color coordinate (L*, a* and b*), each com- 0.8
mercial variety of roofing slate and each diameter viewing aperture 0.7
(50, 10, 8 and 5 mm), and varied between two and seven measure- 06
ments. The largest number obtained for each diameter viewing .
aperture, i.e. measuring head, was taken as the minimum num- & ok
ber required to characterize the color of the roofing slates. Thus, < 041
the minimum number of measurements required to characterize 0.3 4
a 36 cm? roofing slate was seven, with a 5mm viewing aperture 0.2 +
diameter; for the same area with the 8 and 10 mm viewing aper- 0.1 -
ture diameters six measurements were required, and for the 50 mm 0.0 - i i . . i
viewing aperture two measurements were required. In the latter 5010 50.8 50-5 108 105 85

case it is advisable to carry out three measurements, for statis-
tical validity. Prieto et al. [22] obtained similar results in granite
rocks, and found that the smaller the measuring head, the larger
the number of measurements required.

In relation to the minimum measurement area, different sizes
of specimens (surface area: 36, 54, 72 and 90 cm?) of each of the
50 commercial varieties of roofing slate were prepared. The cor-
responding number of measurements was made for each area and
measuring head, according to the results discussed in the previ-
ous paragraph (for example, nine measurements for 54 cm? with
a 10 mm diameter viewing aperture). To determine whether the
color varied with the measurement area, the data for each variety
of roofing slate and viewing aperture were subjected to multivari-
ate analysis of variance (Manova), with mean values of L*, a* and
b* for each specimen as dependent variables, and the roofing slate
area as the independent variable. A significance more than 0.90 was
obtained in each case, indicating that the color obtained with each
diameter viewing aperture (50, 10, 8 and 5 mm) and the different
surface areas (36, 54, 72 and 90 cm?) was the same, and therefore
a surface area of 36 cm? is sufficient to characterize the color of the
roofing slates.

Once the number of measurements and the surface area were
established in relation to the dimensions of the circular view-
ing aperture, the color determined by each measuring head was
compared to establish whether similar results were obtained. The
results of Manova, with L*, a* and b* as dependent variables and
the diameter of the viewing aperture as the independent variable
revealed significant differences between the values obtained with
the different measuring heads (Table 3). However, if we analyze
the real significance, rather than the statistical significance, of the
differences in color obtained with each measuring head, the total
color differences (AE*,;,) for pairs of viewing apertures (Fig. 4) were
less than one CIELAB unit, the visual color difference threshold or
just noticeable difference (jnd) which constitutes the lower limit
of perception in an individual with normal color vision [26]; and
these are far from the three CIELAB units considered as the upper
limit of rigorous color tolerance [28,30].

Fig. 4. Total color differences (AE*,,) obtained with different pairs of measuring
heads (i.e. the diameter of circular viewing aperture).

Therefore, color measurements on roofing slates will be repro-
ducible and comparable if carried out on a surface area of at least
36cm?, and 7, 6, 6 or 3 measurements/36cm? are made with
measuring heads of 5, 8, 10 or 50 mm diameter viewing aperture,
respectively.

3.2. Roofing slate color

The values of the CIELAB color coordinates: L*, b*, a*, C*,, and
h,p, from both the Cartesian and cylindrical sets, using the SCI and
SCE modes for each commercial variety of roofing slate, are shown
inTable 4. Considering all 50 commercial varieties as representative
ofthe roofing slates from the Iberian Peninsula, a range of values can
be established for this type of material. Thus, L* lightness of color,
varied more widely than a* b* and C*,;, coordinates, and fell within
the low-central part of scale, from 33.7 & 0.0 in the darkest roofing
slate (VDR)to 53.2 + 0.2 in the lightest roofing slate (VLU) measured
in SCI mode, and between 33.5 + 0.2 and 52.4 4 0.7 measured in SCE
mode. The chromatic parameter a* varied between —4.2 +£0.1 and
0.0 £0.0 in SCI mode, and between —4.1+0.1 and 0.1 +0.1 in SCE
mode, while the chromatic parameter b* varied in both blue and
yellow ranges, from —1.440.1 to 2.0+ 0.1 in SCI mode, and from
—-1.84+0.2 to 1.9+ 0.3 in SCE mode. Therefore the color of Iberian
roofing slates can be described as dark-medium gray and slightly
chromatic, which is consistent with the location of specimens in
well-defined color areas (SCI and SCE) close to the origin of the a*-
b* coordinates in the two-dimensional representation of the color
(Fig. 5), with VLU exhibiting the lowest a* values (greener) and the
highest b* value (yellower) in both measuring modes. On the other
hand, chroma values were fairly low, indicating a low intensity of
roofing slates color; the highest chroma value, C*;,: 4.6+0.1 in
SCI mode and 4.5 + 0.2 in SCE mode, was obtained for VLU and the
lowest, 0.5+0.1 in SCI mode and 0.6 +0.3 in SCE mode, for BRN.

Table 3
Tukey-b tests for the four diameter viewing apertures, for an area of 36 cm?.
Diameter viewing aperture (mm) L* a* b*
50 38.282 -0.352 —-1.322
10 38.233 —0.25P —0.85P
8 37.93b2 —-0.323b —0.59¢
5 37.73b —-0.26° -0.88"
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Table 4
CIELAB color coordinates for each roofing slate, measured with the spectrophotometer in SCI and SCE modes.
SCI (specular component included) mode SCE (specular component excluded) mode
L* a* b* Cap hap L* a* b* Cap hap

MRA 40.0 + 0.1 -0.1+0.0 -1.0+ 0.1 1.0 £ 0.1 263.0 £ 2.3 393+04® -02+0.1 -14+0.2° 14 +0.2° 263.3 + 3.7
LOM 379+ 09 -03 £ 0.1 -1.4 4+ 0.1 14+ 0.1 259.5 + 1.8 39.0+04® -0.1+0.1® -14+0.1 14+ 0.1 267.5 + 3.1®
VXE 41.2 £ 06 -2340.1 -04 £ 0.1 23 +£0.0 189.6 £ 2.6 39.8 +09 -21+0.1 -0.8 + 0.2® 23 +£0.1 2004 + 4.2®
GLU 41.6 £ 0.1 -0.8 £ 0.0 -0.2+ 0.0 0.8 £0.1 195.0 + 1.4 395+ 1.1® -0.8+0.1 0.2 +0.2® 0.9 + 0.0 169.3 + 16.4®
VLU 532 +£0.2 -4.2 4+ 0.1 2.0+ 0.1 46 + 0.1 1546 £ 1.3 524 +0.7 -4.1+ 0.1 19403 45 +0.2 155.3 £ 2.6
VIB 36.6 = 0.6 0.0 £ 0.0 -0.9 £ 0.1 1.0 £ 0.1 2719 £ 2.0 36.2 + 0.2® 0.0 £ 0.1 -1.6 £ 0.1® 1.6 +0.1°® 268.5 + 2.6
CAU 40.8 £ 0.3 -0.2+0.0 -13+0.0 1.3+00 262.3 £ 0.8 399+08° -0.1+0.1 -1.6 +£0.2® 1.6 + 0.2 266.8 + 2.4
QIA 377+ 06 -0.1+0.1 -1.34+0.0 1.3+00 265.7 + 3.2 36.8+04® —0.1+0.1 —1.7 £ 0.2® 1.7 + 0.2° 267.8 £ 2.3
QIB 39.6 +£ 0.1 -0.2 £ 0.0 -13+£00 14 £ 0.1 263.0 +£ 0.9 394+ 04 -0.1+0.0 -1.7 £ 0.1°® 1.8 +0.1°® 266.4 + 1.6
PEB 38.8+03 -0.2+0.0 -1.2+0.1 1.3 +0.1 2625+ 1.5 39.1+04 -0.1+0.1®° -1.6+0.1® 1.6 +0.1°® 267.8 +2.1®
LAS 37.5+ 0.7 -0.1+ 0.0 -0.9+ 0.0 0.9 + 0.0 260.4 + 10.1 37.6 £ 05 -0.1+0.1 —1.4 +0.2° 14 +0.2° 265.9 + 5.0
EUP 432 + 04 -0.5 £+ 0.0 -1.0£ 0.0 1.1+£00 2411+ 1.2 424 +0.5° -04+00 -13 +03°® 14 +0.2° 250.3 + 6.1®
SVI 35.1+02 -0.1+0.0 -1.24+0.0 1.2+ 00 263.8 +£1.3 354 +09 0.0+01® -14+03 14+03 270.7 + 2.5®
CTN 36.8 +£0.3 -0.1+0.1 -14+0.0 14+ 00 2675+ 2.5 357 + 0.8® 0.0 £ 0.1 -1.8 +£0.2° 1.9 +0.2° 2704 + 3.9
LMO 41.6 +£ 1.1 -03+0.0 -0.9 + 0.1 1.0 £ 0.1 251.4 4+ 2.1 365+ 14® -0.1+0.0°* -08+03 0.8 +£0.3 264.0 + 3.7®
ROZ 35.0 £ 0.1 -0.1+ 0.0 -13+0.1 1.3 +0.1 263.9 +£ 3.3 35.3 + 0.3® 0.0 +£0.0* -154+0.1 1.5+ 0.1 268.5 + 1.7®
CST 374+13 -0.1+0.1 -0.8 £ 0.1 0.8 £0.1 264.2 + 4.7 38.0 £ 0.7 -0.1+0.1 -1.5+0.2® 1.5+ 0.1 265.6 + 2.4
TRA 385+27 -0.1+0.0 -13+0.1 1.3+0.1 265.8 + 1.2 36.5 + 0.6® 0.0+01® -16+0.2° 1.6 + 0.2° 2704 + 2.1®
3C 38.6 £ 0.6 -0.1+ 0.0 -0.7 £ 0.1 0.7 £ 0.1 263.5 + 3.0 38.1 + 0.5® 0.0 £ 0.1 -14 +0.1° 14 +0.1°® 268.6 + 2.8
PIV 37.6 £ 0.6 0.0 £ 0.0 -0.9 £+ 0.1 09 +£0.1 2673 + 1.6 373+ 1.1 0.0 £ 0.1 -1.5+0.2® 1.5+ 0.2 270.1 + 3.8
CAP 40.5 £ 05 -0.2+0.0 -1.0+ 0.0 1.1+0.1 2591+ 15 40.0 + 0.7 -0.2+0.1 -15+0.1® 1.5+ 0.1 261.0 + 4.4
RIO 38.6 £ 0.2 -0.2 £+ 0.0 -1.24+ 0.0 1.2+ 0.0 260.7 + 1.7 382+ 0.7 -0.1+0.1 -1.5 +0.1® 1.5+ 0.1® 264.9 + 3.5
CAM 393 +02 -0.1+0.1 -1.0 £ 0.1 1.0 £ 0.1 263.0 £+ 3.1 383 +04® -0.1+0.1 -13+0.1® 13 +0.1° 264.3 £ 3.5
DOM 394+02 -0.1+0.0 -1.1+0.0 1.1+00 262.1 + 2.1 39.0+04 -0.1+0.1 -1.5+0.2® 1.5+ 0.2° 264.8 + 3.3
VIA 36.3+ 05 -0.1+0.1 -0.9+ 0.0 0.9 £ 0.0 264.6 + 4.1 35.3 + 0.3® 0.0+ 0.1 -1.3 +0.1® 1.3 +0.1°® 268.5 + 4.7
GMP 35.8+09 0.0 £ 0.1 -0.7 £ 0.2 0.7 £0.2 268.2 + 12.1 35.8 +£0.7® 0.0 +0.0® -12+0.2° 1.2 +0.2° 269.7 +£ 1.7
GMI 39.8+0.2 -0.1+0.0 -1.0+ 0.0 1.0+ 0.0 263.0 £ 0.9 39.1+06® -0.1+0.1 -14+0.1° 14 +0.1° 266.4 + 2.3
OFON 35.7 £ 0.8 -0.1+ 0.0 -0.7 £ 0.1 0.7 £ 0.1 264.6 + 1.0 35.1+0.7 0.0 £ 0.1 —1.1 £ 0.2® 1.1 +0.2° 270.6 + 6.6
OFOH 36.6 + 0.6 0.0 £ 0.0 -0.7 £ 0.1 0.7 £ 0.1 269.0 +£ 1.5 36.1 £ 2.1 0.0 £ 0.1 -09+03 09 +£0.3 266.9 + 4.1
SVE 394 +02 0.0 + 0.0 -1.0+ 0.1 1.0 £ 0.0 267.5 + 0.7 385+05® -02+0.1 -1.6+0.1® 1.6 +0.1°® 264.4 + 2.7
ROC 37.7+£05 -0.1+0.1 -0.5 + 0.1 0.6 +£0.1 258.2 + 6.9 374+ 06° -0.1+0.1 -1.0 + 0.1® 1.0 + 0.1°® 266.0 + 3.6
UPA3 36.2 +£0.2 0.0 £ 0.0 -0.9 £ 0.0 0.9 £ 0.0 266.6 & 2.1 35.5 + 0.2® 0.0 £ 0.1 -13 +0.1°® 1.3 +0.1° 268.5 + 4.1
Ccu4 35.8 £ 0.0 0.0 £ 0.0 -0.9 + 0.1 09 +£0.1 267.1 + 2.8 349 +£1.0 0.0 £ 0.1 -1.1+0.2° 1.1+0.2° 268.2 + 6.4
Ccu6 36.6 +£ 0.5 0.0+ 0.0 -0.7 £ 0.1 0.7 £ 0.1 265.6 + 2.2 358+ 04® —-0.1+0.1 -1.2 +0.1® 1.2 +0.1°® 265.4 + 5.7
UPA7 364 +0.2 -0.1+0.0 -0.7 £ 0.1 0.7 £ 0.1 263.0 +£ 2.0 359+ 05 -0.1+0.1 -1.1 +£0.2¢® 1.1 +0.2° 263.3 + 6.0
Ccu10 36.7 £ 04 0.0 £ 0.0 -0.8 £ 0.0 0.8 £0.0 269.0 + 1.2 36.1+09 -0.1+0.1 -12+0.2° 12 +0.2° 265.8 + 5.1
CU13 37.0+ 0.2 0.0+ 0.1 -0.9 + 0.1 0.9 + 0.1 268.7 + 4.9 372+ 06 -0.1+0.1 -1.14+ 0.6 1.1+05 250.2 + 43.5®
CU14 38.1+05 -0.2+ 0.0 -0.9 £ 0.0 0.9 £ 0.0 259.1 + 1.7 37.2+03 -0.1+0.1 -1.3 +0.1® 1.3 +0.1°® 266.4 + 3.1®
Cu25 36.1+03 0.0 £ 0.0 -0.7 £ 0.1 0.7 £0.1 266.4 + 2.8 355+ 05 0.0 £ 0.1 -13+0.1° 13 +0.1° 2709 + 44
VAZ 38.7+03 -0.1+0.0 -0.9 + 0.0 0.9 + 0.0 261.1 £ 2.2 351+ 1.3® 0.0+0.1® -08+0.2 0.8 £0.2 273.3 + 5.0
TEM 373+03 -0.1+ 0.0 -09 £ 0.1 0.9 £ 0.0 263.1 +£ 2.2 36.4 + 0.7 0.0 £ 0.0 -13 +0.2¢® 1.3 +0.2° 267.9 + 1.7
ITA 379 £ 0.1 -0.1+0.0 -0.9 + 0.0 0.9 £ 0.0 264.0 £+ 2.1 37.2 £ 0.3® 0.0 £ 0.1 -13+0.1° 13 +0.1° 269.0 + 2.6
GAL 353 +0.7 -0.1+0.1 -0.8 £ 0.2 0.8 £0.2 266.4 + 4.0 353+04 0.0 £ 0.1 -15+0.1® 1.5+ 0.1 270.1 £ 5.7
GON 372402 -0.1+ 0.0 -0.7 £ 0.1 0.7 £ 0.1 257.8 £ 7.6 36.5+ 02® -0.1+0.1 -1.2 + 0.1® 1.3 +0.1°® 263.8 + 4.7
RFR 39.6 +£ 0.7 -0.2 £ 0.0 -0.9 + 0.0 0.9 £ 0.0 258.1 £ 0.3 39.5+05® —0.1+0.1 -13+0.1® 13 +0.2° 264.1 £+ 4.1
ALl 36.8 +£0.3 -0.1+0.0 -1.1+0.1 1.1+0.1 262.1 +£ 2.6 372+03 -0.1+0.1 -15+0.1® 1.6 +0.1°® 264.9 + 3.6
BRN 425+ 04 -03 £ 0.1 03 +£0.2 0.5 +£0.1 143.6 £ 17.9 412 +13® -04+0.1 0.0 £ 0.6 0.6 £0.3 189.4 + 472
VDR 33.7 £ 0.0 0.0 £ 0.1 -0.9 + 0.1 09 £ 0.1 2703 + 4.8 33.5 +0.2® 0.1+01® -16+0.1°® 1.6 +0.1°® 272.5 + 2.9®
VAL 355+02 -0.1+0.1 -0.9 + 0.0 0.9 £ 0.0 262.2 +£5.0 353 + 0.4°® 0.0+01® -13+0.1° 13 +0.1° 268.0 + 4.2®
ARO 37.8 £ 0.1 -0.1+0.0 -1.14+0.1 1.1+£0.1 263.5 + 0.3 373 +02 -0.1+0.1 -1.6 + 0.1® 1.6 + 0.1°® 266.3 + 2.0

CIELAB data for each of the 50 roofing slates are the mean values from three specimens (six measurements per specimen) =+ S.D.

® indicates significant differences (p <0.05) between each of the CIELAB color parameter measured in SCI and SCE mode for each type of roofing slate.

The range of values of h,,: 143.6+17.9 to 271.9 £ 2.0 in SCI mode
and 155.3 £2.6t0273.3 £5.0 in SCE mode enabled identification of
possible tones of roofing slates in the a*-b* diagram; tones resulting
from the combination of red and yellow were thus excluded (Fig. 5).

Inclusion or exclusion of the specular component was impor-
tant for measurement of the color of specimens of roofing slate as
there were significant differences in the Student t-test (at p <0.05),
between both modes in at least one of the CIELAB color coordi-
nates in all commercial varieties, except CU13, VLU and OFOH, for
which the coordinates did not differ significantly between SCI and
SCE modes (Table 4). In this regard, b* and C*,;, were significantly
different in most of the fifty roofing slates, L* in more than half of
them, and h,;, and a* in less than fifteen commercial varieties, with
the color measured in SCE mode darker and stronger (larger L* and
C*,p) and with larger hue angles and green and blue components
than in SCI mode.

In order to group the Iberian roofing slates into homogeneous
color groups, a hierarchical classification was made by applica-
tion of Cluster Analysis to the dissimilar varieties of roofing slates
according to the coordinates most closely related to the human per-
ception factors (L*C*;,h,,) measured in both SCI and SCE modes.
The HCA of the 50 commercial varieties yielded the dendrograms
showninFig. 6.In both dendrograms most of the roofing slates were
grouped so that only eight or six roofing slates were included in the
remaining two or three groups in SCI or SCE modes, respectively.
It should be noted that the last group in both dendrograms, char-
acterized by the largest Euclidean distance from the other groups,
is formed by the same commercial varieties (BRN, VXE, GLU and
VLU); these are therefore the most different in color roofing slates,
irrespective of the measuring mode. The EUP commercial variety
was colorimetrically different from the roofing slates in the major
group and from those in the last group in both measuring modes.
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Fig. 5. a*-b* diagram: representation of the area in which the parameter a* b* and h,}, of the 50 surveyed roofing slates, using the specular component included (SCI) and
excluded (SCE) modes, are included.
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Fig. 7. Each L*, C*, h,, coordinate in SCI (left) and SCE (right) modes of the Iberian roofing slates into homogeneous color groups plotted against each other.

The VIB, VDR, LMO and CU13 varieties were classified in differ-
ent groups depending on the measuring mode. Selection of the
measuring mode is therefore important in the characterization of
the color of roofing slates when the aim of the study is to classify
homogeneous color groups.

To check which of the cylindrical coordinates caused the associ-
ations in the dendrogram, each L*scyy, C*ap (sciy» hab (scry and L¥(scg),
C*ab (scE)» Nab (sce) coordinate was plotted against each other (Fig. 7).
The L* and C*,;, values did not discriminate among groups as, for
instance, the most (VLU) and the least (BRN) chromatic roofing
slates were included in the same group. However the first group
was composed by the roofing slates with the highest h,}, values, and
the last group by roofing slates with the lowest h,,, values. Hence,
the qualitative expression of colorfulness, hue angle h,},, was the
most important color coordinate in the formation of homogeneous
color groups. Taking into account that slate is a dark-medium gray
slightly chromatic material, and that the hue angle is the attribute
that allows a color to be distinguished in reference to a gray color
of the same lightness [26], h,, will logically have the highest dis-
criminatory power in differentiating Iberian roofing slates.

As the final aim of this study was to provide information for
adequate replacement of roofing slates in restoration work, it is
important to establish the colorimetric similarity between roofing
slates in the same homogeneous color group. Thus, the total color
differences (AE*,,) between roofing slates from the same group
were calculated in each measuring mode. Four ranges of colori-
metric similarity were established between pairs of slate samples
(Fig. 8). The limit of acceptability of replacement of one type of
slate by another was established as 3 CIELAB units; below this
limit, three ranges of replacement were established, considering
that the difference in color between the slates was highly accept-
able, of intermediate acceptability or low acceptability. Thus, pairs
of slate samples with AE*,;, values between 0 and 1 CIELAB unit,
defined as the visual color difference threshold or just noticeable
difference (jnd) which constitutes the lower limit of perception
in an individual with normal color vision [26], are considered
highly acceptable for replacement. Samples with AE*,, values of

between 1 and 1.75 CIELAB units, considered as the suprathreshold
color-difference [31], are considered of intermediate acceptability
for replacement; those with AE*,, values comprised of between
1.75 and 3 CIELAB units, the upper limit of rigorous color toler-
ance [26,30], are considered of low acceptability for replacement.
Pairs of slate samples for which the total color difference (AE*,,)
is greater than 3 CIELAB units should not be used to replace each
other.

For the data measured in specular component included (SCI)
mode, slates LOM, ITA and ARO can replace and be replaced with
greater or lesser acceptability by any of the slates in the main group.
Of these ITA and ARO can be equally replaced by any of the other
slates in the group, except ALI, for which replacement with ARO
is preferred, as the color differences was less than 1 CIELAB unit,
whereas the color differences with ITA was less than 1.75 CIELAB
units. In the same way, replacement of LOM, ITA and ARO is highly
acceptable (<1 CIELAB unit), for 16 of the 41 slates in the group
(without considering ALI), of intermediate acceptability (> 1 CIELAB
unit and <1.75CIELAB units) for 12 of the 41 slates and of low
acceptability (>1.75 CIELAB units and <3 CIELAB units) for 13 of
the 41 slates.

The commercial varieties QIA, LAS, PIV and ROC can be replaced,
with greater or lower acceptability by all of the slates in the group
except CAU, whereas the commercial varieties CST, CU13, TEM and
GON can be replaced by any of the slates in the group except CAU
and CAP; the slates that are most difficult to replace are therefore
CAU and CAP.

In the data set measured in specular component excluded (SCE)
mode, none of the slates can be replaced by all of the other slates.
The slates that are easiest to replace, independently of the degree
of acceptability are LAS, PIV, ROC, CU14, ITA, ALI and ARO, which
are exchangeable with all of the slates in the group, except VDR,
which interestingly was not included in the first group, but rather
in the second group in the data measured in SCI mode. Considering
the range of AE*,, between 0 and 1 CIELAB units: UPA3, UPA7, CU6,
CU10 and CU25 are highly acceptable for replacement by 19 of the
44 slates in the group.
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Fig. 8. Total color differences (AE*;,) between roofing slates.

The commercial variety VDR, followed by CAU and CAP, are the
slates that are most difficult to replace. If the degree of acceptabil-
ity for replacement is not taken into account, CAU is exchangeable
with the same slates that CAP, which is not true for the set of data
measured in specular component included (SCI) mode.

In the second and third group of data measured in specular com-
ponent included (SCI) mode, slates are difficult to replace since
exchange is only possible with low acceptability in the second
group and with intermediate acceptability in the third group. In the
second group of data measured in specular component excluded
(SCE) mode, the slates are not replaceable. In the fourth group of
data measured in specular component included (SCI) mode, which
matches the third group of data measured in specular component
excluded (SCE) mode, three of the four slates in the group (BRN,
VXE and GLU) can be used to replace each other, but VLU cannot be
used to replace any of the others in the group.

Taking into account both sets of data, measured in specular
component included (SCI) and excluded (SCE) modes, it can be con-

cluded that the slates that are easiest to replace by all 50 Iberian
roofing slates are ITA and ARO, and to a lesser extent LAS, PIV and
ROC, whereas the slate that is most difficult to replace is VLU.

Analysis of the data in Fig. 8 reveals that samples from the same
area are not more similar in terms of colorimetry than samples
from different areas, and therefore the region of origin should not
be used as a criterion for substitution of Iberian Roofing slates.
In addition, on comparing the results obtained in both measuring
modes, it can be seen that the specular component excluded (SCE)
mode accentuates the differences in color between the Iberian roof-
ing slates, with more cases in which the value of AE*,, is greater
than 3. In this regard, the difference between the value of AE*,,
in SCI mode and in SCE mode may be as high as 3.6 CIELAB units,
as for example, occurs on comparing the color of the samples of
RFR and VAZ (AE*,, (SCI): 0.9; AE*,, (SCE): 4.5). Thus, the SCE
geometry should be considered as more appropriate in restora-
tion work with roofing slates, since this mode magnifies the color
differences.



B. Prieto et al. / Journal of Cultural Heritage 12 (2011) 420-430 429

Table 5

Values of Lineation Ly and S1/Sp Angle measured in the section parallel to lineation.
Roofing slate Mining district S1/So Angle Lineation Lo
GLU 2 0 No trace
VLU 2 0 No trace
VXE 2 0 No trace
CAU 3 0 Slight
LAS 3 0 Slight
PEB 3 0 Slight
QIA 3 0 Slight
VIB 3 0 Slight
3C 5 0 Slight
CAM 5 0 Slight
CAP 5 0 Slight
CST 5 0 Slight
LMO 5 0 Slight
RIO 5 0 Slight
SVE 5 0 Slight
SVI 5 0 Slight
ROC 6 0 Slight
Ccu25 7 0 Slight
GAL 7 0 Slight
TEM 7 0 Slight
VAZ 7 0 Slight
ALl 8 0 Slight
VDR 10 0 Slight
VAL 11 0 Slight
ARO 12 0 Slight
RFR 8 5 Slight
EUP 4 15 Slight
ITA 7 10 Slight
QIB 3 0 Moderate
BRN 9 0 Moderate
LOM 1 5 Moderate
Ccu6 7 10 Moderate
PIV 5 15 Moderate
cu10 7 15 Moderate
MRA 1 25 Moderate
Cu4 7 30 Moderate
UPA/ 7 30 Moderate
TRA 5 40 Moderate
DOM 5 45 Moderate
VIA 5 45 Moderate
GMI 5 50 Moderate
CU13 7 70 Moderate
GON 7 0 Pronounced
UPA3 7 20 Pronounced
OFON 5 35 Pronounced
CTN 5 40 Pronounced
OFOH 5 45 Pronounced
ROZ 5 50 Pronounced
CU14 7 50 Pronounced
GMP 5 55 Pronounced

It is important to note that the colorimetric study has been car-
ried out on freshly exposed rocks and it is well known that colors of
the roofing slates can change as a result of the weathering of min-
erals components such as carbonates and iron sulfides. Slates with
high carbonate contents, as some Spanich slates or the Ligurian
slate undergo gypsification processes, which whiten the slate sur-
face [1,32], while high contents in iron sulfides lead to oxidation
processes, which stain or redden the slate [1]. However, nowa-
days no studies concerning the objective characterization of color
in roofing slates have yet been published and therefore there are
no objective data on color variation, which would be helpful in dis-
cussing the limits of acceptability for the replacement of one type of
slate by another. Thus, future research should be focus on variation
of color slates with time.

3.3. Microstructure characterization: S;/Sp angle and Lineation Ly
The values of the S;/Sg angle and Lineation Ly are shown in

Table 5. As higher the S;/Sg angle is, the trace of Ly is more marked
in the slate surface and therefore more visible with naked eye.

Thickness of Sy on the slate surface is determined by the orig-
inal thickness of So and by the S{/Spangle, and, when present,
it should be below a few centimetres thickness to consider the
outcrop for mining [33]. Besides the S;/Sp angle, structural sit-
uation of the quarry determines the intensity of the lineation,
since slates quarried in the hinge area of regional folds present
a marker lineation, due to the structural deformation suffered in
these areas.

Most of the Iberian roofing slates have a slight lineation (Table 5)
and only eight of them have a pronounced lineation. However, this
pronounced lineation is not perceptible with naked eye in the stud-
ied roofing slates as it can be seen in Fig. 2 were the appearance of
the slate with the highest S;/Sg angle (CU13) could be compared
to the appearance of some of the slates which were considered in
Section 3.2 as replaceable by CU13. Thus, we can consider that in
the whole of the samples analyzed the microstructures features
should be considered as a secondary substitution criterion after
color criterion.

Taking into account the intensity of the lineation of the samples
ITA, ARO, LAS, PIV and ROC, which were considered in Section 3.2
as the slates that can replace all the 50 Iberian roofing slates, all of
them except PIV would be appropriate for replacing slates with no
trace or slight lineation, and PIV would be appropriate for replacing
slates with moderate or pronounce lineation.

4. Conclusions

The results of the colorimetric study of 50 commercial varieties
of slate extracted from the 12 different slate mining districts in the
Iberian Peninsula showed that:

e a protocol is required for the colorimetric characterization by
contact color-measurement devices of this type of material, as
the number of measurements per unit of area will depend on the
commercial variety and the size the measuring head of the mea-
suring device. Analysis of the data obtained in this study shows
that color measurements on roofing slates are reproducible and
comparable if they are carried out on an area of at least 36 cm?,
and 7, 6, 6 or 3 measurements/36 cm? are made with measuring
heads of 5, 8, 10 or 50 mm diameter viewing aperture, respec-
tively;

the inclusion or exclusion of the specular component is impor-
tant for measurement of the color of roofing slate specimens
as significantly different results were obtained in the two mea-
suring modes. This must be taken into account when the
total color difference (AE*,,) is the subject of the study since
the specular component excluded (SCE) mode magnifies this
difference;

the color of the roofing slates from the Iberian Peninsula ranged
from maximum values of L*: 53.19+0.2; a*: 0.0+0.0; b*:
2.0+0.1; C*45: 4.6 £0.1; hyy: 271.9+ 2.0, and minimum values
of L*: 33.7+0.0; a*: —4.24+0.1; b*: —1.4+0.1; C*,,: 0.54+0.1;
h,p: 143.6 £17.9 in the specular component included (SCI) mode,
and from maximum values of L*: 52.44+0.7; a*: 0.1+£0.1; b*:
1.9+0.3; C*;p: 4.5+£0.2; hyy: 273.3+£5.0 and minimum values
of L*: 33.54+0.2; a*: —4.1+0.1; b*:-1.8+0.2, C*,,: 0.6+0.3;
hyp: 155.3+2.6, in the specular component excluded (SCE)
mode;

the hue angle (h,,) was the most important CIELAB color coordi-
nate in the formation of homogeneous color groups;
considering the limits of colorimetric perception, the commercial
varieties ITA, ARO, LAS, PIV and ROC can be used to replace and
can be replaced by most of the 50 commercial varieties of Iberian
roofing slate, whereas VLU cannot be replaced by any of the other
types of slate. Considering the lineation, ITA, ARO, LAS and ROC
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would be appropriate for replacing slates with no trace or slight
lineation, and PIV would be appropriate for replacing slates with
moderate or pronounce lineation.

Thus, in this work the general guidelines related to color that
should be followed when repairing or replacing slate tiles in
a roof, in order to achieve the directives recommended by the
international organisms [12] are exposed. Taking into account
that an adequate protocol to replace slate slabs must tackle in
addition to the aesthetic aspects described in the article, the
aspects related to the temporal evolution of the slab in the
roof in relation to the unreplaced slabs, future considerations
would be focused on the natural weathering of slate in the
roof.
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RESUMEN:

Este trabajo pretende ser una primera aproximacion al estudio de la relacion existente entre las
variaciones de color que se producen en los suelos gallegos y la temperatura que éstos alcanzan
durante un incendio, con el fin de valorar el uso del color del suelo como indicador de la
intensidad de un incendio. Con este fin se realizd una quema controlada de muestras inalteradas
del horizonte superficial de un Regosol Gmbrico en el laboratorio empleando lamparas de
infrarrojos hasta alcanzar una temperatura de 200°C y 400°C a 1 cm de profundidad desde la
superficie, utilizando muestras sin quemar como control. Sobre la superficie de cada una de las
muestras quemadas y sin quemar se determind el color en 220 puntos con un colorimetro portatil,
trabajando posteriormente con las notaciones de color Munsell y CIELAB. Los resultados
obtenidos mostraron cambios significativos en el tono (Hue Munsell y /,, CIELAB), entre las
muestras que alcanzaron distintas temperaturas, no asi en los valores de intensidad (Croma
Munsell y C", CIELAB) y claridad (Value Munsell y L* CIELAB), que s6lo variaron de forma
significativa entre las muestras sin quemar y las muestras quemadas. Esto parece indicar que sera
el tono el parametro a tener en cuenta en el uso del color como indicador de la intensidad de
incendios en suelos de Galicia.

Palabras clave: Color del Suelo, Intensidad del Incendio, Quema Controlada, CIELAB, Notacion
Munsell.

ABSTRACT:

This work is a preliminary approach to the study of the relationship between soil color changes
and the temperature reached as a consequence of fires, in order to assess the applicability of soil
color as an indicator of the fire intensity. For this purpose a controlled burn of undisturbed soil
samples of the surface horizon of an Umbric Regosol was conducted in the laboratory with
infrared lamps until the soil at 1 cm deep reaches a temperature of 200°C or 400°C. Unburned
samples were used as control. Soil color of the surface of the burned and unburned samples was
determined on 220 points with a portable colorimeter and represented in the CIELAB color space
and Munsell notation. The results showed significant changes in the hue of soil (Hue Munsell and
h. CIELAB) between samples reaching different temperatures (200°C or 400°C) however
significantly change in color intensity (Croma Munsell and C",, CIELAB) and brightness (Value
Munsell and L* CIELAB) only was noticed between the burned and unburned samples. This
suggests that the hue of soil is the parameter to take into account in the use of color as an indicator
of fire intensity on soils of Galicia.

Key words: Soil Color, Fire Intensity, Controlled Burn, CIELAB Color Space, Munsell Notation.
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1. Introduccion funcién de la temperatura a la cual se ve sometido
el suelo, siendo suaves cuando la superficie del
suelo alcanza temperaturas comprendidas entre 100
y 250°C y la temperatura a 1-2 cm de profundidad
no excede los 100°C; en estos casos el horizonte
superficial del suelo presenta cenizas negras
formadas por restos vegetales chamuscados.
Cuando la temperatura oscila entre 300 y 400°C en

Mas de la mitad de los incendios forestales que
tuvieron lugar en Espafia en la ultima década
ocurrieron en Galicia, una de las regiones europeas
con mayor densidad de masa forestal, siendo el
verano mas critico el de 2006 cuando casi 2000
incendios arrasaron mas de 85000 hectareas de

suelo [1]. superficie, con desaparicion de la hojarasca y los

Los incendios dan lugar a un importante impacto restos vegetales al producirse la combustion parcial
ambiental que afecta a todos los componentes del de la materia organica, y alcanza entre 200-300°C a
ecosistema, tanto a las comunidades de seres vivos lcm de profundidad, los incendios son moderados.
(fauna, vegetacion, microorganismos) como al En el caso de fuegos intensos el suelo presenta
medio fisico (suelo, recursos hidricos, atmosfera, cenizas blancas, lo que indica una combustion total
microclima). La magnitud de este impacto depende de la materia organica, alcanzandose en la zona mas
muy directamente de la intensidad del incendio, la superficial temperaturas comprendidas entre 500 y
frecuencia y amplitud del mismo, asi como de la 700°C, y a 2 6 3 cm de profundidad temperaturas de
estacion del afio en la que se produce. 150-400°C [4].

La intensidad de un incendio se define como la A pesar de que el impacto de los incendios sobre
energia liberada por unidad de tiempo y por unidad los suelos forestales gallegos es bien conocido [5,6]
de longitud del frente del incendio [2] y depende de y han sido muchos los casos en los que se han
la temperatura méaxima alcanzada y del tiempo de descrito variaciones apreciables en el color del

exposicion al fuego [3]. Asi se pueden clasificar en
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suelo (como el ennegrecimiento debido a
carbonizacion parcial o total de la materia organica
y el enrojecimiento debido a la deshidratacion de
los 6xidos de Fe), la variacion de los parametros de
color y su relacion con la intensidad del fuego no
han sido hasta ahora determinados en el contexto de
los suelos gallegos. Asi, el objetivo de este trabajo
es analizar qué parametros colorimétricos pueden
ser empleados como indicadores de la intensidad de
los incendios a partir de experimentos de
laboratorio con muestras de suelo. Se presentan
aqui los primeros resultados.

2. Materiales y métodos

Se utilizaron para este estudio un total de 6
muestras de suelo recogidas en campo en cajas de
acero inoxidable de 12x20x45 cm, evitando que su
estructura fuese alterada. El suelo estudiado
presentaba un perfil AC con un epipedon umbrico y
un porcentaje de materia organica muy elevado, de
aproximadamente 10%. Las muestras se tomaron en
un pastizal con gramineas, en zona abierta arbolada
con pinos.

Las muestras, con un contenido de humedad de
aproximadamente el 4%, fueron sometidas a
choques térmicos en el laboratorio empleando ocho
lamparas infrarrojas Philips IR375CH ubicadas a
10cm de la superficie del suelo (Fig. 1). La
temperatura fue monitorizada a 1cm de profundidad
desde la superficie, hasta alcanzar temperaturas de
200°C y 400°C. Los experimentos se realizaron por
duplicado y se utilizaron muestras sin quemar como
control.

La monitorizacion del calentamiento en cada una
de las muestras durante los choques térmicos
mostr6  diferencias entre los periodos de
calentamiento necesarios para alcanzar la misma
temperatura entre las replicas (Fig. 2), lo que puede
ser debido a una distinta difusividad térmica de las
muestras.

Tras los choques térmicos, cada muestra se
dividi6 en 44 zonas de medida (Fig. 3), en cada una
de las cuales se realizaron 5 medidas de color por
contacto empleando un colorimetro portatil Minolta
con cabezal CR-310, de 50 mm de diametro. Las
condiciones de medida fueron: iluminante D65,
observador 2°, geometria de medida d/0° con
componente especular incluida.

Opt. Pura Apl. 43 (3) 167-172 (2010)

Fig. 1. Quema controlada de las muestras de suelo en el
laboratorio.

——Muestra 5 (400°C)

— Musstra6 (400°C)

—Muestra3 (200°C)

— Muestrad(200°C)

Temperatura ("C)
B

Tiempo(min)

Fig. 2. Curvas de calentamiento de las muestras de suelo
sometidas a choques térmicos.

Las medidas de color se analizaron considerando
el espacio de color CIELAB, que esta basado en el
modelo de los colores opuestos. La variable L* es
una medida de la claridad, luminosidad o
luminancia que varia de 100 (blanco absoluto) a 0
(negro absoluto), mientras que las componentes a
y b definen las componentes de color rojo-verde y
amarillo-azul, respectivamente. Asi, un valor
negativo de ¢ define un color mas verde que rojo,
mientras que un valor positivo de 5" define un color
mas amarillo que azul. Ademas de este grupo de
coordenadas escalares (L'a’b") el espacio CIELAB
puede ser representado mediante otro sistema de
coordenadas cilindricas o polares que sustituye " y
b" por croma

Cop=Na’+b7, (M

y angulo tono

a

hy, = arctan[b* ] . 2
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Control

Fig. 3. Aspecto de las seis muestras de suelo al medir su
color (arriba). Esquema que muestra las 44 parcelas en
las que se dividi6 la superficie de cada una de las
muestras para las medidas de color (abajo).

Considerar las coordenadas cilindricas (L*C*abhab)
en lugar de las escalares (L'a’b’) permite
cuantificar el color del mismo modo que es
percibido, es decir considerando los tres atributos
de apreciacion visual: claridad o luminosidad (su
analogo en CIELAB es L), croma o intensidad (su
analogo en CIELAB es C',) y tono o matiz, (su
analogo en CIELAB es h,). De la misma forma
que L*C" yhap, 1a notacion Munsell tiene en cuenta
la percepcion humana del color al definir sus
parametros: Hue, que representa el tono, Value, que
representa la claridad, y Croma que representa la
intensidad. Utilizando el programa de conversion
de Munsell (CMC 2, version 6.5.5) se determinaron
los valores del sistema Munsell (Value, Hue y
Croma) a partir de los valores de los pardmetros
CIELAB obtenidos con el colorimetro portatil
Minolta.

Esta internacionalmente aceptado y extendido el
uso de las claves de color Munsell en el estudio del
color del suelo [7-9] empleando un numero
limitado de fichas (en los Atlas Munsell para suelos
el nimero de fichas caracterizadas cada una por un
Hue, Value y Croma es 175). Sin embargo este
criterio de medida depende de una serie de
variables como son la luz incidente, el entorno de la
muestra y la percepcion de la persona que hace la
medida. Por estos motivos hemos considerado en
este estudio el empleo de wun instrumento
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(colorimetro) que permite una caracterizacion
objetiva del color del suelo.

Por otra parte, el espacio de color CIELAB
permite cuantificar la diferencia de color entre dos
muestras mediante la combinacion de las
diferencias de sus tres coordenadas, tanto escalares
como cilindricas, en un espacio euclidiano. Este es
el fundamento de la féormula clasica de 1976 de
diferencia de color CIELAB [10] definida en la Ec.
(3), que asume la uniformidad del espacio de color

Al =} +(aa’ P + (00" =
Z\/(AL*)Z +(AC:b)z +(AH;1;)2'

Posteriormente, reconocida la  falta de
uniformidad de este espacio, la formula de distancia
euclidea para medir la diferencia de color, ha sido
progresivamente revisada y mejorada. La mayoria
de las formulas de diferencia de color modernas
parten de las coordenadas en el sistema CIELAB,
introduciendo factores de ponderaciéon apropiados
sobre las diferencias CIELAB de claridad, croma y
tono [11]. Estos factores de ponderacion se
introducen para corregir la falta de uniformidad
perceptual del sistema, y asi surgen, las formulas de
diferencia de color CIE94 [12] y CIEDE2000 [13],
definidas en las Ecs. (4) y (5) respectivamente:

(€)

AE;4(kL tke :kH):

Ar Y (ac,Y (amY )
= bl — | | ]
kLSL kCSC kHSH

AEoo(kL % :kH)z
arY (acY (am Y
= + + + (5
kLSL kCSC kHSH
AC"AH'

1/2
RT(kSkS j} ’
CYCY"HYH

donde los valores k;, k¢, ky sirven para ajustar las
contribuciones relativas de claridad, croma y tono,
y asi adoptando los valores k;=1, k=1, k=1 las
formulas que se obtienen son CIE94 (1:1:1) y
CIEDE2000 (1:1:1); v aumentando la contribucion
relativa a la diferencia de claridad, k=2, k~1,
k=1, las formula son CIE94 (2:1:1) y CIEDE2000
(2:1:1). En cuanto a la importancia relativa de estas
correcciones (CIE94 y CIEDE2000), los autores
destacan que la mejora de CIE94 sobre CIELAB es
notablemente superior a la mejora de CIEDE2000
sobre CIE94.
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Todos los datos fueron tratados estadisticamente

mediante analisis de varianza multivariable
(MANOVA) empleando el paquete estadistico
SPSS 17.0.

3. Resultados y discusion

En la Tabla I se muestran los valores medios de
cada pardmetro de color para cada una de las seis
muestras del estudio, indicando con superindices
(a-c) los resultados del analisis de varianza
multivariable (MANOVA). El analisis estadistico
MANOVA realizado entre los tres conjuntos de
muestras que habian alcanzado diferente
temperatura, i.e. control, 200°C y 400°C, mostrd
diferencias significativas en todos los parametros de
color estudiados entre las muestras sin quemar
(Muestras 1 y 2) y quemadas (Muestras 4 — 6);
produciéndose un descenso de la claridad, reflejado
en los valores de Value y L", y un descenso de la
intensidad del color, marcado por Croma y Cw'\
que probablemente estén debidos a la carbonizacion
de la materia organica. Ademas, se produjo un
empardecimiento-enrojecimiento del suelo
reflejado en los valores de Hue, el descenso de 4,
el aumento de @ y el descenso de b’, que debe
atribuirse simplemente a la desaparicion de los

Tabla I

componentes organicos del suelo que enmascaraban
el color de los componentes inorganicos,
principalmente 6xidos de Fe. Sin embargo ninguno
de estos cambios,
quemadas y sin quemar, informa acerca de la
intensidad del incendio.

al ocurrir entre muestras

La comparacion entre los valores de los suelos
quemados a 200°C y a 400°C muestra que los
unicos parametros que establecen diferencias
significativas son aquellos que se refieren a Hue
Munsell y h, CIELAB. En este caso, las
diferencias pueden ser asignadas principalmente a
variaciones en el estado de deshidratacion, de los
compuestos de hierro como el cambio de goethita
de un color anaranjado a hematite de color rojo
sangre, ambos eficaces agentes pigmentantes.

Por otra parte, aunque entre los valores de Value
Munsell y L CIELAB a 200°C y 400°C no ocurre
una variacion que pueda considerarse significativa
desde un punto de vista estadistico, debe notarse
que el valor de ambos parametros aumenta, lo cual,
sin duda es debido a la aparicion en el suelo
quemado a 400°C de residuos de ceniza blanca.

Valores medios Munsell de tono (Hue), intensidgd (Croma) y claridad (Value) y CIELAB de claridad (L"), coordenada rojo-
verde (a ), coordenada amarillo-azul (b ), croma (C ;) y angulo tono (4,,) para las 6 muestras del estudio.

E3 E3 E3 £

Temperatura alcanzada Hue Croma | Value L a b Cu Doy
Control Muestra I | 3,50Y" | 1,30° | 3.40° | 34,72° | -0,04* | 12,80 | 13,17* | 86,73"
Muestra2 | 0,05Y* | 1,90° | 3,10* | 31,77° | 2,89" | 11,15* | 11,59* | 75,21°
200°C Muestra3 | 9,00YR” | 0,99 | 2,20° | 22,60° | 1,79° | 5,70° | 6,03° | 68,92°
Muestra 4 | 8,88YR” | 1,01° | 2,69° | 27,73° | 2,31° | 580" | 6,25° | 67,61°
400°C Muestra 5 | 7,93YR® | 0,88" | 2,44° | 24,32° [ 2,20° | 4,79° | 5.30° | 63,05°
Muestra 6 | 8 20YR® | 0,99° | 2,77° | 28,36° | 2,59° | 541° | 6,02° | 63,41¢

Valores medios con distinto superindice (a-c) para cada parametro de color en relacion a la temperatura alcanzada difieren significativamente

(@:0,05)

Tabla 11

Diferencia total de color, empleando la férmula clasica CIELAB [10] y las féormulas mas recientes y mejoradas basadas en
CIELAB: CIE%4 (1:1:1) y CIE94 (2:1:1) [12], asi como CIEDE2000 (1:1:1) y CIEDE2000 (2:1:1) [13].

CIELAB | CIE94 (1:1:1) | CIE94 (2:1:1) | CIEDE2000 (1:1:1) | CIEDE2000 (2:1:1)
Control - 200°C 10,22 9,31 6,14 7,71 5,53
Control - 400°C 9,79 8,67 6,28 7,44 5,86
200°C - 400°C 1,39 1,34 0,87 1,23 0,95
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Finalmente, teniendo en cuenta las diferencias
totales de color (Tabla II) cabe destacar que éstas
son perceptibles, i.e. son superiores a 3 unidades
CIELAB [14,15] entre las muestras sin quemar y
las quemadas; en cambio no son perceptibles entre
los suelos quemados a dos intensidades diferentes

(200°C y 400°C).

4. Conclusiones

En este trabajo se muestran los primeros resultados
del empleo del color como indicador de Ila
intensidad de los incendios en suelos de Galicia,
concluyéndose que de entre los parametros de color
analizados son Hue Munsell y 4., CIELAB los que

Opt. Pura Apl. 43 (3) 167-172 (2010)
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marcan la diferencia entre incendios de intensidad
ligera (200°C) y moderada (400°C). A este respecto
los resultados son muy prometedores y los futuros
estudios iran dirigidos al establecimiento de
intervalos mdas estrechos de temperatura que
permitan obtener informacién acerca de
cambios de los compuestos de hierro, que seran
completados con datos fisicos, quimicos y
mineralogicos.
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Abstract

Purpose The quantification of phytopigments in riverbed
sediments deserves further attention because it provides
information about eutrophic levels, and therefore about
sediment and water quality. Due to the current interest in
the study of eutrophication processes, there is a need for the
development of a rapid, simple, cost-effective, and nonde-
structive method of quantifying phytopigment content. We
describe one method based on color measurements and
without the need for extraction and chemical assay.
Materials and methods Sediment cores were collected
along the watercourse of the Anllons River (northwest
Spain). The reflectance color measurements were analyzed
with the CIELAB color parameters, using Cartesian
(L*a*b*) and cylindrical (L*C*,,h,,) coordinates. Phyto-
pigments (chlorophyll a, chlorophyll b, phaeopigments and
total carotenoids) were extracted with dimethylsulphoxide
and were determined spectrophotometrically.

Results and discussion The CIELAB color parameters were
significantly correlated with phytopigment content (involving
logarithmic, inverse, and simple data). The linear regression
equations were used to predict chlorophyll a, chlorophyll b,
and carotenoid contents, as well as the total pigment contents
from parameter a* (redness—greenness of the color) and
parameter C*,, (chroma of the color), and values of adjusted
R* were close to 0.9. The closest relation between phytopig-
ments and color parameters corresponded to chlorophyll a,
which may be estimated by means of Chla=46.4-70.6 log;,
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(a*) and Chla=—15.7+238.1 (1/C*,,) as predictive equations.
The phaeophytinization quotient is somewhat questionable
due to the low adjusted R* values obtained.

Conclusions This work demonstrates that it is possible to
determine phytopigment contents in riverbed sediments by
means of a nondestructive colorimetric method employing
the CIELAB color parameters. In addition, the abundance
of phytopigments in the sediment core showed no clear
trend either along the longitudinal axis of the river or in
relation to sediment depth.

Keywords Benthic algae - Chlorophyll - CIELAB color
measurements - River sediments - Settled phytoplankton

1 Introduction

Eutrophication, the addition of excess nutrients to an
aquatic system that leads to algal blooms, can occur in
response to several anthropogenic impacts, such as
increased population growth, urbanization, agriculture, and
inputs of sewage and food processing wastes. It causes an
increase in primary production and, if this surpasses certain
threshold levels, leads to detrimental impacts on the
ecosystem (Pinckney et al. 2001). Eutrophication is,
therefore, considered as one of the most pressing environ-
mental problems in both developed and developing
countries (Harper 1992).

Most eutrophication studies have focused on nitrogen
(N) and phosphorus (P) because these are essential macro-
nutrients for all phytoplankton and benthic groups and
because their concentrations are strongly affected by human
activities (Muylaert et al. 2009). In rivers, the effects of
eutrophication may be moderate because phytoplankton
and benthic algal growth are limited by the short water
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retention times rather than by the concentrations of
inorganic nutrients (Muylaert et al. 2009). Nevertheless,
studies carried out in different river basins have demon-
strated a positive relationship between N and P enrichment
and algal biomass (Biggs and Close 1989; Dodds et al.
1997,2002; Chételat et al. 1999, 2006; Biggs 2000; Devesa-
Rey et al. 2010).

Riverbed sediments may contain phytopigments that
originate from the benthic algae and settled phytoplank-
ton. There is a considerable interest in quantifying
phytopigments in order to assess the quality of freshwa-
ter bodies because this method takes into account the
synergistic effect of nutrients, such as P and N, on the
algal growth that causes eutrophication, resulting in a
useful descriptor of the trophic state and environmental
quality (Dell'Anno et al. 2002; Kowalewska et al. 2004,
Kowalewska 2005; Gerbersdorf et al. 2009). For example,
Devesa-Rey et al. (2009a) have demonstrated the link
between phytopigments and P content in riverbed sedi-
ments and found positive significant correlations between
P and chlorophyll a, chlorophyll b, and total carotenoids.
Furthermore, a phytopigment analysis may be useful for
assessing how biofilms develop on the surface of riverbed
sediments, which adds a new and very important element
to the dynamic nature of superficial riverbed sediments
(Devesa-Rey et al. 2009a).

An increased focus on the eutrophication process and its
effects on sediment and water quality have led to the
interest in the development of a rapid, simple, cost-
effective, nondestructive, and reliable method of phytopig-
ment quantification. The existing techniques for the
analysis of pigments involve extraction, with some loss of
the material under study, and are relatively expensive and
time-consuming. These include chemical techniques such
as spectrophotometry (UV—Vis or fluorescence), high-
performance liquid chromatography and thin-layer chroma-
tography, used alone or in combination with nuclear
magnetic resonance, mass spectrometry, and infrared
techniques. The application of reflectance color measure-
ments may provide an accurate method of quantifying
phytopigments. The main advantages offered by this
technique are the nondestructive nature of the procedure
(allowing further analyses of the same sample) and the
immediacy of the results (which are available at the
moment of sampling, thus avoiding the need for further
sample processing). In comparison with fluorescence-based
portable devices, colorimetric devices are capable of sensitiv-
ities of at least an order of magnitude greater because the
fluorescence is a signal caused in a short span of time, and
because they take into account both alive and dead cells, while
fluorescence devices only take account of live cells. In
contrast to optical remote sensing devices (satellite or airborne
sensors), colorimetric devices do not suffer the shadow effect
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caused by topography terrain and/or clouds (Schott 1997), the
main disadvantage of these approaches.

Previous studies have successfully used reflectance color
measurements expressed by means of the CIELAB color
coordinates (CIE Publication 15-2; CIE 1986) to study the
phytopigment content of several food types (e.g., Minguez-
Mosquera et al. 1991, 2005; Han et al. 2008; Moyano et al.
2008) and building stone biofilms, mainly consisting of
filamentous cyanobacteria (e.g., Prieto et al. 2002, 2004;
Sanmartin et al. 2010a, b). Nevertheless, to our knowledge,
such measurements have not been used to study phytopig-
ments in sediments as a proxy for the measurement of algae
content. Recently, CIELAB color measurements have been
applied to suspended and riverbed sediments for forensic
applications (e.g., Guedes et al. 2009) and fingerprinting
sediment sources (e.g., Martinez-Carreras et al. 2010a, b).

The main hypothesis of the present study is, therefore,
that the phytopigment content of the riverbed sediments
may be accurately estimated by the use of some CIELAB
color coordinates, combined in several predictive equations.
In addition, the abundance and vertical distribution of
phytopigments in a series of superficial sediment core
profiles were also examined, with the aim of determining
trends in phytopigment content along the longitudinal axis
of the river and with sediment depth.

2 Materials and methods
2.1 Research area and sampling

Superficial riverbed sediments were sampled in the River
Anllons, (northwest Spain, Fig. 1). The river basin drains a
rural catchment area of 516 km? with a history of agricultural,
forestry, and cattle farming activities. The climate is wet (the
average annual precipitation is 1,200 mm), with a mean
temperature of 9°C in winter and 20°C in summer. The land
use in the area includes a mixed forest of Eucalyptus globulus,
Eucalyptus alba, and Pinus pinaster (60% of the total cover),
cultivated land (18%), pasture (12%), bushes (9%), and urban
use (1%). The riparian vegetation is characterized by Alnus
glutinosa and Fraxinus excelsior (Alnon-padion, Alnion
incanae, and Salicion albae associations).

The upper reaches of the river flow over schists, which
are replaced by a smooth profile in the middle area of the
river, characterized by basic rocks (gabbros and amphib-
olites). Finally, the lower reaches of the river flow over a
two-mica granite, followed by a biotitic gneiss at the river
mouth. A gold extraction in the Corcoesto area has led to
the remobilization of the associated arsenopyrites and
subsequent accumulation of arsenic (As) in the riverbed
sediments downstream of the mining area (Rubinos et al.
2003, 2010; Devesa-Rey et al. 2008).
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Fig. 1 Map of the Anllons
River basin showing the loca-
tion of the three sampling sites
where the five sediment cores
were collected

Atlantic Ocean

Ponteceso sampling site
(Sediment core 5)
v.,

The lengthwise profile of the river includes three low-
slope areas (2%, 4.4%, and 1.4%) which are favorable for
sediment deposition. Three sampling sites were established
in these areas (see Fig. 1), between the locality of Carballo
and the river mouth, covering a distance of approximately
17 km: (1) the A Ponte sampling site (sediment cores 1 and
2), located at the town of Carballo with a population of over
25,000; (2) the Anllons sampling site (sediment cores 3 and
4), at the village of Anllons with a population of 276; and
(3) the Ponteceso sampling site (sediment core 5), at the
village of Ponteceso with a population of about 7,000,
located at the river mouth and therefore under the tidal
influence.

Sediment cores of 5.5 cm in diameter and 4.0-cm long were
taken from the surface sediment, preserved in hermetically
insulated plastic containers, and transported undisturbed to the
laboratory, where they were stored in an ultracold freezer. The
frozen sediment cores were later minimally thawed to allow
them to be extruded and sectioned into five 0.8-cm increments
in order to measure the color and to study the abundance and
depth-related distribution of phytopigments in the sediment
profiles.

The superficial sediment was sampled to a depth of 4 cm
as this is considered the active layer under the water—
sediment interface and involves physical and biogeochem-
ical exchanges between sediments and water, and can be
easily resuspended. Wang et al. (2003) defined this layer as
the depth of the sediment affected by bioturbation and with
the potential to be resuspended.

2.2 Extraction and analysis of phytopigments: chlorophyll
a, chlorophyll b, phaeopigments, and total carotenoids

Sediment core slices (n=25) were lyophilized before
phytopigment extraction and were submitted to consecutive
extractions (max, three) until no phytopigments were
quantified in the extracts. Phytopigments (chlorophyll a,
chlorophyll b, phacopigments, and total carotenoids) were
extracted with dimethylsulphoxide for 46 min at an
extractant volume to sediment weight ratio of 3.6 mL g’
at 57°C, following the method optimized by Devesa et al.
(2007). The phytopigment content of the extracts was
determined spectrophotometrically (Cary 100 Concentra-
tion Varian), and the equations proposed by Wellburn
(1994) were used to determine the concentrations of
chlorophyll @ (Chla) (Eq. 1) and 5 (Chlb) (Eq. 2), and of
total carotenoids (Cx+c¢) (Eq. 3), in micrograms per liter.

Chla = 12~47A665.1 - 3.62A649.1 (1)

Chlb = 25.06Ag49 1 — 6.5A465.1 (2)

Cx + ¢ = (1000A450 — 1.29Chla — 53.78Chlb) /220  (3)

where Chla and Chlb represent the concentrations of
chlorophyll a and chlorophyll b, respectively, and Cx+c
represents the concentration of total carotenoids, compris-
ing the oxidized forms (the xanthophylls) and the reduced
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forms (the carotenes). Aggs.1, Agao.1, and Aygg represent the
absorbance of the extracts at 665.1, 649.1, and 480 nm,
respectively. Note that as Chla and Chlb can be degraded to
phacopigments, which absorb at the same specific wave-
lengths as Chla and Chlb, thus interfering in the measure-
ments, the phaeopigments were estimated by adding 0.5%
of 1 M HCI to the extracts and the absorbances measured
after 10 min; the values were subtracted from those of the
chlorophylls. The ratio of absorbances of the extracts at 435
and 415 nm (Ay435/A415) was interpreted as the phacophyti-
nization quotient (PQ), which reflects the ratio of chloro-
phyll to phaeopigments (Ronen and Galun 1984). A
decrease in that ratio indicates an increased degradation of
chlorophyll to phaeopigments.

2.3 Color measurements

The color was measured directly on the top face of each
sediment core slice (circular target area 23.76 cm? approx-
imately) before extracting the phytopigments. A total of 20
readings (with substitution) were taken with a portable
reflection spectrophotometer (CE-XTH) equipped with
OptiviewSilver/i QC Basic software. The measuring con-
ditions were: (a) CIE standard daylight illuminant D65; (b)
1,931 (2°) CIE standard colorimetric observer; (c) specular
component included in 8° in relation to normal (d/8°), and
(d) measuring head with 10-mm diameter viewing area.
The color measurements were analyzed by considering
the CIELAB color system (CIE Publication 15-2, 1986),
which represents each color by means of three scalar
parameters or the Cartesian coordinates: L*, lightness or
luminosity of color, which varies from 0 (absolute black) to
100 (absolute white); a*, associated with changes in
redness—greenness (positive a* is red and negative a* is
green); and b*, associated with changes in yellowness—
blueness (positive b* is yellow and negative b* is blue).
Alternatively, each color is represented by means of three
angular parameters or cylindrical coordinates, most closely
related to the psychophysical perception of the color: L*,
lightness or luminosity of color, also defined in both scalar
and angular color sets; chroma (C*,, = (a*2 —|—b”‘2)1 2)
related to the intensity of color or saturation and hue angle
(hap = arctan (b*/a*)) or tone of color which refers to the
dominant wavelength and indicates redness, yellowness,
greenness, or blueness on a circular scale, starting at 0° and
increasing counterclockwise (Wyszecki and Stiles 1982).

2.4 Statistical analyses
The data were subjected to a multivariate analysis of
variance (MANOVA) and the Tukey B multiple comparison

tests, and differences were considered significant at p<
0.05. The relationships between the CIELAB color param-
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eters and the phytopigment content were assessed by two-
tailed Bivariate Pearson’s correlations and stepwise linear
multiple regression models. In the latter case, logarithmic
and inverse data transformations were used for improving
the normality of the variables. Statistical analyses were
performed with SPSS (SPSS v15.0 for Windows).

3 Results and discussion

3.1 Phytopigment abundance and depth-related distribution
in the riverbed sediment cores

The mean abundances of phytopigments (chlorophyll a,
chlorophyll b, total carotenoids, and total phytopigments)
and the PQ in the five sediment cores are shown in Table 1.
The highest phytopigment content was observed in sedi-
ment core 5, which is located at the river mouth (the
Ponteceso sampling site). A combination of several factors
may contribute to the significantly higher content of
pigments at this site. On the one hand, it is the least well
shaded by trees so that more light reaches the bottom
sediments, thus favoring algal development. On the other
hand, adaptation to the osmotic stress may be considered as
a differential element that promotes growth of the saline-
resistant species, as what occurs in the estuary. This was
suggested by Mishra et al. (2009) and Yeh et al. (2010),
who considered that light is a minor factor in controlling
algal growth. In fact, taxa typical of brackish environments,
such as Achnanthes brevipeps, Entomoneis sp., Diploneis
sp., Melosira nummuloides, Pleurosigma sp., Surirella
striatula, and Triblionella sp. have been observed by
Devesa-Rey et al. (2009b) at the same site. Likewise, the
proximity of this site to the town of Ponteceso, which is
affected by urban and industrial pollution, should also be
considered, as this will affect the concentrations of macro-
nutrients and micronutrients (Mishra et al. 2009). In fact,
Devesa-Rey et al. (2009a) found a positive effect exerted
by Cu (extracted in oxalate, at concentrations up to
13.3 mg kg™ ") on algal development in the Anllons riverbed
sediments.

The lowest phytopigment content was found in sediment
cores 3 and 4, whereas the phytopigment contents in
sediment cores 1 and 2 were significantly higher than in
the latter core (see Table 1). This may be due to the fact that
the A Ponte sampling site, where sediment cores 1 and 2
were obtained, is affected by urban activities, which may
lead to inputs of N and P as at the Ponteceso sampling site
(sediment core 5). Nevertheless, sediment cores 3 and 4
were obtained at the Anllons sampling site, where the
degree of pollution is expected to be low because of the
small population in the area and the high water flow
supplied by the two main tributaries.
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Table 1 Mean phytopigment content (mean+SD, micrograms per gram of sediment) in the five sediment cores (measured in each of the five
slices from each sediment core)

Core Chlorophyll a Chlorophyll 5 Total carotenoids Total phytopigments Phaeophytinization quotient
1 11.9+4.3a 14.3+4.1a 7.9+2.3a 34.1 1.6+0.0a
2 12.1+1.6a 12.6+1.3a 7.4+0.6a 32.1 1.6+0.0a
3 8.2+2.2b 5.1+£0.9b 4.2+1.1b 17.5 1.6+0.2a
4 2.2+1.6¢ 2.7+1.9b 1.0£0.6¢ 5.9 1.8+0.1b
5 60.1+£15.3d 55.6£19.4¢ 24.2+2.7d 139.9 1.9+0.0b

Different letters in each column indicate significant differences (»<0.05) among the five cores

The chlorophyll degradation to phacopigments,
reported by the PQ values, was higher in sediment cores
1, 2, and 3, as the PQ values were significantly lower in
these cores (see Table 1). This difference between the
sediment cores cannot be attributed to any studied
environmental parameter.

In all the sediment cores, the chlorophyll a content was
similar to the chlorophyll » content (see Table 1), which
suggests that cyanobacterial biomass is scarce in the algal
communities, since these organisms contain only chloro-
phyll @, and therefore their presence would affect the ratio
of chlorophyll a/b. The relatively low total carotenoid
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Fig. 2 Depth-related distribution of phytopigment content (chloro-
phyll a, chlorophyll b, and total carotenoids) and the phaeophytiniza-
tion quotient in the five sediment cores. The histograms represent

content relative to the chlorophyll content (see Table 1) also
supports the hypothesis of a limited presence of cyanobac-
teria, as total carotenoids are associated with cyanobacterial
blooms (Poutanen and Nikkild 2001) and the ratio of
chlorophylls/total carotenoids has been used to evaluate
relative changes in cyanobacterial abundance in the algal
community (Wetzel 1970). This supposition is consistent
with the results of Devesa-Rey et al. (2009b), who studied
the relative abundance (individuals per square centimeter)
in surface samples obtained at the same time as the
sediment cores, showing the dominance of Bacillariophy-
cea (diatoms) at the three sites, with Navicula being the
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Table 2 Mean (+SD) CIELAB

color coordinates (CIELAB Core CIELAB-Cartesian coordinates L*a*b* CIELAB-cylindrical coordinates L*C*,,h,,
units) in the five sediment cores . . . . . .
(measured in each of the five L a b L Cra hay ()
slices from each sediment core)
1 24.3+3.9a 2.54+0.3a 72+1.2a 24.3+3.9a 7.6£1.2a 70.6+1.4a
2 23.4+4.4a,b 3.0+0.4b 7.9+£0.9a,b 23.4+4.4a,b 8.4+1.0b 69.5+£0.8b,c
3 24.6+2.5a 3.5+0.6¢ 9.8+1.3¢c 24.6 +2.5a 10.4+1.4c 70.2+1.3a,c
Different letters in each column 4 23.5+3.8a,b 4.6+0.7d 12.0+2.3d 23.5+3.8a,b 12.84+2.4d 69.0+1.2b
indicate significant differences 5 22.5+1.4b 0.8+0.4¢ 35:11e 22.5+1.4b 3.6+1.le 77.7+3.0d
(p <0.05) among the five cores
CIELAB - Cartesian coordinates CIELAB - cylindrical coordinates
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Fig. 3 Depth-related distribution of color, using the Cartesian
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the five sediment cores. The histograms represent mean values for
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sediment core slices. Different letters indicate significant differences
(p<0.05) among the five slices from each sediment core
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most common taxon. At the Anllons and Ponteceso
sampling sites, diatoms accounted for >96% of the total
genera, whereas at the A Ponte sampling site, 15% of other
groups, including Cyanophyta (Cyanobacteria) and Chlor-
ophyta, were observed.

The depth-related distribution of phytopigment content
(chlorophyll a, chlorophyll b, and total carotenoids) and the
PQ in the five sediment cores is plotted in Fig. 2. In
general, the phytopigment content did not change signifi-
cantly with depth, which appears to indicate the presence of
benthic phototrophic organisms and/or settled phytoplank-
ton to a depth of 4.0 cm. The most probable reason for the
almost uniform vertical pigment profile is erosion/resus-
pension processes (Anderson 1983). Bioturbation should
cause a heterogeneous depth-related trend in phytopigment
content (Cadée 1976; Grant and Daborn 1994), and
migration happens only after the settled phytoplankton
and benthic microalgae have been buried (Cadée and
Hegeman 1974), therefore suggesting frequent resuspension
and subsequent deposition. Also, although the presence of
organism remains deposited in the past cannot be excluded,
since phytopigments may be preserved for decades within
sediment (Rabalais et al. 2004), it is unlikely at these low
depths (4.0 cm). The rates of degradation differ for the
various phytopigments and are affected by environmental
conditions, mainly by oxidation—reduction conditions (Sun
and Dai 2005). A higher pigment content would be
expected in the sediment surfaces as a consequence of
penetration of light to a maximum depth of 2-3 mm in the
sediment (Coljin 1982; Mclntyre et al. 1996). In this sense,
a higher chlorophyll pigment content was observed in the
upper 0—4-cm sediment layers relative to the deeper (6—
10 cm) layers in the Palomares River Estuary (Moreno and
Niell 2004). A slight surface maximum in the contents of
chlorophyll a and total carotenoids was only observed in
sediment core 4, in accordance with the significantly higher
value of PQ in this superficial slice. The topmost slice (0—
0.8-cm depth) and the deepest slice (3.2—4.0 cm) from
sediment core 1 contained significantly higher contents of
chlorophyll a and carotenoids than the other slices from this
core.

3.2 CIELAB color measurements in the riverbed sediment
cores

The mean values of the CIELAB color coordinates, using the
Cartesian (L*a*b*) and cylindrical (L*C*,,h,,) coordinates,
in the five sediment cores are shown in Table 2. The L* value
(lightness of color) scarcely changed along the longitudinal
axis of the river basin, and the L* values for all five sediment
cores were low, between 22.5+1.4 and 24.6+2.5 CIELAB
units. The value of a* (associated with greenness (—)-redness
(+) changes) was also restricted to between 0.8+0.4 and 4.6+

Table 3 Correlation matrix showing the Pearson’s coefficients for the phytopigment content and the CIELAB color coordinates

CIELAB-cylindrical coordinates L*C* hy,

CIELAB-Cartesian coordinates L*a*b*

logo(hab)

1/C*ﬂb hab

logio (C*,p)

C*ab

1/L*

logjo (L*)

1/b* L*

logo (b*)

logo (a*) 1/a* b*

a*

1/L*

logyo (L¥)

L*

0.87%%*
0.75%%*

0.92%*  (.88%*

—0.79%*

0.22
0.22
0.13
0.16
0.22
0.15
0.18
0.19
0.11
0.11

—-0.19
-0.21
-0.14
—0.15
—-0.17
—-0.14
—-0.17
—-0.17
—0.06
—0.06

-0.22
—-0.23
—-0.17
—-0.17
—0.20
—-0.16
—0.20
-0.19
—0.06
—0.06

—0.89%*%  0.91**

—0.79%*

0.89%*
0.72%%*
0.75%*

—0.82%*
—0.86%*

0.22
0.22
0.13
0.16
0.22
0.15
0.18
0.19
0.11
0.11

—0.19
—-0.21
—-0.14
—-0.15
-0.17
-0.14
-0.17
-0.17
—0.06
—0.06

-0.22
—-0.23
—-0.17
—-0.17
—0.20
—0.16
—0.20
-0.19
—0.06
—-0.06

Chla

0.75%%*

0.78**

—0.81%*

—0.83**  0.78**

—0.81**

log;o(Chla)

Chlb

0.76%*
0.72%%*

0.82*%*  0.76%*
0.81%*  0.72%*

—0.77%*

—0.83**  0.81**

—0.77**

—0.79**

—0.89%**

—0.86%** 0.72** —0.88**  —0.88**  0.80%**

—0.90**

10g10(chlb)

Cx+c

0.83%**
0.69%*
0.83%**
0.74%%*
—0.44*
—0.44*

0.83%**

0.68%*

0.87**
0.71%*

—0.89%x
—0.80%**
—0.88%**

—0.84**
—(.83%*

0.86%**
0.72%*
0.88%**

0.81%*% —0.84** —(.89%*
—0.82%*
—0.80%*
—0.85%*

—0.79%* 0.64%* —0.80%*
0.83%*

logo(Cx+c)

T. pig

0.83%*

0.88**

0.79%*
—0.45%
—0.46%*

—0.80%*

—0.89%x
—0.85%*

0.74%%*
—0.40*
—0.40*

—0.86**

0.79%*
-0.46*
-0.46%*

—0.86**

0.72%%*
—0.39
—0.39

log;o(T. pig)

PQ

0.57%*
0.57%*

0.66%*
0.67*%*

0.57%*
0.57%*

0.53%* 0.66**
0.66**

0.53%*

0.68%*
0.68%*

log;o(PQ)

25
Chla chlorophyll a, Chib chlorophyll b, Cx+ ¢ total carotenoids, 7. pig, total phytopigments, PQ phaeophytinization quotient

*p<0.05, **p<0.01, significance level
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0.7 CIELAB units, although in this case the color coordinate
changed significantly between the three sampling sites and
the five sediment cores. The significantly lowest value of a*
(i.e., the greenest relative to the remaining four sediment
cores) corresponded to sediment core 5, in which the phytopig-
ment content was significantly higher (see Table 1). In the
same way, the highest values of a* (the furthest from the
green color), corresponded to sediment cores 3 and 4 from the
Anllons sampling site (see Table 2), in which the phytopig-
ment content was significantly lower (see Table 1). Likewise,
intermediate values of a* in sediment cores 1 and 2 from the
A Ponte sampling site (see Table 2) corresponded to the
intermediate phytopigment contents (see Table 1). The same
pattern was observed for b* (associated with blueness (—)
—yellowness (+) changes) and C*,, (chroma of color), as the
value of b* and C*,, increased as the pigment content of the
riverbed sediments decreased (see Tables 1 and 2). Regarding
the hue angles, hy, fell within the interval 69.0°+1.2-77.7°+
3.0, so that all the samples were located in the yellow/red—
yellow hue area. In contrast to the chromatic parameters (a*,
b*, and C*,,), no clear trend with the phytopigment content
was found (see Tables | and 2).

The highest phytopigment content, therefore, was
associated with the greening of the riverbed sediments
(as a* decreases), together with the decrease in the
yellow component (as b* decreases) and the loss of the
intensity of the color (as C*,, decreases). Moreover, h,y,
increased with the phytopigment content, shifting to green
tones.

The depth-related distribution of color in the five sediment
cores, using the Cartesian (L*a*b*) and cylindrical (L*C*,,.
h,p) coordinates, is plotted in Fig. 3. It is important to note
that although some differences in phytopigment content were
significantly related to depth (see Fig. 2), the CIELAB color
coordinates changed significantly with depth in all sediment

cores, except for h,, (hue angle) in sediment core 2.
Nonetheless, and as with phytopigment content, there was
no clear trend with depth, and the vertical distribution of
color was highly heterogeneous.

3.3 Relationship between phytopigment content
and CIELAB color coordinates

The correlation matrix showing the Pearson coefficients for
the phytopigment content and the CIELAB color coordi-
nates is summarized in Table 3. All CIELAB coordinates,
except L* (lightness of the color), were closely correlated
((**), p<0.01) with each of the phytopigments studied and
with the sum of the pigments. Moreover, the a*, b*, and
C*,, parameters, which refer to the chromaticity of the
samples, were more closely correlated with the phytopig-
ment content of the samples than the color attribute hue or
tone, represented by h,,. The highest correlation coeffi-
cients obtained were between the chlorophyll a content
(Chla) and the value of log-transformed a*, logiy (a*),
(Pearson’s coefficient, —0.92**); the inverse of b*, 1/b*,
(Pearson’s coefficient, 0.91**), and the inverse of C*,,, 1/
C*,,, (Pearson’s coefficient, 0.92**). Very high correlation
coefficients between chlorophyll b, total carotenoids, and
total pigments and the parameters a*, b*, and C*,, were
also obtained. PQ was closely correlated with the a*, b*,
and C*,, parameters. No correlation between the PQ and
L* parameter was found, which was demonstrated to be the
most informative CIELAB color parameter for chlorophyll
degradation in the specific case of the filamentous
cyanobacterium Nostoc sp. PCC 9104 (Sanmartin et al.
2010D).

A stepwise multiple linear regression analysis was
performed to obtain simple expressions to estimate the
phytopigment content in the riverbed sediments from the

Table 4 Stepwise multiple linear regression equations for the prediction of phytopigment content (micrograms per gram of sediment) by the use

of some CIELAB color coordinates

Phytopigment estimated Predictive equation R’ Adjusted R’
CIELAB-Cartesian coordinates L*a*b*
Chlorophyll @ (Chla) Chla = 46.4 — 70.6log,, (a*) 0.92 0.84
Chlorophyll 5 (Chlb) log,,(Chld) = 1.9 — 0.3a* 0.90 0.81
Total carotenoids (Cx+c) Cx + ¢ = 19.0 — 25.9log,,(a*) 0.90 0.80
Total phytopigments Total phytopigments = 107.3 — 157.7log,,(a*) 0.90 0.79
Phaeophytinization quotient (PQ) PQ = 1.9 + 0.2a* — 0.9log,,(b*) 0.60 0.57
CIELAB-cylindrical coordinates L*C* ,h,,
Chlorophyll a (Chla) Chla = —15.7 +238.1 (1/C*y) 0.92 0.84
Chlorophyll 5 (Chlb) log;o(Chld) = 2.0 — 0.1C*y, 0.89 0.78
Total carotenoids (Cx+ c) Cx + ¢ =40.9 — 35.8log;,(C*p) 0.89 0.79
Total phytopigments Total phytopigments=—30.3+523.7 (1/C*,) 0.88 0.77
Phaeophytinization quotient (PQ) PQ=1.4+0.1 C*,, 0.44 0.42
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CIELAB color coordinates. The results are shown in
Table 4. The assessment of the correlations between the
phytopigment contents (chlorophyll @, chlorophyll b, total
carotenoids, and total phytopigments), as well as PQ, and
the CIELAB color coordinates (L*, a*, b*, C*,,, and hy,)
were established by considering the former as dependent
variables and the Cartesian (L*a*b*) or cylindrical
(L*C*,ph,,) coordinates as the independent variables.
Except for PQ, values of adjusted R* close to 0.9 were
obtained, which validates the CIELAB color coordinates as
a useful tool for quantifying phytopigment in riverbed
sediments. Thus, the phytopigments studied here may be
best quantified by parameters a* and C*,,. The closest
relation corresponded to the chlorophyll a content, with an
adjusted R? value of 0.84, and Chla=46.4-70.6 log,, (a*)
and Chla=-15.7+238.1 (1/C*,,) as predictive equations. In
this sense, it is important to note that measurements of
chlorophyll a are used by organizations such as the US
Environmental Protection Agency (EPA 2006) as a good
indicator of algal biomass, and therefore by quantifying
only chlorophyll a the potential eutrophication of a system
can be evaluated (Smith et al. 1999).

Considering the information shown in Table 4, the
Cartesian coordinates (L*a*b*) provided the best descrip-
tion of the phytopigment content, since their adjusted R
values were higher for each predictive equation.

Finally, to evaluate the goodness of the computed
predictive equations (see Table 4) to estimate phytopigment
content using CIELAB color coordinates, three River
Anllons sediment samples (A—C) that were not part of the
initial data set, were analyzed (Table 5). The index of
agreement between the predicted values and the measured
values, expressed as a percentage of variation, did not
exceed 4.2% for chlorophyll a and 8.5% for the rest of the
phytopigments.

4 Conclusions

The proposed colorimetric method was successfully veri-
fied by a direct comparison with the conventional spectro-
photometric measurements to determine the phytopigment
content in cores from the surface riverbed sediments. The
CIELAB color parameters were significantly correlated
with the phytopigment contents. Linear regression equa-
tions were used to predict chlorophyll a, chlorophyll b, and
carotenoid contents, as well as the total pigment contents
from parameter a* (redness—greenness of the color) and
parameter C*,, (chroma of the color), and the values of
adjusted R* were close to 0.9. In addition, the abundance of
phytopigments in the sediment cores showed no clear trend
either along the longitudinal axis of the river or in relation
to the sediment depth.

Table 5 Content (micrograms per gram of sediment) of chlorophyll a, chlorophyll b, total carotenoids, and total phytopigments measured and predicted by the equations using CIELAB color

coordinates

Chlorophyll b (Chlb) Total carotenoids (Cx+ c) Total phytopigments

Chlorophyll a (Chla)

Samples

Variation (%)

Measured Predicted

Variation (%)

Predicted

Variation (%) Measured

Variation (%) Measured Predicted

Predicted

Measured

1.1

63.3%

64.0

8.5

11.8°
12.5°
11.8*

12.9
12.8°

6.4
2.6

21.9*

23.4

3.6
2.5

26.7*

27.7

58.8°

24.0P

27.0°

53
7.5

0.1 63.3%

6

5.6
2.4

7.8

12.5

22.4*

23.6

4.2

25.0°

24.0

55.6°

3.8
1.7

6.6

24.5°

2.9
32
24

23.3°

5.5

67.0°

63.5

13.0°

14.1

24.5%

24.1

26.1*

253

7.9

58.5°

5.7

13.3°

25.7°

24.7°

4 Using CIELAB-Cartesian coordinates L*a*b*

b Using CIELAB-cylindrical coordinates L*C*;,h,p
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Reflectance color measurements comprise a rapid,
simple, cost-effective, and nondestructive method for
quantifying phytopigment content, without the need for
extraction and chemical assay. Future considerations will
include the application of this technique to deeper riverbed
sediment samples. The application of the technique in situ
may also be of great interest for selecting appropriate
sampling areas.
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Discusion General

Un punto importante en la gestion del mantenimiento y rehabilitacién de edificios y otras
construcciones es su limpieza. A este respecto, los organismos colonizadores contribuyen de
forma substancial al ensuciamiento de los edificios produciendo un dafio no sélo estético sino
también fisico y quimico en los materiales (Seaward, 1979; Grant, 1982). Puesto que la
colonizacion bioldgica de las superficies expuestas a la intemperie es inevitable, es importante
detectar el momento en el que comienza dicha colonizacion para atajarla desde un principio y
asi evitar danos irreparables. En el caso de labores de mantenimiento, en las que la
eliminacioén de la colonizacién bioldgica es practicamente siempre necesaria, se requiere una
metodologia adecuada para controlar la eficacia de la limpieza. Hasta el momento este control
se realiza o bien visualmente, lo que induce a errores, o bien a partir de los métodos
tradicionales de analisis microbiolédgico, lo que implica una toma de muestra (muchas veces
imposible de realizar por el valor histérico artistico del elemento de la construccion), asi como,
un arduo y costoso trabajo de laboratorio. Por todo ello, y para el caso de microorganismos
fototroficos tales como algas, cianobacterias y liquenes, todos ellos organismos coloreados
colonizadores habituales de las edificaciones, esta tesis doctoral propone un método rapido, no
destructivo y de aplicacion directa sobre el edificio, basado en la medida del color, util para

cuantificar la colonizacién presente y para estudiar su evolucion.

De este modo, el objetivo principal del presente proyecto de tesis fue desarrollar una nueva
metodologia que permita cuantificar y estudiar la evolucién de la colonizaciéon epilitica
fototrofica sobre las construcciones graniticas empleando la medida instrumental de color. Para
conseguir este objetivo principal, en esta tesis se plantearon un conjunto de objetivos concretos
de investigacion relacionados con la medida, la representacién y la discusién de la informacién
de color contenida en los dos elementos implicados en el estudio: rocas graniticas y
microorganismos fototroficos (cianobacterias), asi como en la interaccion entre ambos. El
desarrollo de una metodologia de medida y caracterizacién del color de las rocas graniticas
(Capitulos 1 y 2) y de las cianobacterias (Capitulos 3-5), asi como la mejora en el método de
extraccion de la roca de la clorofila-a, marcador de la biomasa fototréfica (Capitulo 6), ha
permitido determinar las mejores condiciones de medida del color las cuales se han aplicado

con éxito en casos reales de colonizacion fotoautotréfica y desarrollo de biofilms sobre
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fachadas de granito (Capitulo 7). Asimismo, el trabajo desarrollado en el contexto de la
conservacion del Patrimonio monumental construido con granito ha favorecido la posterior
implementacion del método colorimétrico al Patrimonio natural para su uso y aplicacién en
otros sustratos inorganicos, como son el estudio del color en rocas pizarrosas como criterio
para su sustitucion en trabajos de restauracion (Capitulo 8), la caracterizacién del color en
suelos quemados como indicador de la intensidad de un incendio (Capitulo 9) y la medida del

color en sedimentos de rio para estimar su contenido en fitopigmentos (Capitulo 10).

La hipétesis de partida de la presente investigacion, la existencia de una relacion directa entre
la cantidad de microorganismos fototréficos depositados sobre una superficie y el color que
generan, habia sido previamente demostrada por Prieto et al. (2002) a partir de experimentos
de laboratorio. Asimismo, la validez del uso del color como estimador de la biomasa de dichos
organismos sobre superficies pétreas, fue demostrada por Prieto et al. (2004) a partir de
comparaciones entre los métodos mas usuales de cuantificacién de biomasa algal. Por otra
parte, previamente al planteamiento de esta tesis, se habian publicado varios trabajos en los
que se determinaban variaciones en el color de rocas ornamentales empleando aparatos de
medida de color por contacto, como colorimetros triestimulo y espectrofotometros portatiles
(e.g. Duran-Suarez et al., 1995; Garcia-Talegon et al., 1998; Ihigo et al., 2004; Grossi et al.,
2007), pero no se habia establecido ningun protocolo para la caracterizacién del color de las
rocas ornamentales. En este sentido, cabe sefialar que la configuracion optica y la geometria
de medida de los espectrofotometros y los colorimetros portatiles les permiten promediar
espacialmente la luz reflejada de un area fija de lectura, circular y con un diametro que varia
entre 3 y 60 mm, correspondiente a la apertura del cabezal. De esta manera el aparato registra
un color integrado, resultante de las reflectancias o transmitancias provocadas por los distintos
colores que recoge en esa area de lectura. Esto supone una importante ventaja en el caso de
superficies relativamente homogéneas en color pero implica la necesidad de determinar
previamente el area minima de medida y el nimero minimo de medidas a realizar en dicha
area cuando se trata de superficies heterogéneas en color y textura, como es el caso de las
rocas graniticas. El desconocimiento de dichos parametros conduce a una pérdida de
informacion colorimétrica que sera mas o menos importante dependiendo de la heterogeneidad

del color e impide la comparacion de resultados.

Atendiendo a esta situacion, en el Capitulo 1 de esta tesis doctoral se propuso por primera vez
un protocolo para la caracterizacion del color de las rocas graniticas ornamentales
determinando el area minima de medida y el numero de medidas minimo necesario empleando
dos instrumentos de medida de color por contacto, un colorimetro portatil triestimulo y un
espectrofotometro portétil para sélidos (Prieto et al., 2010a). Las rocas graniticas pueden ser
consideradas como uno de los casos mas dificiles en lo que a la determinacién del color de
rocas ornamentales se refiere, debido a la gran heterogeneidad en su color y textura

ocasionada por la compleja distribucién de los minerales con diferentes colores que las
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componen. Para este estudio, se realizé una cuidadosa seleccion de rocas ornamentales con el
fin de obtener la gama mas amplia en color y textura dentro de las rocas graniticas mas
comunmente empleadas en las edificaciones. Se trabajo con las siguientes rocas comerciales:
Labrador Claro, de color azulado-oscuro y textura gruesa, Grissal, de color grisaceo y textura
media, Rosa Porrifio, de color rosado y textura gruesa, Blanco Cristal, de color blanquecino-
claro y textura fina y Silvestre, de color pardo y textura fina. Ademas, teniendo en cuenta que
todas las rocas ornamentales puestas en obra presentan un acabado superficial y que éste
puede afectar al color, para cada tipo de roca granitica se estudiaron cuatro tipos diferentes de
acabado comercial: pulido (el menos rugoso), apomazado, aserrado y flameado (el mas
rugoso), excepto para Labrador Claro en el que un acabado flameado no es facil de conseguir,
y para la variedad de granito Silvestre en la que los acabados pulido y flameado no se pueden

aplicar por lo que son sustituidos por pulido sin brillo y abujardado, respectivamente.

Tres fueron los factores de variacion considerados en el estudio: el tipo de roca (color y
textura), el acabado (pulido, apomazado, aserrado y flameado) y el area de lectura o tamafo
del cabezal de medida (aberturas circulares de 5, 8, 10 y 50 mm de diametro). Las medidas de
color se analizaron considerando el espacio de color CIELAB teniendo en cuenta el grupo de
coordenadas escalares (L*a*b*). Un aspecto relevante de este trabajo fue la metodologia de
estudio establecida para la determinacion de la influencia de estos factores en los parametros
del color, ya que hasta el momento no se habia realizado ningun trabajo de este tipo. Se puso
de manifiesto la importancia de analizar los datos de color tanto desde un punto de vista
colorimétrico como estadistico ya que unicamente el andlisis colorimétrico o Unicamente el
estadistico no permitieron extraer conclusiones. La combinacién de ambos analisis permitid
demostrar que la variabilidad de las rocas graniticas en cuanto a su color, textura y acabado
superficial ha de ser considerada a la hora de estandarizar la metodologia de medicion del
color, puesto que todos estos parametros afectan al nuUmero de medidas minimo que se deben
realizar. Se demostré que para las rocas graniticas el numero minimo de medidas por unidad
de superficie depende del area de lectura, la cual viene determinada por el tamafio del cabezal,
siendo 6 medidas’/36 cm? las recomendables para un area de lectura o cabezal de 50 mm de
diametro, 14medidas/36 cm® para los cabezales de 10 y 8 mm de diametro y 17
medidas/36cm? para un cabezal de 5 mm de diametro. Con respecto al area de medida, se
puso de manifiesto que un area de 36 cm? es suficiente cuando se quiere caracterizar el color
de una roca granitica empleando cabezales de diametro inferior o igual a 10 mm. En el caso de
cabezales de mayor tamafio es necesario disponer de una superficie de 72 cm? o superior. Si
se trabaja atendiendo a tales premisas, las diferencias en los parametros de color L*, a*, b*

obtenidos con los distintos cabezales de medida seran estadisticamente significativas, pero no

™ En todos los casos son medidas por sustitucién, es decir medidas consecutivas tomadas en distintos puntos de la
superficie de la muestra elegidos al azar por el operador.
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a nivel de tolerancias industriales de diferencias de color, por lo que en la practica podran ser
obviadas (Prieto et al., 2010a).

Posteriormente a la publicacion de los resultados de la investigacion recogida en el Capitulo 1
de la presente tesis, Sousa & Gongalves (2011) realizaron un trabajo muy similar en el que
evaluaron los factores que deben ser considerados en la medida del color de los granitos
ornamentales empleando un colorimetro. Dichos autores analizaron Unicamente un acabado
superficial, el pulido, emplearon un rango de tamafio del cabezal de medida mas pequefio,
usando cabezales de 4, 8 y 16 mm de diametro, y muestras de un tamafo bastante superior,
losas de 100 cm? y 30.000 cm?. Estas diferencias pudieran explicar las diferencias en los
resultados con respecto a los obtenidos en el Capitulo 1, ya que segun Sousa & Gongalves
(2011) los parametros de color no mostraron diferencias significativas con los distintos
cabezales de medida, aunque la apertura de 16 mm permitié una disminucion de la desviacion
estandar de los valores medios, y asi, empleando cualquier cabezal de medida el numero de
medidas minimo resulté de 40 medidas/100 cm® y 60 medidas/30.000 cm?®. Otro aspecto
importante a tener en cuenta es que en este estudio sélo se empled la métrica CIELAB para el
calculo de las diferencias totales de color y no las mas recientes y mejoradas CIE94 y
CIEDE2000 que resultan mas adecuadas para evaluar muestras con bajos valores de croma
(Johnson & Fairchild, 2003), y asimismo no se contemplaron los valores supraumbrales de
aceptabilidad de diferencia de color (Melgosa et al., 1997).

Una vez establecidas las condiciones minimas en cuanto al numero de medidas y al area
representativa, se analizé la influencia del tipo de acabado comercial (pulido, apomazado,
aserrado y flameado) en el color, brillo y rugosidad de las rocas graniticas ornamentales, asi
como la relacion existente entre estos tres parametros estéticos (Capitulo 2). Es oportuno
desarrollar este tipo de estudios por cuanto que apenas existen trabajos hasta el momento
(exceptuando el realizado por Benavente et al. en 2003) en los cuales se analicen las
relaciones entre color, brillo y rugosidad en muestras heterogéneas, contrariamente a lo que
ocurre con las muestras homogéneas donde el nimero de estudios en ese sentido es muy
amplio (Barnett, 1973; Thomas, 1999; Dalal & Natale-Hoffman, 1999; Simonot & Elias, 2003;
Keyf & Etikan, 2004; Eliades et al., 2004; Arifio et al., 2005; Briones et al., 2006; Shih et al.,
2008; Ignell et al., 2009).

Por lo general, cuando la superficie lisa de un objeto coloreado se vuelve rugosa su color
cambia (Simonot & Elias, 2003). Para el caso de las rocas graniticas ornamentales, se
demostré que los diferentes acabados superficiales producen variaciones casi siempre
perceptibles en el color, en especial en la claridad del color (L*). La magnitud de estos cambios
resulté ser mayor en rocas mas oscuras, siendo Labrador Claro la roca granitica que mostro
mayor variacion de color debido a los distintos acabados superficiales. Esto esta en

concordancia con los resultados obtenidos por Ignell et al. (2009) para superficies de
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polimeros, quienes comprobaron que cuanto mas oscuro es el material, mas aumenta su
claridad al volverse la superficie mas aspera, y con los obtenidos por Benavente et al. (2003)
en diferentes tipos de marmoles y calizas, donde muestras con un alto valor de croma (C*,,)
mostraron mayores cambios en la diferencia total de color (AEg,) debido al acabado de la
superficie que muestras con un bajo valor de croma que apenas mostraron cambios de color en

relacion al acabado superficial.

Estos cambios significativos y perceptibles de color provocados por los distintos acabados
comerciales en la superficie de las rocas graniticas, ocurrieron tanto cuando estaba incluido
(SCI) como excluido (SCE) el componente especular en el modo de medida, a diferencia de lo
que ocurre en otros materiales como por ejemplo la porcelana dental (Kim et al., 2003) y los
plasticos moldeados por inyeccién (Arifio et al., 2007), en los que las variaciones de color
debidas a diferencias en la rugosidad superficial sélo son notorias al emplear el componente
especular excluido (modo SCE). No obstante, se debe tener en cuenta que al comparar ambos
modos en la medida del color de las rocas graniticas, el modo SCE resulté ser el que mas
magnifica las diferencias de color producidas por los distintos acabados comerciales. Estos
resultados son de gran interés, ya que aportan informacion muy valiosa sobre la metodologia

de lectura del color que se debe emplear segun la informacién que se quiera obtener.

Los parametros del color (L*a*b*C*,,h,,) no variaron de forma proporcional a la rugosidad
generada por los diferentes acabados, aunque los valores de dichos parametros fueron
diferentes para cada acabado. Respecto al brillo, éste depende del indice de refraccion de los
diferentes minerales que componen las rocas graniticas y esta afectado por el color de las
rocas pero de forma diferente para acabados pulidos y rugosos. En la relacién rugosidad-brillo,
muchos autores han demostrado que existe una relacién inversa entre la rugosidad y el brillo
para el caso de superficies homogéneas desde el punto de vista de su color y composicién
(Hunter & Harold, 1987; Thomas, 1999; Wang et al., 2000; Arifio et al., 2005; Briones et al.,
2006). Para el caso de las rocas graniticas ornamentales, el brillo no es funcién de la rugosidad
para todo el rango de medida, sino que el brillo y la rugosidad sélo estan inversamente
relacionados dentro del rango de los valores bajos de rugosidad. Son varias las razones que
podrian explicar este hecho pero quizas la mas relevante sea que los tratamientos utilizados
para lograr los acabados mas rugosos, viz. flameado y abujardado, rompen los minerales de la
superficie los cuales en su mayor parte tienden a fracturarse a lo largo de planos
cristalograficos bien definidos (Lopez-Arce et al., 2010) creando asi nuevas y pequefias

superficies lisas que causan un aumento del brillo superficial (Sanmartin et al., 2011a).

La metodologia de estudio definida en el Capitulo 1 fue empleada con éxito para definir un
protocolo de medida del color de biofilms (Capitulo 3) y de rocas pizarrosas (Capitulo 8) lo que
valida su uso para otro tipo de superficies heterogéneas. En el caso de los biofiims, se

seleccionaron como organismos objeto de estudio las cianobacterias, por tratarse de los
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principales constituyentes de los denominados “verdines” y constituir la biomasa mayoritaria
que se desarrolla sobre las superficies de piedra natural (Ortega-Morales et al., 2000; Gaylarde
et al., 2001). Las cianobacterias empleadas pertenecen a los géneros Nostoc y Scytonema,
ambos del orden de las Nostocales. La eleccion de los géneros de cianobacterias se realizd
atendiendo a sus caracteristicas metabdlicas y morfolégicas. En concreto, los organismos
seleccionados son fijadores de nitrégeno (o diazotrofos), es decir organismos que satisfacen
sus requerimientos metabdlicos principalmente a través de los compuestos presentes en la
atmosfera, lo que les permite ser pioneros a la hora de colonizar superficies pobres en
nutrientes, como es el caso de las superficies pétreas. Otra de las caracteristicas tenida en
cuenta en la eleccion de estos géneros microbianos fue su morfologia ya que, en ambos casos,
se trata de cianobacterias de morfologia filamentosa, protegidas del medio externo por una
matriz polisacarida, mucilaginosa en el caso del género Nostoc y en forma de vaina en el caso
del género Scytonema. Esta morfologia les permite resistir condiciones extremas de
temperatura y humedad y por lo tanto las hace muy adecuadas para la colonizaciéon de muros y
fachadas, donde ambos parametros medioambientales varian fuertemente dependiendo de la
radiacién solar y las precipitaciones. En concreto, se eligieron las cepas Nostoc sp. PCC 9104,
Nostoc sp. PCC 9025 y Scytonema sp. CCC 9801 por ser cepas cianobacterianas aisladas por
primera vez en Galicia y colonizadoras habituales de suelos y rocas de esta region (Acea et al.,
2001, 2003).

Siguiendo la metodologia de trabajo planteada por Prieto et al. en 2002, se preparé un cultivo
mixto de Nostoc sp. PCC 9104, Nostoc sp. PCC 9025 y Scytonema sp. CCC 9801 y a partir de
él se extrajeron alicuotas de diferentes volimenes que fueron filtradas a vacio a través de
filtros de nitrocelulosa blancos (0,45 ym de tamafio de poro y 47 mm de diametro) con el
objetivo de depositar una capa homogénea de microorganismos en un area fija y circular de
9,62 cm? (35 mm de diametro), simulando asi la composicién y caracteristicas de un biofilm
(Costerton, 2007). Puesto que el numero de medidas minimo necesario para caracterizar el
color de una superficie heterogénea depende, entre otros factores, del tamano del cabezal de
medida (Capitulo 1), y que el contenido en humedad de las cianobacterias afecta a su
caracterizacion colorimétrica (Prieto et al., 2002), en el Capitulo 3 se analizé el nimero minimo
de medidas necesario para un tamafo de superficie determinado con respecto al tamario del
cabezal de medida, teniendo en cuenta el contenido en humedad de los microorganismos y su
grado de cobertura, ya que cuanto mayor es éste mas homogéneo sera el color de la superficie
(Prieto et al., 2010b). Se demostré que el nUmero minimo de medidas necesario aumenta con
la heterogeneidad del color de la superficie, por lo que para determinar el color del biofilm se
recomienda medir en superficies completamente cubiertas por los microorganismos. Respecto
al contenido en humedad, se observé que éste provoca cambios en los valores de claridad (L*),
no afectando al resto de los parametros de color CIELAB. Asi, los valores de L* disminuyen

exponencialmente con el contenido en humedad, volviéndose practicamente estables en el
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tramo de humedad del 50 al 100%, por lo que se establecié un contenido en humedad superior
al 50% en el biofilm como condicion para obtener una medida de color fiable. Por ultimo y como
era de esperar, el tamafo del cabezal de medida influyé en el nimero de medidas, decreciendo
al aumentar éste. Asi, para obtener resultados comparables, se propuso realizar un total de 10
medidas/9,62 cm? para cabezales de medida de 8 y 5 mm de diametro y 8 medidas/9,62 cm?

para un cabezal de medida de 10 mm de diametro.

En lo que respecta al protocolo de medida de color para rocas pizarrosas (Capitulo 8), el
numero de medidas minimo necesario se redujo substancialmente con respecto a las rocas
graniticas y ligeramente con respecto a los biofilms. Ademas, mientras que en el caso de rocas
graniticas si se emplean cabezales mayores de 10 mm es necesario disponer de un area de
estudio de al menos 72 cm?, para las rocas pizarrosas un area de 36 cm? es suficiente
cualquiera que sea el tamano del cabezal de medida. Estas diferencias son sin duda debidas a
la mayor homogeneidad en cuanto a color de las rocas pizarrosas (Sanmartin et al., 2010b).
Asi, en las rocas pizarrosas se recomiendan 3 medidas/36 cm? para un area de lectura o
cabezal de 50 mm de diametro, 6 medidas/36 cm® para los cabezales de 10 y 8 mm de
diametro y 7 medidas/36cm? para un cabezal de 5 mm de diametro, y un area de 36 cm?

resulta suficiente cualquiera que sea el tamafo del cabezal de medida.

El analisis conjunto de los resultados obtenidos en los tres trabajos de protocolo de medida del
color (Capitulos 1, 3 y 8) pone de manifiesto la importancia que tiene el desarrollo de
metodologias de estudio para superficies heterogéneas y permite concluir que el area de
lectura o tamafo del cabezal de medida del espectrofotémetro o del colorimetro afecta al
numero de medidas requeridas para caracterizar el color de una superficie heterogénea. Asi, el
numero de medidas minimo necesario decrece cuanto mayor es la homogeneidad del color de
la superficie. Respecto al area minima de medida, que sdlo fue considerada para las rocas
ornamentales, ésta se ve afectada tanto por el tamano del cabezal de medida como por el tipo
de roca y acabado superficial. De manera concreta, un area de medida de 72 cm? es necesaria
en el caso de rocas graniticas si se emplean cabezales mayores de 10 mm, mientras que para
rocas pizarrosas un area de 36 cm? es suficiente cualquiera que sea el tamano del cabezal de
medida. En el caso de la medida del color en biopeliculas, las propiedades de los
microorganismos, como la concentracion y el contenido en humedad, afectan al numero

minimo de medidas requerido y, lo que es mas importante, al color obtenido.

Una vez que se dispuso de los protocolos de medida fue posible delimitar las zonas
tridimensionales del espacio de color CIELAB, teniendo en cuenta el grupo de coordenadas
escalares (L*a*b*) y el grupo de coordenadas cilindricas o polares (L*C*,,hzp), €n las que se
encuentran incluidas las rocas graniticas (Capitulo 2) y las rocas pizarrosas (Capitulo 8). La
definicién de estas regiones tridimensionales es muy importante ya que permite acotar el

espacio CIELAB para la realizacién de estudios posteriores y construir una base de datos de
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color para estas rocas ornamentales, necesaria cuando en la seleccibn de materiales se
emplea el criterio estético y cuando se quieran calibrar cdmaras digitales para su uso como
colorimetros en el Patrimonio monumental construido. Asi, la zona del espacio CIELAB en la
que se enmarcan las rocas graniticas tiene sus limites superiores en: L*= 74,9 + 1,0; a*= 2,7 +
0,5, b*=7,4+15; C*,=7,6 £ 1,1; y hypy= 253,7° + 6,1° con el modo SCI; y L*= 75,5 + 3,5; a*=
3,3+ 2,6; b*=8,6 £ 3,6; C*5p= 9,3 £ 4,2; y hy,= 237,2° + 46,0° con el modo SCE y sus limites
inferiores en: L*= 34,2 £ 0,5; a*=-0,9+0,1; b*=-2,8 £ 0,3; C*;,= 1,1 £ 0,5; y hgp=71,8° £ 1,7°
con el modo SCI; y L*= 30,7 +4,8; a*=-0,8 £ 0,3; b*=-1,4 £ 1,6; C*;,= 1,02 0,6; y hgp=71,5° %
4,9° con el modo SCE.

En el caso de las pizarras de techar de la Peninsula Ibérica, los limites superiores son L*= 53,2
+0,2; a*= 0,0 £ 0,0; b*=2,0 £ 0,1; C*b= 4,6 + 0,1; y hgp= 271,9° + 2,0° con el modo SCI; y de
L*= 52,4 £ 0,7; a*= 0,1 £ 0,1; b*=1,9 £ 0,3; C*;,= 4,5 £ 0,2; y h,,= 273,3° £ 5,0° con el modo
SCE, y los limites inferiores son L*= 33,7 £ 0,0; a*= 4,2+ 0,1,b*=-1,4+0,1; C*,=0,5+0,1; y
ha,= 143,6° £ 17,9° con el modo SCI; y de L*= 33,5 £ 0,2; a*= —4,1 £ 0,1; b*=-1,8 £ 0,2; C*,=
0,6 £ 0,3; y hyp= 155,3° + 2,6° con el modo SCE.

Tras definir los protocolos y delimitar las zonas tridimensionales de color de las rocas graniticas
y pizarrosas en el espacio CIELAB, el siguiente paso fue analizar la influencia de los
parametros medioambientales, tales como la intensidad y la calidad de la luz, la disponibilidad
de nitratos (fuente de nitrégeno asimilable) y la presencia de otros nutrientes, en la
composicion y/o abundancia de los pigmentos fotosintéticos y por tanto en el color del biofilm
(Capitulo 4). EI cambio de color en microorganismos fotoautotroficos debido a variaciones en
los parametros ambientales ya se habia analizado previamente (Collier & Grossman, 1992;
Sobczyk et al., 1994; Grossman & Kehoe, 1997; Grossman et al., 2001), observandose que las
bajas y medias intensidades de luz generalmente estimulan la sintesis de clorofila-a y
ficobiliproteinas en cianobacterias (Raven, 1984; Lonnenborg et al., 1985; Fernandez-Valiente
& Leganés, 1989; Martin-Trillo, 1995; Jonte et al., 2003; Loreto et al., 2003), mientras que las
altas intensidades estimulan la sintesis de carotenoides (Raps et al., 1983). En lo que se refiere
a limitaciones en los nutrientes, éstas provocan la disminucion del contenido de clorofila-a
(Stebvens et al., 1981; Bartual et al., 2002) y de ficobiliproteinas (Collier & Grossman, 1992),
permaneciendo relativamente estable en tal situacion el contenido de carotenoides (Duke &
Allen, 1990). Diferentes términos cualitativos fueron empleados en estos estudios para describir
las variaciones de color causadas por los cambios en pigmentos: blanqueo (bleaching), clorosis
(chlorosis), palidez del color (color paling), decoloracion (color fading), amarillamiento
(yellowing), azulamiento (blueing color), etc. Sin embargo en ninguno de ellos se realizé una
caracterizacion objetiva del color observado. En este trabajo de tesis por primera vez se
cuantificé el color de forma objetiva (Capitulo 4) y se relacionaron los valores obtenidos con el
contenido en pigmentos y los cambios producidos en ambos parametros, color y pigmentos,

con las variables medioambientales. Asi, se estudio la variacion del contenido en pigmentos
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(clorofila-a, ficobiliproteinas ficocianinas y carotenoides totales) y de los parametros de color
CIELAB en dos cepas cianobacterianas, Nostoc sp. PCC 9104 y Nostoc sp. PCC 9025,
mantenidas durante dos semanas en tres medios de cultivo (con nitrato, sin nitrato y sin nitrato
y con baja concentracién de nutrientes) sometidos a dos intensidades de luz (alta y baja). En
ambas cepas las concentraciones de clorofila-a y ficocianinas fueron mas altas en los cultivos
que crecieron en presencia de nitrato (condiciones no-diazotréficas), aunque en condiciones de
baja intensidad de luz para Nostoc sp. PCC 9104 y alta intensidad de luz para Nostoc sp. PCC
9025. Sin embargo, la concentracion de carotenoides se vio afectada por diferentes factores en
funcion de la cepa: para Nostoc sp. PCC 9104 la disponibilidad de nutrientes fue el factor
determinante, mientras que para Nostoc sp. PCC 9025 la presencia de nitratos y la alta

intensidad de luz afectaron en mayor medida a su concentracion (Sanmartin et al., 2010a).

Por otra parte, los resultados obtenidos revelaron que los valores de los parametros de color
CIELAB podrian ser empleados como indicadores de la concentracién de pigmentos, ya que
cada pigmento se correlacioné con cada parametro de color CIELAB, excepto con h,,. Se
observé que un incremento en la concentracién de pigmentos supone un incremento en los
parametros b*y C*,,, y un decremento de los parametros L* y a*. Sin embargo, no todos los
parametros de color CIELAB son igualmente sensibles a los cambios en la concentraciéon de
pigmentos. Asi, L* es el pardmetro mas informativo, por ser el mas estrechamente
correlacionado con cada uno de los pigmentos y el que mejor refleja los cambios en la
concentracion de pigmentos provocados por las diferentes condiciones ambientales
consideradas en el estudio. Le sigue a*, que se mueve hacia valores mas negativos a medida
que el cultivo envejece y la concentracion de pigmentos aumenta. Por su parte, b* y C*,
proporcionan informacién sobre la cantidad de ficocianinas en relaciéon a la cantidad de los
otros dos pigmentos estudiados, clorofila-a y carotenoides totales. En cuanto al parametro hgy,
éste se correlaciona en una de las cepas, Nostoc sp. PCC 9025, con todos los pigmentos y en
la otra, Nostoc sp. PCC 9104, s6lo con la clorofila-a, pero en ambos casos los coeficientes de
correlacién son demasiado bajos para establecer una relacion entre el contenido en pigmentos
y este parametro de color. A pesar de esto, tanto la observacién a la que se sometieron los
cultivos a lo largo del estudio, como el analisis de los valores de h,,, permiten relacionar este
parametro de color con los cambios en la apariencia de los cultivos, ya que las alteraciones en
la apariencia mas importantes observadas a lo largo del experimento se vieron reflejadas en los

valores de hyp,.

De la misma manera que para las rocas graniticas y pizarrosas (Capitulos 2 y 8), en el
Capitulo 4 se recoge la delimitacién de la zona del espacio CIELAB en la que se localiza el
color de las cianobacterias estudiadas, cuyos valores maximos y minimos son, L*= 92,39; a*=
—2,28; b*= 35,22; C*,,= 41,00; y h,,= 158,80°, y, L*= 36,85; a*= —-23,92; b*= 1,30; C*;,= 2,94;
y hap= 113,60°.
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La relacién color-pigmentos no sélo es informativa cuando los microorganismos se
encuentran en condiciones 6ptimas de desarrollo, también lo es cuando se encuentran en
condiciones de senescencia, como las que se derivan de la aplicacion de productos biocidas
o condiciones adversas. Asi, en este proyecto de tesis se planteé el desarrollo de
metodologias basadas en la medida del color para evaluar la eficacia de los biocidas
analizando el estado fisiologico de los organismos después de un tratamiento, es decir
métodos que permitan conocer si los organismos contindan desarrollandose o si, por el
contrario, el tratamiento afectd a sus funciones vitales y se encuentran en fase de
senescencia. La eficacia de un biocida en la eliminacion de microorganismos fototréficos
puede ser probada cuantificando la degradacion de su contenido en clorofila a feopigmentos,
viz. feofitina, clorofilida y feoférbido, (Underwood & Paterson, 1993; Silkina et al., 2009). La
relacion entre la clorofila y sus productos de degradacion se puede establecer mediante
espectroscopia UV-Vis empleando los indices o cocientes de feofitinizacion: A43s415, COCiente
entre las absorbancias registradas a 435 nm y 415 nm; y Asesessa COCiENte entre las
absorbancias registradas a 665 nm antes y después de acidificar la muestra. En ambos
casos, una disminucion del cociente indica un incremento en la degradacion de clorofila a
feopigmentos (e.g. Barnes et al., 1992; Lopez et al., 1997; Louda et al., 1998). En el Capitulo
5 se demostré que la feofitinizacion puede ser estimada mediante el analisis del color de los
microorganismos ya que, los parametros de color CIELAB registrados con un colorimetro
portatil se correlacionan con los indices de fecofitinizacion, lo que permite analizar la actividad
biocida y el estado fisiolégico de los microorganismos a través de la caracterizacion de su
color. De los parametros de color CIELAB, L* resultd6 ser el mas informativo
correlacionandose con ambos indices de feofitinizacion en los modos de crecimiento (forma
planctonica y biofilm), seguido de a* y C*,, que se correlacionaron con uno de los indices de

feofitinizacion en ambos modos de crecimiento (Sanmartin et al., 2011b).

En la puesta a punto de cualquier método es preciso contar con un método de referencia que
permita establecer en qué medida el nuevo método permite obtener valores exactos. En el
caso que nos ocupa, la cuantificacion de la colonizacién epilitica fototrofica sobre
construcciones graniticas a través de la cuantificacion de su color, el método de referencia es
la cuantificacion espectrofotométrica de la clorofila-a. Sin embargo, si bien este método no
presenta problemas cuando se analiza biomasa de algas y cianobacterias en medios liquidos
y en suelos, cuando se trata de analizar biomasa fototréfica en sustratos rocosos presenta
ciertas limitaciones derivadas del proceso de extraccion de la clorofila-a (Prieto et al., 2004).
Por tanto, fue necesario mejorar dicho método de extraccién antes de analizar los aspectos
relativos al color de las rocas graniticas colonizadas. Con este objetivo, en el Capitulo 6 de la
presente tesis doctoral se llevd a cabo una optimizacion del método de extraccion de clorofila-

a sobre roca granitica usando la metodologia de superficie de respuesta de un disefio
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factorial incompleto de 3°" orden, que predice las condiciones experimentales optimas para la

maxima extraccion de clorofila-a (Fernandez-Silva et al., 2011).

Se evaluaron tres pretratamientos mecanicos para determinar el procedimiento mas eficaz en
la extraccion de clorofila-a con dimetil sulféxido (empleado como solvente) en bloques de
granito inoculados con un cultivo mixto de tres cepas cianobacterianas que forman biofilms
sobre rocas graniticas, Nostoc sp. PCC 9104, Nostoc sp. PCC 9025 y Scytonema sp. CCC
9801. Dos de ellos, A y B, incluian la trituracion de la probeta de granito seguida, en el caso
del pretratamiento B, de una sonicacion de los fragmentos de roca y extractante en un bafio
de ultrasonidos. En el tercer pretratamiento, C, se sustituia la trituracion de la probeta por la
aplicacion de una sonda de ultrasonidos (sonicador) al extractante que bafa los bloques
enteros. Para cada pretratamiento se utilizé un disefio de Box-Behnken para 3 factores
experimentales o variables de optimizacion: (1) relacion volumen de extractante/volumen de
muestra, (2) temperatura durante la extraccion y (3) tiempo de extraccion, siendo la variable
dependiente o de respuesta, la clorofila-a extraida. Tras la incubacién en DMSO con sus
correspondientes condiciones experimentales, la concentracion de clorofila-a fue determinada

usando el método de espectrofotometria UV-Vis.

El andlisis de los resultados determiné que: (i) la aplicacién de ultrasonidos mejora la
extraccion de clorofila-a de los biofilms desarrollados sobre sustratos rocosos; (i) la precision
de la medida usando el método de espectrofotometria UV-Vis para el calculo de la
concentracion de clorofila-a disminuye cuando las muestras estan altamente diluidas, por lo
que son mas convenientes los métodos que requieren un menor volumen de extractante, vy,
(iii) la temperatura de extraccion es el factor experimental mas importante (comparado con los
otros dos analizados) en la extraccion de clorofila-a de los biofilms desarrollados sobre
sustratos rocosos. Por todo ello, se propone un método que implica la aplicacién de
ultrasonidos a la muestra intacta sin triturar (con lo que el método de extraccion de clorofila-a
deja de ser un método destructivo y pasa a ser un método meramente invasivo) seguido de
una incubacién en 0,43 ml de DMSO/cm® de muestra, a 63°C durante 40 minutos. Esta
mejora fue empleada en un experimento de confirmacion en el que se consiguid la
recuperacion del 90% de la cantidad real (i.e. inocludada) de clorofila-a, un incremento
sustancial frente al 68% que era el maximo de recuperacion en trabajos anteriores
(Fernandez-Silva et al., 2011).

Después de los experimentos de laboratorio, se pudo llevar a cabo la aplicacion de la
metodologia desarrollada in situ en monumentos y edificaciones de granito que presentaban
una problematica real relacionada con la colonizacion fototréfica y epilitica. De este modo, se
realizé un estudio (que se presenta en el Capitulo 7) de deteccidon y monitorizacién del
crecimiento de biofilms fototréficos y epiliticos en la fachada de granito de un edificio

institucional de Santiago de Compostela, el Centro de Supercomputaciéon de Galicia (CESGA).
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Se trata de un caso real orientado a la conservacién preventiva que proporciona una base para
el establecimiento de criterios de deteccion precoz del verdin y monitorizacion de su desarrollo
en tiempo real, utilizando las variaciones de color registradas mediante un espectrofotdmetro

portatil.

Varios autores ya habian empleado colorimetros y espectrofotometros portatiles en la
cuantificacion del color generado por los microorganismos fototréficos que se desarrollan de
forma epilitica sobre los sustratos pétreos. Asi, Urzi & Realini (1998) correlacionaron el color
gris o naranja, determinado instrumentalmente, de las patinas bioldgicas sobre roca calcarea
con los microorganismos responsables, hongos o algas y bacterias respectivamente; Prieto et
al. (2005) monitorizaron la evolucion del color en un frente de cantera de cuarzo a cielo abierto
tras la induccién de biofilms, los cuales enmascaraban el color blanco brillante del mineral
reduciendo asi el impacto visual. Mas recientemente, Muynck et al. (2009) por medio de un
analisis colorimétrico utilizando un colorimetro portétil, examinaron la efectividad de diferentes
tratamientos hidrofugantes y/o biocidas para la prevencion de la colonizacion por algas en dos
tipos de hormigén con diferente biorreceptividad, y Tanaca et al. (2011) evaluaron la
biorreceptividad de tres nuevas formulaciones de cemento expuestas en ambientes urbanos,
rurales y costeros, mediante el cambio de color provocado por la colonizaciéon de hongos. Sin
embargo, en ninguno de esos estudios, excepto en Prieto et al. (2005), se habia empleado una
metodologia de determinacién del color contrastada, y ésta fue la primera vez que la medida de
color empleando un aparato de medida por contacto era utilizada para estudiar la evolucién de

la colonizacion fototrofica (verdin) sobre fachadas de granito (Sanmartin et al., 2012).

Asimismo este trabajo permitid determinar los limites de percepciéon de la colonizacién
fototrofica sobre rocas graniticas basandose en un trabajo previo llevado a cabo por Prieto et
al. (2006), en el que a partir de un estudio psicofisico se definieron los términos cualitativos que
indicaban el grado de colonizacién: inapreciable, ligera, apreciable, evidente, notable, intensa o
muy intensa, relacionandolos con la diferencia total de color (AE*,,). En el Capitulo 7, tomando
en cuenta aquel trabajo se realizé un experimento psicofisico con el que se determiné el limite
entre la imperceptible y la perceptible colonizacién bioldgica, que provoca el enverdecimiento
(greening) en términos de incremento de los parametros de color L* (AL*), a* (Aa*) y b* (Ab*),

biomasa fotoautotréfica (en peso seco) y clorofila-a extraida.

Los resultados mostraron que los cambios registrados en b* permiten la deteccién temprana y
la monitorizacién a tiempo real del desarrollo de biofilms en fachadas de granito, incluso
cuando éstos son imperceptibles al ojo humano. El parametro b* es el que proporciona mayor
informacion, porque es el que detecta la colonizacién mas temprana y porque es el que varia
en mayor magnitud con el tiempo de manera que es el que condiciona en mayor medida el
cambio de color total (AE*,,). Este resultado esta en concordancia con resultados previos en

otros sustratos como cuarzo (Prieto et al., 2005) y cemento (Muynck et al., 2009). Asi, el limite
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de percepcién del enverdecimiento (greening) sobre una superficie de granito fue establecido
en Ab* = + 0.59 unidades CIELAB, que corresponden a 6.3 ug biomasa fotoautotréfica en peso

seco/cm? y (8.43 + 0.24) x 10™ pg de clorofila-a extraida/cm?.

Los resultados alcanzados presentan utilidad practica en la gestion y mantenimiento de
edificaciones con problemas de biodeterioro, al incluir indicaciones sobre el momento en que
se deben realizar labores de limpieza y/o aplicacién de tratamientos para detener o revertir la
aparicion perceptible del verdin en las fachadas. De este modo, se establece que para
mantener la superficie en un estado de apariencia muy cercano al original dichas tareas deben
realizarse cuando la colonizacién existe pero aun no se percibe visualmente, ambos momentos
faciimente identificables empleando un espectrofotémetro portati. En este sentido, la
monitorizacion de los cambios en b* (Ab*) de la fachada del CESGA justo después de su
limpieza revelaron que la recolonizacién por microorganismos fototréficos no tardé mas de 129
dias en producirse (un poco mas de 4 meses), siendo necesarios menos de 178 dias
(practicamente 6 meses) para ver un perceptible enverdecimiento en la fachada. Se constato
asi la rapidez con que ocurre la recolonizacién por verdin en Galicia, aspecto ya apuntado por
Silva et al. en 1997.

En lo que se refiere a la informacién ofrecida por los distintos parametros de color CIELAB, no
se puede establecer un solo parametro CIELAB como el Unico relevante, aunque debe
subrayarse la importancia de L* en la caracterizacion del color de las rocas graniticas y de los
microorganismos fototréficos (cianobacterias), puesto que L* resultd el parametro que mas
varia entre los distintos acabados de las rocas graniticas (Capitulo 2), también el Gnico que
influye en la diferencia de color entre biofilms con diferente contenido en humedad (Capitulo 3),
el que mejor se correlaciona con el contenido en pigmentos cuando éste varia debido a
diferentes condiciones medioambientales (Capitulo 4) y el que mejor se ajusta a los cocientes
de feofitinizacién que marcan la degradacion de la clorofila-a y con ello el estado fisiologico de
los microorganismos cianobacterianos (Capitulo 5). Sin embargo, cuando rocas graniticas y
cianobacterias son analizadas en conjunto (Capitulo 7), es b* el pardmetro que resulta mas
informativo para el estudio de la deteccidn y monitorizacién del crecimiento de los

microorganismos fototroficos sobre una fachada de granito.

El trabajo desarrollado en el nucleo central de tesis (Capitulos 1-7) ha posibilitado la posterior
implementacion del método colorimétrico a otros sustratos inorganicos naturales como son
rocas pizarrosas, suelos y sedimentos. Los objetivos planteados en esta serie de trabajos
fueron diversos, mostrando como nexo de unién la aplicaciéon practica de la medida de color.
Asi, la medida instrumental del color es util como criterio de seleccion de pizarras de techar
para su sustitucion en trabajos de restauracion de edificios histéricos (Capitulo 8), para lo que
previamente fue planteado un protocolo de medida del color para rocas pizarrosas (Prieto et

al., 2011). En ese trabajo se analiz6 un total de cincuenta variedades de pizarra de techar
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(todas las existentes en la Peninsula Ibérica); el tono angular (hg) resulté el parametro de
color CIELAB mas informativo en cuanto a la formacidon de grupos de pizarra
colorimétricamente similares, y el componente especular excluido (SCE) el modo mas
sensible para la deteccion de diferencias de color (AE*,,) entre dos variedades de pizarra.
Ademas, se establecieron las similitudes y diferencias en el color y la microestructura de las
diferentes variedades comerciales, asi como el grado de aceptacion para la sustitucion de un
tipo de pizarra por otro. Asi, cinco variedades de pizarra pueden reemplazar a y ser
reemplazadas por practicamente el resto de las cincuenta variedades y una unica variedad no

puede reemplazar ni ser reemplazada por ninguna otra pizarra.

Por otra parte y a pesar de que el impacto de los incendios sobre los suelos forestales gallegos
es bien conocido (Soto & Diaz-Fierros, 1993; Soto et al., 1997) y han sido muchos los casos en
los que se han descrito variaciones apreciables en el color del suelo tras un incendio (como el
ennegrecimiento debido a carbonizacién parcial o total de la materia organica y el
enrojecimiento debido a la deshidratacién de los o6xidos de hierro), la variacion de los
parametros de color y su relaciéon con la intensidad del fuego no habian sido hasta ahora
analizados en el contexto de los suelos gallegos. Asi, el objetivo del Capitulo 9 fue el de
analizar qué parametros colorimétricos registrados mediante un colorimetro portatil pueden ser
empleados como indicadores de la intensidad de un incendio a partir de experimentos de
laboratorio con muestras de suelo inalteradas recogidas en campo. Considerando que el color
de un suelo tras sufrir un incendio esta principalmente influenciado por el tipo y la cantidad de
materia organica (Shields et al., 1968; Schulze et al., 1993) y por los éxidos de hierro (Bigham
et al., 1978; Schwertmann, 1993), en este estudio (Capitulo 9) también se supusieron cambios
quimicos y mineralégicos que pudieran dar lugar a los cambios de color registrados (Sanmartin
et al., 2010c).

Los resultados obtenidos mostraron un descenso de la claridad en las muestras quemadas con
respecto a las sin quemar, reflejado en los valores de Value Munsell y L* CIELAB, y un
descenso del croma, marcado por el Chroma Munsell y C*,, CIELAB, probablemente debidos a
la carbonizaciéon de la materia organica. Ademas, se produjo un empardecimiento-
enrojecimiento del suelo reflejado en los valores de Hue Munsell, el descenso de hy, el
aumento de a* y el descenso de b*, que podrian atribuirse simplemente a la desaparicion de
los componentes organicos del suelo que enmascaraban el color de los componentes

inorganicos, principalmente éxidos de hierro.

La comparacion entre el color de los suelos quemados a una intensidad ligera y moderada,
muestra que los unicos parametros que establecen diferencias significativas son aquellos que
se refieren al Hue Munsell y han CIELAB, indicando que sera el tono el parametro a tener en
cuenta en el uso del color como indicador de la intensidad de incendios en suelos de Galicia.

Las diferencias pueden ser asignadas principalmente a variaciones en el estado de

- 204 —



Discusion General

deshidratacién de los compuestos de hierro como la transformacién de goethita, de un color

anaranjado, a hematite, de color rojo sangre.

Para finalizar, en el Capitulo 10 de esta tesis doctoral se demostré la validez de las
coordenadas de color CIELAB, registradas con un espectrofotdémetro portatil, en la estimacion
de los fitopigmentos contenidos en los sedimentos de rio recogidos a lo largo del cauce del rio
Anlléns (A Corufa) (Sanmartin et al., 2011c). Aunque recientemente, se habian aplicado
medidas instrumentales de color expresadas en coordenadas CIELAB a sedimentos en
suspension y en el cauce de rios para aplicaciones forenses (Guedes et al., 2009) y para
determinar el origen de sedimentos en suspension (Martinez-Carrera et al., 2010a, 2010b),
esta es la primera vez que la medida de color se utilizé para la cuantificacion de los
fitopigmentos (clorofila-a, clorofila-b, feopigmentos y carotenoides totales) presentes en
sedimentos de rio. La cuantificacion de fitopigmentos en los sedimentos de rio recibe la
atencion de los especialistas porque proporciona informacién sobre el efecto sinérgico que
provocan los nutrientes, en especial nitrégeno y fésforo, en el crecimiento de las algas y por
tanto sobre la eutrofizacion del rio, un descriptor valido del estado tréfico y de la calidad de las
aguas y sedimentos (e.g. Biggs & Close, 1989; Dodds et al., 2002; Chételat et al., 2006;
Muylaert et al., 2009). Asi, el desarrollo de una técnica no-destructiva, rapida, sencilla y
econdmica para la cuantificacion del contenido de fitopigmentos en los sedimentos de rio
basada en la cuantificacion del color seria de gran interés ya que evitaria la extraccion y

analisis quimico de los mismos.

Los resultados recogidos en el Capitulo 10 demostraron la validez del método ya que los
parametros de color CIELAB se correlacionan significativamente con el contenido en
fitopigmentos permitiendo asi el desarrollo de ecuaciones de prediccidon para el contenido en
clorofila-a, clorofila-b, carotenoides totales y contenido total en fitopigmentos a partir del
parametro a* y del parametro C*,, (Sanmartin et al., 2011c). De esta forma, el mejor ajuste se
alcanzé en la prediccion de la clorofila-a, con las ecuaciones de prediccion siguientes: Clorofila-
a = 46,4-70,6logqo(a*) y Clorofila-a =—15,7+238,1(1/C*4,) con un valor ajustado de R®> muy

proximo a 0,9.
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Cleaning is an important aspect of the maintenance and rehabilitation of stone buildings and
structures. Colonizing microorganisms contribute substantially to the fouling of buildings, which
causes aesthetic as well as physical and chemical damage to the building materials (Seaward,
1979; Grant, 1982). As biological colonization of outdoor-exposed surfaces is inevitable, it is
important to detect the moment at which the colonization begins, so that it can be dealt with as
early as possible to avoid irreparable damage. In the case of maintenance work, in which the
elimination of biological colonization is almost always necessary, a suitable methodology for
monitoring the efficiency of cleaning is required. To date, this has been done either visually,
which may produce misleading results, or by use of traditional methods of microbiological
analysis, which involve sampling (often impossible to perform because of the historical and
artistic value of the object) and arduous and costly laboratory work. Therefore, this thesis
proposes a color measurement-based method for quantifying the colonization of stone
structures by phototrophic microorganisms such as algae, cyanobacteria and lichens (all
colored microorganisms that commonly colonize buildings); the method is rapid, cost-effective,

non-destructive and can be applied directly to buildings and structures.

Thus, the main purpose of this doctoral research project was to develop a new methodology for
quantifying and studying the growth of epilithic phototrophic biofilms on granite constructions by
use of using instrumental color measurements, focusing on those cases in which sampling
would be difficult or even impossible to carry out. To achieve this main objective, specific
research objectives related to the measurement, representation and discussion of the color data
were established in relation to the two elements involved in the study - granite rocks and
phototrophic microorganisms (cyanobacteria) - and the interactions between these. The best
conditions for measuring color in this context were determined during the development of a
methodology for color measurement and characterization of the granitic rocks (Chapters 1 and
2) and cyanobacteria (Chapters 3-5), and fine-tuning of the method of extracting chlorophyll-a, a
biomarker for quantifying phototrophic biomass, from rocky substrates (Chapter 6). The
methods have been successfully applied to real cases of biological colonization (epilithic
phototrophic biofiims) on granite buildings (Chapter 7). Moreover, the work developed in the

context of granite structures of historical and artistic importance has led to the implementation of
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the colorimetric method to natural structures, and the method has been applied to other natural
inorganic substrates: to determine the color of roofing slates as a replacement criterion in
restoration work (Chapter 8), to characterize the color of burned soil as an indicator of fire
intensity (Chapter 9), and to measure the color of riverbed sediments to estimate their

phytopigment content (Chapter 10).

The underlying hypothesis of this doctoral study - the existence of a direct relationship between
the quantity and physiological state of phototrophic organisms and the color change generated
when they are deposited on a surface - was previously demonstrated by Prieto et al. (2002) in
laboratory experiments. The reliability of color measurements as an estimator of the biomass of
phototrophic organisms on stone surfaces was also demonstrated by Prieto et al. (2004) by
comparison of the most common methods of quantification of phototrophic biomass on rocky
substrates. Prior to development of the approach used in this doctoral research, several studies
had applied the objective measurement of the color of ornamental stone with contact color
measuring devices, such as ftristimulus colorimeters and portable spectrophotometers (e.g.
Duran-Suarez et al., 1995; Garcia-Talegén et al., 1998; Ifigo et al., 2004; Grossi et al., 2007).
However, no standardized protocol for characterizing the color of ornamental stone, which
would enable comparison of the results obtained by different authors and instruments, had yet
been established. In this regard, it should be noted that the geometry or optical design of the
measuring instrument, whether a colorimeter or a spectrophotometer, enables a spatially-
averaged reading of the reflected light from a fixed area, which is always circular and of a size
determined by the diameter of the measurement head (ranging between 3 and 60 mm). Thus,
the device records an integrated color, which is the result of the reflectance or transmittance
caused by the different colors captured on the reading area. This supposes an important
advantage in the case of surfaces of relatively homogeneous color, but implies the need for
prior determination of the minimum area of measurement and the minimum number of
measurements that must be made when the measurement surface is heterogeneous in color
and texture, as in the case of granite. Lack of knowledge of these parameters leads to a loss of
colorimetric information, and the importance of this will depend on the heterogeneity of the

color.

In response to this situation, a procedure for measuring the color of ornamental granite is
proposed in this doctoral thesis (Chapter 1); fin-tuning of the method involved determining the
minimum area of measurement and the minimum number of measurements required with two
contact color-measuring instruments, a portable tristimulus colorimeter and a spectrophotometer
for solids (Prieto et al., 2010a). Granite can be considered as one of the most complicated
cases as far as determining the color of ornamental stone is concerned, because of the high
heterogeneity of the color and texture of the surface as a result of the complexity of the mineral
distribution. For this study, careful selection from among ornamental granites was carried out to

obtain the widest range in color and texture from within the types of granite most commonly
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used in buildings and heritage structures. The following varieties of ornamental granite were
selected: Labrador Claro, a bluish-black, coarse-grained granite; Grissal, a grey, medium-
grained granite; Rosa Porrifio, a pinkish, coarse-grained granite; Blanco Cristal, a white, fine-
grained granite (these granites comprised the reference samples and were referred to as the
Granite Training group); and Silvestre, a fine-grained, lightly weathered granite, which has a
brownish-gold color due to weathering of its minerals (this granite forms the Granite Test group
used to validate the results achieved with the Granite Training group). Considering that all
ornamental stone in built structures has a certain type of surface finish that can affect the color,
samples of all of the varieties were prepared with four different types of commercial finish:
polished (smoothest finish), honed, sawn, and flamed (roughest finish), except in Labrador
Claro in which a flamed finish is not easy to achieve. Likewise, flamed and polished finishes
cannot be achieved in the Silvestre variety of granite, so that these were substituted with bush
hammered and polished without glow finishes, respectively. Three parameters were considered
as variable factors: the type of granite (Labrador Claro, Grissal, Rosa Porrifio, and Blanco
Cristal), surface finish (polished, honed, sawn, and flamed), and target area (circular apertures
of diameter 5, 8, 10, and 50 mm). The color measurements were analyzed by use of the
CIELAB color space, with the L*a*b* group of scalar coordinates. Development of the
methodology established to determine the influence of these factors on the color parameters is
an important novel aspect of the work reported in this chapter. The importance of analyzing the
color data from both colorimetric and statistical points of view was highlighted, as neither
method alone enabled conclusions to be reached. The combination of both types of analysis
demonstrated that the variability of granite in terms of color, texture and surface finish must be
taken into account in standardizing the methodology for color measurement because all of
these parameters affect the minimum number of measurements required. It was also found that
for granite, the minimum number of measurements per surface measurement is affected by the
field of view or measurement target area of the device, which is determined by the diameter of
the measurement head. Thus, the number of measurements required is 61/36 cm? surface area
for a 50 mm diameter measurement head, 14/36 cm” for 8 and 10 mm diameter measurement
heads, and 17/36 cm”for a 5 mm measurement head. As regards the minimum measuring area,
the results showed that an area of 36 cm?is sufficient when measurement heads of diameter 10
mm or less are used. A surface area equal to or larger than 72 cm?is required for measurement
heads of larger diameters. The differences in the L*, a*, b* color parameters obtained with the
different measuring heads were statistically significant, although not at the level of a rigorous
color tolerance (i.e. less than AE*,,: 3 CIELAB units), so that in practice they may be ignored
(Prieto et al., 2010a).

T In all cases the measurements were made consecutively by replacement at different points selected at random by the
operator.
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After publication of the results of the research reported in Chapter 1 of this thesis, Sousa &
Gongalves (2011) carried out a similar study to evaluate the factors (such as grain size and
texture) affecting the assessment of the color of granite and to propose a methodology for this
task that would reduce the margin of error associated with the procedure. In comparison with
the study reported in Chapter 1, these authors used a colorimeter to analyze granite samples
with only one type of surface finish (polished finish), a smaller range of measuring head size (4-,
8- and 16-mm diameter apertures), and larger samples (blocks of 100 cm? and 30,000 sz)_
These differences may explain the differences in the results obtained in both studies since,
according to Sousa & Gongalves (2011), color parameters did not differ significantly with
different measurement head sizes (although the standard deviation of the mean values obtained
with the 16-mm aperture was lower), and thus, the minimum number of measurements required
was 40/100 cm? and 60/30,000 cm?, with any size of measurement head. Another important
aspect to consider is that Sousa & Gongalves (2011) used the classical CIELAB formula to
calculate differences in color, rather than the newer and improved CIEDE2000 and CIE94 color-
difference formulae, which are more appropriate for assessing samples with low chroma values
(Johnson & Fairchild, 2003). Furthermore, these authors did not take into account the
suprathreshold color-difference, which is approximately 1.75 CIELAB units (Melgosa et al.,
1997).

Once the minimum requirements in terms of number of measurements and surface
measurement area were established, the influence of the type of commercial finish (polished or
polished without glow, honed, sawn, and flamed or bush hammered) on the appearance of
ornamental granite was analyzed by means of roughness, color, and gloss measurements; the
relationship between these three aesthetic parameters was also analyzed (Chapter 2). Studies
of the relationships between color, gloss and roughness in heterogeneous samples are
particularly scarce (Benavente et al., 2003), in contrast with the large number of studies
considering homogeneous samples (Barnett, 1973; Thomas, 1999; Dalal & Natale-Hoffman,
1999; Simonot & Elias, 2003; Keyf & Etikan, 2004; Eliades et al., 2004; Arifio et al., 2005;
Briones et al., 2006; Shih et al., 2008; Ignell et al., 2009).

When the surface of a smooth, colored object becomes rough, the apparent color of the object
usually changes (Simonot & Elias, 2003). In the case of ornamental granite, the results
demonstrated that different surface finishes produce differences in color (in most cases
perceptible), especially in the lightness parameter (L*); the magnitude of these differences
depends on the color of the ornamental granite, and is greatest in dark-colored stone. Thus, the
greatest color variation due to different surface finishes was observed in Labrador Claro. This is
consistent with the findings reported by Ignell et al. (2009) for polymeric surfaces in which the
lightness L* increased most in the darkest (i.e. roughest) surfaces; it is also consistent with the
results obtained by Benavente et al. (2003) in different types of marble and limestone, as in

specimens with a high chroma value (C*,,), the changes in total color (AEg,) were affected by
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surface finish to a greater degree than specimens with low chroma value, which scarcely

showed any change in color in relation to finish.

These statistically significant and perceptible color changes, caused by the different commercial
finishes on the surface of the granite, were observed in both the specular component included
(SCI) and specular component excluded (SCE) measurement modes, unlike in other materials
such as dental porcelain (Kim et al., 2003) and injection-moulded plastics (Arifio et al., 2007), in
which color variations owing to differences in surface roughness were only observed in the SCE
mode. However, it should be noted that for determining the color of granite, the SCE mode
provided greater magnification of the differences in color produced by various commercial
finishes. These results are of the great interest because they constitute valuable information

regarding the methodology of measuring the color.

The color parameters (L*a*b*C*,h,,) did not vary in proportion to the roughness generated by
the different surface finishes, although the values of these parameters were different for each
finish. Gloss depends on the refractive index of the various minerals that compose granite and
is affected by the color of ornamental granite, but in a different way than in polished and rough
finishes. Many authors have reported an inverse relationship between roughness and gloss in
surfaces that are homogeneous in color and composition (Hunter & Harold, 1987; Thomas,
1999; Wang et al., 2000; Arifio et al., 2005; Briones et al., 2006). In ornamental granite, gloss is
not a function of roughness for the entire measurement range, and gloss and roughness are
inversely related only within the range of low values of roughness. Although there are several
possible explanations for this, perhaps the most important is that the treatments used to achieve
the rough finishes (viz. flamed and bush hammered) break the surface minerals, which mostly
tend to fracture along well-defined cleavage planes (Lopez-Arce et al., 2010), thus creating
small areas of new smooth surfaces and causing an increase in surface gloss (Sanmartin et al.,
2011a).

The study methodology described in Chapter 1 was successfully used to define a color
measurement protocol for biofilms (Chapter 3) and roofing slates (Chapter 8), which validates its
use for other types of heterogeneous surfaces. In the case of biofilms, cyanobacteria were
selected as the colonizing microorganisms under study, because they are the main constituent
in a phenomenon often referred to as greening when developed on the surfaces of natural stone
(Ortega-Morales et al., 2000; Gaylarde et al., 2001). In particular, the cyanobacteria used
belong to the genera Nostoc and Scytonema (order Nostocales). The choice of these genera of
cyanobacteria was performed in response to metabolic and morphological characteristics.
Specifically, the selected microorganisms are nitrogen-fixing microorganisms, i.e. diazotrophs
able to satisfy their metabolic requirements mainly through the compounds in the atmosphere,
allowing them to act as pioneers in colonizing nutrient-poor surfaces, such as stone surfaces.

Another characteristic taken into account in choosing these microbial genera was their
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morphology, since both of these filamentous cyanobacteria are protected from the external
medium - by a matrix of polysaccharide mucilage in the case of Nostoc, and by a mucilaginous
sheath made of complex polysaccharides in the case of Scytonema. This morphology allows
these microorganisms to withstand extreme temperatures and humidity, and therefore makes
them well suited to colonizing walls and fagades, where both environmental parameters vary
greatly depending on solar radiation and precipitation. The strains selected were Nostoc sp.
PCC 9104, Nostoc sp. PCC 9025 and Scytonema sp.CCC 9801. These cyanobacterial strains
are common colonizers of soil and rocks in Galicia (Acea et al., 2001, 2003).

Following the working methodology designed by Prieto et al. in 2002, a mixed culture of Nostoc
sp. PCC 9104, Nostoc sp. PCC 9025 and Scytonema sp. CCC 9801 was prepared. Aliquots of
different volumes were filtered under vacuum through white nitrocellulose filter discs (0.45 pm
pore size and 47 mm in diameter) in order to deposit a uniform layer of microorganisms in a
circular fixed area of 9.62 cm?’ (35 mm in diameter), to simulate the composition and
characteristics of a biofilm (Costerton, 2007). The minimum number of measurements required
to characterize the color of a heterogeneous surface depends, among other factors, on the size
of the measuring head (Chapter 1). Moreover, the moisture content of cyanobacteria affects
their colorimetric characterization (Prieto et al., 2002). Therefore, the minimum number of
measurements required for a given surface size with respect to the size of the measurement
head was analyzed (Chapter 3) by taking into account moisture content of microorganisms and
their degree of cover, which generate a heterogeneous surface color (Prieto et al., 2010b). The
findings demonstrated that the minimum number of measurements required increased with
increasing heterogeneity of the color of the area measured, which depended on the
concentration of the microorganisms and decreased with the diameter of the measuring head.
To control for the influence of the heterogeneity of the color of the area measured, the color of
the cyanobacteria should be measured on filters that are completely covered by the
microorganisms, so that the color of the filter is totally obscured. With regard to the moisture
content of the microorganisms, it was observed that this causes changes in the values of
lightness (L*), but does not affect the other CIELAB color parameters. Thus, the L* values
decreased exponentially with moisture contents of up to 50%, and become virtually stable at
moisture contents between 50 - 100%, so that a moisture content above 50% in the biofilm was
established as a condition for obtaining reliable color measurements. Finally, as expected, the
size of the measuring head influenced the number of measurements required; the latter
decreased as the former increased. Thus, in order to obtain comparable results, it was
proposed to make a total of 10 measurements/9.62 cm? for measuring heads of 8 and 5 mm in
diameter and 8 measurements/9.62 cm? for a measuring head of 10 mm diameter. Regardless
of the dimensions of the measuring head of the device, 10 measurements/9.62 cm® are

sufficient for characterizing the color of cyanobacteria.
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In regard to the color measurement protocol for roofing slates (Chapter 8), the minimum number
of measurements required was much lower than for granite and slightly lower than for biofilms.
Furthermore, although in the case of granite, a study area of at least 72 cm? is required when
heads larger than 10 mm are used, a surface area of 36 cm? is sufficient for slate, regardless of
the size of the measurement head. These differences are undoubtedly due to greater uniformity
in color of the roofing slate (Sanmartin et al., 2010b). Thus, for roofing slate, 3
measurements/36 cm? are recommended for a reading area or measuring head area of 50 mm
in diameter, 6 measurements/36 cm?” for 10 and 8 mm diameter measuring heads, and 7
measurements/36cm? for a measuring head of diameter 5 mm. An area of 36 cm® is also

sufficient, regardless of the size of the measuring head.

Joint analysis of the results obtained in the three studies in which protocols for color
measurements were developed (Chapters 1, 3 and 8) highlights the importance of developing
methodologies to study heterogeneous surfaces, and also indicates that the reading area or
measuring head size of the spectrophotometer or colorimeter affects the number of
measurements required to characterize the color of a heterogeneous surface. Thus, the
minimum number of measurements required decreases with increasing homogeneity of the
colored surface. The minimum measurement area, which was considered only for ornamental
stone, was affected both by the size of the measuring head and the type of stone and surface
finish. Specifically, a measurement area of 72 cm? is necessary in the case of granite when
measuring heads larger than 10 mm are used, while for roofing slates an area of 36 cm? is
sufficient, irrespective of the size of the measuring head. In the case of color measurement in
biofilms, the properties of microorganisms, such as concentration and moisture content, affect
the minimum number of measurements required, and, more importantly, they affect the color

obtained.

Once the measurement protocols were established, it was possible to identify the regions of the
CIELAB color space by taking into account the set of Cartesian coordinates (L*a*b*) and the set
of polar or cylindrical coordinates (L*C*,,hgp) that include granite (Chapter 2) and roofing slate
(Chapter 8). As three-dimensional color areas delimit the CIELAB space for the construction of
color databases for ornamental stone, it is very important to define them correctly. The 3D color
areas may be used in further studies within the framework of research in which selection of
materials is performed by use of aesthetic criteria, and they can also be applied in
characterizing trichromatic digital cameras as colorimeters for use with cultural heritage
monuments. Therefore, for the area within the CIELAB color space that defines the ornamental
granites under study, the limits were as follows: L*= 74.9 + 1.0; a*= 2.7 + 0.5; b*= 7.4 £ 1.5;
C*p=7.6 £ 1.1; hyp= 253.7° + 6.1° (upper limits) and L*= 34.2 £ 0.5; a*= -0.9 £ 0.1; b*=-2.8 £
0.3; C*3= 1.1 £ 0.5; hyp= 71.8° £ 1.7° (lower limits) in the specular component included (SCI)

mode. In the specular component excluded (SCE) mode, the limits were as follows: L*= 75.5 +
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3.5;a*=3.3+2.6; b*=8.6 + 3.6; C*,;p= 9.3 + 4.2; hy,= 237.2° + 46.0° (upper limits) and L*= 30.7
+4.8;a*=-0.8+0.3; b*=-1.4 £ 1.6; C*;,= 1.0 £ 0.6; and h,,= 71.5° £ 4.9° (lower limits).

In the case of the fifty commercial varieties of roofing slate extracted from the twelve different
slate mining districts in the Iberian Peninsula, the limits of the three-dimensional color area of
the CIELAB space were as follows: L*=53.2 +0.2; a*= 0.0 £ 0.0; b*= 2.0+ 0.1; C*,,=4.6 £ 0.1;
and, hy,= 271.9° £ 2.0° (upper limits) and L*= 33.7 + 0.0; a*= 4.2 + 0.1; b*= -1.4 £ 0.1; C*,,=
0.5 £ 0.1; hgp= 143.6° £ 17.9° (lower limits) in the SCI mode. In the SCE mode, the limits were
as follows: L*=52.4 £ 0.7; a*= 0.1 £ 0.1; b*= 1.9+ 0.3; C*,,= 4.5 £ 0.2; h,,= 273.3° £ 5.0° (upper
limits) and: L*= 33.5 £ 0.2; a*= -4.1 £ 0.1; b*=-1.8 £ 0.2; C*,,= 0.6 £ 0.3; h,,= 155.3° £ 2.6°

(lower limits).

After establishing the measurement protocols and defining the three-dimensional color areas of
ornamental granite and roofing slates within the CIELAB color space, the next step in this
research was to analyze the influence of environmental parameters such as light quality and
light intensity, presence or absence of assimilable combined nitrogen sources, and presence or
absence of other nutrients on the composition and/or abundance of photosynthetic pigments
and hence on the color of biofilms (Chapter 4). Modifications in the color of photoautotrophic
microorganisms due to pigmentary changes in response to variations in environmental
parameters have been analyzed in previous studies (Collier & Grossman, 1992; Sobczyk et al.,
1994; Grossman & Kehoe, 1997; Grossman et al, 2001). Thus, although different
microorganisms and different strains of a microorganism are characterized by specific
physiological changes in response to environmental stimuli, in most studies with cyanobacteria
it was observed that low and intermediate light intensities generally stimulate synthesis of
chlorophyll-a and phycobiliproteins (Raven, 1984; Lonnenborg et al., 1985; Fernandez-Valiente
& Leganés, 1989; Martin-Trillo, 1995; Jonte et al., 2003; Loreto et al., 2003), while high light
intensities stimulate synthesis of carotenoids (Raps et al., 1983). Nutrient limitations lead to a
decrease in the content of chlorophyll-a (Stebvens et al., 1981; Bartual et al., 2002) and
phycobiliproteins (Collier & Grossman, 1992), although in such situations the carotenoid content
remains relatively stable (Duke & Allen, 1990). Different terms were used in these studies to
describe the color variations caused by these pigmentary changes: bleaching, chlorosis, color
paling, color fading, yellowing, dark-green color, light-yellow color and blueing color. However,

none of the above studies quantified the color objectively.

The color of cyanobacteria was objectively quantified (expressed in the CIELAB coordinates
L*a*b*C*aphap) for first time in this study (Chapter 4) and related to the pigment content; the
variations in both color and pigments were also related to environmental parameters. For this
purpose, two stone biofilm-forming cyanobacteria (Nostoc sp. PCC 9104 and Nostoc sp. PCC
9025) were acclimated in aerated batch cultures for two weeks, to three different culture

conditions: non-diazotrophic, diazotrophic and “low nutrient” diazotrophic, and exposed at high
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or low light intensity. Throughout the experiment, the cyanobacteria color was measured and
represented in the CIELAB color space; the pigment contents (chlorophyll-a, phycocyanins
(phycobiliproteins) and total carotenoids) were also quantified. The results confirmed the
efficiency of color measurements in evaluating the extent to which pigment production is

affected by environmental parameters (Sanmartin et al., 2010a).

The results revealed that, for both strains, the concentrations of chlorophyll-a and phycocyanins
(phycobiliproteins) were higher in cultures grown in the presence of nitrate (non-diazotrophic
conditions) - in low light intensity for Nostoc sp. PCC 9104 and in high light intensity for Nostoc
sp. PCC 9025. However, the concentration of carotenoids was affected by different parameters,
depending on the strain: for Nostoc sp. PCC 9104 the availability of nutrients was the main
factor affecting carotenoid concentration, whereas the presence of nitrates together with the
high light intensity affected Nosfoc sp. PCC 9025 to a greater extent (Sanmartin et al., 2010a).
Moreover, the findings showed that values of CIELAB color parameters may have been used for
the same purpose as the pigment content because the concentration of each pigment was
closely correlated with each CIELAB color parameter, except hg; thus, when the pigment
content increased, b* and C*,, increased, and L* and a* decreased. However, not all CIELAB
color parameters are equally sensitive to changes in pigment concentrations. Thus, L* appears
to be most informative parameter because, as well as being the CIELAB color parameter most
closely related to each pigment studied, it reflects the changes in pigment concentrations due to
the different environmental conditions considered. Is followed by a*, which moved to negative
values (the culture became greener) as the culture aged and pigment content increased. For
their part, b* and C*, provide information about the amount of phycocyanins (phycobiliproteins)
in relation to the amount of the other two pigments studied, chlorophyll-a and total carotenoids.
The parameter h,, was correlated with each pigment in Nostoc sp. PCC 9025 and with
chlorophyll-a concentration in Nostoc sp. PCC 9104; however, in both cases the correlation
coefficients were too low to establish any relationship between pigments and this CIELAB color
parameter. Nonetheless, the constant surveillance to which cultures were subjected, together
with analysis of the h,, values, allowed this parameter to be related to changes in the
appearance of the cultures (color and density) because the most important changes in
appearance that occurred through the experiment are clearly reflected in the hy, values. Finally,
in the same way as for the granite and roofing slate (Chapters 2 and 8), Chapter 4 reports the
thresholds of the three-dimensional color area within the CIELAB color space in which the color
of the cyanobacteria under study is located, the maximum and minimum values of which are L*=
92.39; a*= —2.28; b*= 35.22; C*,;,= 41.00; h,,= 158.80°, and L*= 36.85; a*= -23.92; b*= 1.30;
C*ap=2.94; hop= 113.60°, respectively.

The color-pigment relationship is not only useful when the microorganisms are actively growing,
but also when they are senescent, e.g. after the application of biocidal products or conditions.

Thus, this research aimed to develop working methods based on color measurement in order to
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assess the effectiveness of biocides, by analyzing the physiological state of the microorganisms
after treatment, i.e. colorimetric methods that reveal whether the microorganisms continue to
develop or they are in the senescent phase. The effectiveness of biocides against phototrophic
organisms can be tested as the degree of chlorophyll degradation (Underwood & Paterson,
1993; Silkina et al., 2009). When chlorophyll degrades, it forms a series of degradation
products, the nature of which depend on the part of the molecular structure of chlorophyll
affected. These are called phaeopigments and include phaeophytin, chlorophyllide and
phaeophorbide. The relationship between these pigments and chlorophyll can be established by
UV-Vis spectroscopy, using phaeophytinization indexes or ratios: Ayss/415, the ratio between the
absorbances recorded at 435 nm and 415 nm, and the ratio of absorbances Aggs/e652 registered
at 665 nm before and after acidifying the sample with hydrochloric acid. In both cases, a
decrease in the ratio indicates the start of the increase in the degradation of chlorophyll to
phaeopigments (e.g. Barnes et al., 1992; Lépez et al., 1997; Louda et al., 1998). Chapter 5 of
this thesis describes how the analysis of chlorophyll degradation in cyanobacteria by use of
spectrophotometric methods can be replaced by instrumental color measurements because the
CIELAB color parameters recorded with a portable colorimeter are correlated with the
phaeophytinization indexes estimated by UV-Vis spectroscopy. On the basis of this result, both
the effectiveness of the biocide and the physiological state of the microorganism can be
determined by straightforward measurement of the color. Of all the CIELAB color parameters, L*
was the most valuable for describing chlorophyll degradation as it is correlated with both
phaeophytinization indexes (Asss415 and Agesessa) in both modes of growth (planktonic and
biofilm), followed by a* and C*,,, which are correlated to the Aggsess2 index in both modes of
growth (Sanmartin et al., 2011b).

In the development and fine-tuning of any novel method, a reference method must be used to
establish the reliability of the results obtained by the new method. In the present case (i.e. the
quantification of epilithic phototrophic colonization on granite structures by color measurement),
the reference method is the widely accepted spectrophotometric measurement of chlorophyill-a,
one of the most commonly used biomarkers for quantifying microalgal and cyanobacterial
biomass. However, although this method is valid for estimating photosynthetic growth in water,
liquid media, and soil, its use in analyzing phototrophic biomass on rocky substrates associated
with the process of chlorophyll-a extraction is limited (Prieto et al., 2004). It was therefore
necessary to improve the extraction method before analyzing the aspects of the color of the
colonized granite. For this purpose, the method of extracting chlorophyll-a from biofilms
developed on rocky substrata was optimized (Chapter 6), by use of a response surface
methodology following a Box-Behnken third order design, which predicts the optimal

experimental conditions for maximum extraction of chlorophyll-a (Fernandez-Silva et al., 2011).

Three different mechanical pretreatments (A, B, C) were assayed to determine the best

procedure for complete chlorophyll-a extraction with dimethyl sulfoxide (used as solvent) on
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granite blocks inoculated with a mixed culture of three stone biofilm-forming cyanobacteria,
Nostoc sp. PCC 9104, Nostoc sp. PCC 9025 and Scytonema sp. CCC 9801. In the two first
methods, A and B, inoculated blocks were crushed, and in the case of pretreatment B, the
blocks were subsequently placed in an ultrasonic bath filled with enough water to apply
ultrasound to the whole of each sample. For pretreatment C, the crushing was replaced by
sonication of intact inoculated blocks (without crushing) by inserting the narrow tip of an

ultrasonic generator into the extractant.

For each pretreatment, a Box—Behnken design for three-variable optimization or experimental
factors was used: (1) extractant-to-sample ratio, (2) temperature during the extraction, and (3)
time of incubation, considering the recovery of chlorophyll-a as the dependent variable or
response variable. After incubation in DMSO in their respective conditions, samples were
fitered, and the concentration of chlorophyll-a in the filtrates was determined by UV-Vis

spectrophotometry.

From the results obtained it can be concluded that: (i) the application of ultrasonic methods
improved extraction of chlorophyll-a from biofilms developed on rocky substrata; (ii) the
precision of the spectrophotometric method for calculation of the concentration of chlorophyll-a
decreases with highly diluted samples, so that methods requiring a lower volume of extractant
are more convenient; (iii) the temperature of extraction is the most important factor (compared
with the other parameters analyzed) in chlorophyll-a extraction from biofilms on rocky
substrata. Thus, we proposed the direct application of ultrasound to uncrushed rock samples
(so that the method of extraction of chlorophyll-a ceases to be destructive and becomes
merely an invasive method), followed by incubation in 0.43 ml DMSO/cm? sample (vol/surface)
at 63°C for 40 min, as an efficient method for chlorophyll-a extraction from stone material
(Fernandez-Silva et al., 2011). Confirmatory experiments were performed at the predicted
optimal conditions, allowing recovery of 90% of the chlorophyll-a, which implies a substantial

improvement with respect to the recovery expected with previous methods (68%).

On completion of the laboratory experiments, the colorimetric method developed during the
study was able to be applied in situ and on site in granite buildings or heritage structures
affected by biological colonization and formation of epilithic phototrophic biofilms. Thus, Chapter
7 describes the detection and monitoring of the development of epilithic phototrophic biofilms on
the granite fagade of an institutional building, (viz. Supercomputing Centre of Galicia (CESGA),
in Santiago de Compostela (Galicia, northwest Spain) (Sanmartin et al., 2012). The research
comprises a case study of preventive conservation and the results provide a basis for
establishing criteria for the early detection of phototrophic colonization (greening) and for
monitoring its development on granite buildings by the use of color changes recorded with a

portable spectrophotometer and represented in the CIELAB color space.
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Several authors have already used portable spectrophotometers or tristimulus colorimeters, and
expressed the results in CIE-L*a*b* color system units for characterizing the color of stone,
caused by the epilithical growth of phototrophic microorganisms. Thus, using this technique,
Urzi & Realini (1998) correlated the orange or grey color of the patina on Noto’s calcareous
sandstone with the associated microflora; Prieto et al. (2005) quantified the development of
biofilm induced on the open rock faces of quartz quarries to reduce the visual impact; De
Muynck et al. (2009) evaluated strategies for preventing algal fouling on two types of concrete
(man-made stone), and more recently, Tanaca et al. (2011) evaluated fungal colonization on
three cement (man-made stone) formulations exposed to urban, rural and coastal
environments. Nevertheless, none of these studies, except that of Prieto et al. (2005), used a
previously established methodology for the color determination. Likewise, to our knowledge, the
color measurement technique has not previously been used to study the phototrophic
colonization (greening) of granite stone buildings naturally exposed to the outdoor environment
(Sanmartin et al., 2012).

In the present study (Chapter 7), the thresholds between imperceptible and perceptible
greening were also determined, in terms of partial color differences (AL*, Aa* and Ab*), amount
of phototrophic biomass (dry weight) and extracted chlorophyll-a content, taking into account
the findings of a previous study carried out by Prieto et al. (2006). The following qualitative
terms were defined by observers in the latter psychophysical study (Prieto et al. 2006):
inappreciable, slight, appreciable, evident, notable, intense, or very intense, which indicated
whether there was any perceptible difference in color between the granite blocks inoculated with
cyanobacteria and the reference blocks. In the study performed by Sanmartin et al. (2012), the
task of each observer was to decide whether the “greening” due to the presence of
cyanobacteria in the granite blocks was perceptible or not. The observers provided “yes” or “no”

responses.

Chapter 7 explains why measurement of color changes with a portable spectrophotometer is a
reliable method for the early detection and real-time monitoring of phototrophic growth
(greening) on granite facades, even before it is perceptible to the human eye. In this sense,
changes in parameter b* were shown to provide the earliest indication of colonization and also
varied most widely over time, so that this is the most important parameter for determining the
total color change (AE*;). This is consistent with previous observations for other stone
materials such as quartz (Prieto et al., 2005) and concrete (De Muynck et al., 2009) and shows
that parameter b* is the most informative for detecting phototrophic colonization. This finding
suggests that the technique proposed here can be extrapolated to buildings other than granite
buildings. Thus, Ab*: +0.59 CIELAB units, which correspond in this study to 6.3 mg biomass
(dry weight) cm? and (8.43 + 0.24) x 10 pg extracted chlorophyll-a cm?, was established as

the greening threshold.
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The results reported in Chapter 7 are also of practical use for the management and
maintenance of buildings affected by biodeterioration, as they show that greening can be
detected when still imperceptible to the human eye, and also provide the basis for
recommendations regarding the cleaning and/or application of treatments to halt or reverse the
perceptible appearance of greening on building fagades. According to our study, cleaning
and/or treatment should be carried out by taking into account both the greening threshold in
terms of Ab* and the moment at which the trend in the value of Ab* changes and becomes
positive, i.e. when it indicates the presence of phototrophic colonization. In this sense,
monitoring changes in b* on a cleaned granite fagade exposed to the natural environment in
Santiago de Compostela (NW Spain) revealed that recolonization by phototrophic
microorganisms (greening) took no more than 129 days (just over 4 months), and greening was
perceptible after approximately 178 days (almost 6 months). This rapid biological colonization
was undoubtedly favoured by the mild wet climate of Santiago de Compostela, especially the
microclimate affecting the most shaded walls of the buildings, as also occurs in other buildings
in the city (Silva et al., 1997).

On the other hand and in regard to the information provided by each CIELAB color parameter,
no single CIELAB parameter could be used to achieve the specific aims and the overall aim of
this doctoral study. Nevertheless, parameter L* was particularly important in the separate study
of granite stone and phototrophic microorganisms (cyanobacteria) because L* was the color
parameter that varied most widely among the different granite surface finishes (Chapter 2). This
parameter also had the greatest influence on the color difference between biofilms with different
moisture contents (Chapter 3), which is most closely correlated with the pigment content when it
varies as a result different environmental conditions (Chapter 4). It was also the parameter that
best fits the phaeophytinization indexes, which indicate the start of the increase in the
degradation of chlorophyll to phaeopigments and thus indicate the physiological status of
cyanobacterial organisms (Chapter 5). However, when granite and cyanobacteria were
analyzed together (Chapter 7), parameter b * was the most informative as regards studying the

detection and monitoring of the growth of phototrophic microorganisms on granite fagade.

The information obtained in the core part of this doctoral research project (Chapters 1-7) was
used to develop further research involving the application of the color method to other natural
inorganic substrates, such as natural slate, soils and sediments, of interest in the field of
environmental studies applied to natural heritage. The goals outlined in these studies (Chapters
8-10) were different, but were linked by the practical application of instrumental color
measurements. Thus, instrumental color measurement was used as a criterion for selecting
roofing slates from the Iberian Peninsula to replace damaged slates in stone restoration work in
historic buildings (Chapter 8). In this sense, and with the purpose of determining the
reproducible and comparable color of roofing slates, a measuring protocol, which takes into

account the minimum number of measurements and the minimum area of measurement
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required to quantify the color of roofing slate in relation to the dimensions of the measuring
head, was carried out following the methodology proposed in the Chapter 1 for granite. Once
the measuring protocol was defined, the color of fifty commercial varieties of roofing slate (all
existing) mined in quarries from the twelve mining districts in the Iberian Peninsula was
analyzed with a spectrophotometer device, by considering the CIELAB color space. The results
of the study (Prieto et al., 2011) were used to develop a protocol for characterizing the color of
roofing slate and to define the color range of roofing slate from the Iberian Peninsula. In
addition, the similarities and differences in the color and microstructure of the different
commercial varieties of Iberian roofing slate were established and the limit of acceptability of
replacement of one type of slate by another was determined. Thus, five commercial varieties of
slate extracted from the twelve different slate mining districts in the Iberian Peninsula: ltasi,
Sigueya-Benuza (ITA), Canelas/Arouca (ARO), A Lastra (LAS), Os Vales (PIV) and Alto Bierzo
(ROC), can replace and be replaced by the most of the other fifty varieties, and only one variety:
Verde Lugo, Pol (VLU), cannot replace or be replaced by any other slate. Parameter h,, was
found to be the most important CIELAB color coordinate as regards the formation of
homogeneous color groups, and the specular component excluded (SCE) mode was most

sensitive as regards detecting color differences (AE*,,) between two samples.

The impact of forest fires on soil degradation, which involves both physical loss (erosion) and a
reduction in the quality of topsoil associated with nutrient decline and contamination, is well
known in Galicia (NW Spain) (e.g. Soto & Diaz-Fierros, 1993; Soto et al., 1997), and many
studies have described appreciable variations in the color of the soil after fire (such as
blackening due to partial or total destruction of organic matter and the redness due to
dehydration of iron oxides). However, the objective variation in the color parameters and their
relationship to the intensity of the fire had not been so far identified in the context of Galician
soils. Thus, the purpose of the research outlined in Chapter 9 was to determine which
parameters recorded with a colorimeter can be used as indicators of fire intensity: For this
purpose, laboratory experiments were carried out with undisturbed soil samples collected in the
field. Considering that the color of a soil after a fire is mainly influenced by the type and amount
of organic matter (Shields et al., 1968; Schulze et al., 1993) and iron oxides (Bigham et al.,
1978; Schwertmann, 1993), it was also hypothesized that chemical and mineralogical changes

might cause the color changes (Sanmartin et al., 2010c).

The results showed a difference in lightness between the unburned (lighter) and burned soil
samples (darker), reflected in the values of Munsell Value and CIELAB L*, and a decrease in
chroma indicate by the Munsell Chroma and CIELAB C*,,; the change in color was probably
due to carbonization of organic matter. In addition, there was a slight browning-reddening,
which was reflected in the Munsell Hue values, a decrease in CIELAB h,,, an increase in a *
and a decrease in b*.This changes can be attributed simply to the disappearance of the sail

organic components that masked the color of inorganic components, mainly iron oxides.
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Comparison between the color values in soils in which different temperatures were reached
(200°C and 400°C), shows that the parameters that establish significant differences are those
that refer to the soil hue (Munsell Hue and CIELAB hg,). In this case, differences can mainly
be attributed to variations in the state of dehydration of the compounds of iron as goethite
(orange color) is transformed to haematite (blood-red color). This suggests that the soil hue is
the parameter that should be taken into account in the use of color as an indicator of fire

intensity in Galician soils.

Finally, Chapter 10 describes the suitability of the CIELAB color coordinates, recorded with a
portable spectrophotometer, for estimating the amounts of phytopigments in riverbed sediments
collected along the Anlléns River (Galicia, NW Spain) (Sanmartin et al., 2011c). Although
CIELAB color measurements have recently been applied to suspended and riverbed sediments
for forensic applications (Guedes et al., 2009) and fingerprinting sediment sources (Martinez-
Carreras et al., 2010a, 2010b), to our knowledge, such measurements have not been used to
study phytopigments in riverbed sediments as a proxy for the measurement of phototrophic

microorganism content in phytoplankton and benthic algal communities.

There is considerable interest in quantifying phytopigments in order to assess the quality of
freshwater bodies because this method considers the synergistic effect of nutrients such as
nitrogen and phosphorus on algal growth and eutrophication. The concentration of
phytopigments is a useful descriptor of the trophic state and environmental quality (e.g. Biggs &
Close, 1989; Dodds et al., 2002; Chételat et al., 2006; Muylaert et al., 2009). Thus, the
development of a rapid, simple, cost-effective and non-destructive method of quantifying
phytopigment contents in riverbed sediments on the basis of color measurements is of great
interest because it would avoid the need for the extraction and chemical analysis of the

pigments.

The results presented in Chapter 10 demonstrate the suitability of instrumental color
measurements, since CIELAB color parameters were significantly correlated with the
phytopigment content, which enabled the development of predictive equations for chlorophyll-a,
chlorophyll-b, and total carotenoid contents, as well as the total pigment content from parameter
a* and parameter C*,, (Sanmartin et al., 2011c). Chlorophyll-a was the phytopigment most
closely related to color parameters, which can therefore be estimated from the following
equations: Chlorophyll-a = 46.4-70.6logso(a*) and Chlorophyll-a = —15.7+238.1(1/C*,,), for

which the adjusted R? value was close to 0.9.
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De los resultados obtenidos se extraen las siguientes conclusiones:

En lo que se refiere a la primera linea de trabajo de tesis: Desarrollo de la metodologia de

medida y caracterizacion del color de las rocas graniticas

12._ La metodologia desarrollada para la caracterizacion del color de rocas graniticas
mediante medidas de contacto es adecuada y facilmente adaptable a otros materiales. Dicha
metodologia permitié determinar el nimero de medidas minimo necesario y el area de medida
minima requerida para caracterizar objetivamente el color no-homogéneo de este tipo de

rocas.

En relacion con el numero minimo de medidas necesario, éste depende de la
heterogeneidad de la roca en cuanto a color, textura y acabado superficial, y se ve afectado
por el tamafio del cabezal del instrumento de medida, de modo que aumenta al disminuir el
diametro del cabezal de medida, o lo que es lo mismo el area de lectura. Asi, el nimero
minimo de medidas es de 6 medidas/36 cm? para un area de lectura de 50 mm, 14
medidas/36 cm? para los cabezales de 10 y 8 mm y 17 medidas/36 cm? para un cabezal de 5

mm.

En cuanto al 4rea de medida minima, un area de 36 cm® es suficiente cuando se
quiere caracterizar el color una roca granitica empleando cabezales con un diametro < 10
mm. En el caso de cabezales de mayor tamafio es necesario disponer de una superficie de

72 cm? o superior.

22, La rugosidad inducida por los diferentes tipos de acabado comercial en la superficie de
las rocas graniticas provoca cambios de color que son, por lo general, perceptibles (i.e., con
un valor de AE*,, de mas de 3 unidades CIELAB) y que se deben principalmente a cambios
en el parametro claridad del color (L*). La magnitud del cambio de color asociado a la
rugosidad depende del color del material, siendo mayor en las rocas mas oscuras, i.e.
aquéllas que presentan los valores mas bajos de L*. Sin embargo, el color no varia

proporcionalmente a la rugosidad generada por los diferentes acabados comerciales, por lo
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que no se puede establecer ninguna regla general en cuanto a la influencia de la rugosidad

en el color del granito ornamental.

Existe una relacion inversa entre el brillo y la rugosidad en los granitos ornamentales
pero solo para los valores bajos de rugosidad. Los valores de brillo estan afectados por el
color de la roca granitica pero de diferente manera en las superficies lisas y en las rugosas.
Asi, brillo y claridad (L*) estan inversamente relacionados en superficies lisas y directamente
relacionados en superficies rugosas. Ademas, a este respecto se debe tener en cuenta la
composicion mineral de la roca, ya que ésta determina la topografia de la superficie rugosa y

el indice de refraccion.

32._ Se limitd la zona tridimensional dentro del espacio de color CIELAB que define el color de
los granitos ornamentales estudiados. Esta presenta sus limites superiores en: L*= 74,9 + 1,0;
a*=2,7+05,b*=7,4+15; C*,,=7,6 £ 1,1; y hyp= 253,7° £ 6,1° con el modo SCI; y L*= 75,5
+ 3,5;a*=3,3+2,6; b*=8,6 £ 3,6; C*;p= 9,3 £ 4,2; y h,,= 237,2° £ 46,0° con el modo SCE y
sus limites inferiores en: L*= 34,2 + 0,5; a*=-0,9+ 0,1; b*=-2,8 £ 0,3; C*,,= 1,1 £ 0,5; y hp=
71,8° £ 1,7° con el modo SCI; y L*= 30,7 +4,8; a*=-0,8 + 0,3; b*=-1,4 + 1,6; C*,,= 1,0 £ 0,6;
y hap= 71,5° £ 4,9° con el modo SCE. Esta informacién permitira construir una base de datos
de color para este tipo de rocas ornamentales, la cual es necesaria cuando en la seleccién de
materiales se emplea el criterio estético, y también, para calibrar camaras digitales para su

uso como colorimetros en el marco del Patrimonio monumental construido.

En lo que se refiere a la segunda linea de trabajo de tesis: Desarrollo de la metodologia de

medida y caracterizacion del color de las cianobacterias

42, La caracterizacion del color de las biopeliculas cianobacterianas esta influenciada tanto
por caracteristicas de los microorganismos como por caracteristicas del instrumento de

medida, ya que ambas van a determinar el nimero minimo de medidas requerido.

El numero minimo de medidas aumenta con la heterogeneidad del color de la
superficie, la cual depende de la concentracion de microorganismos, y se reduce al aumentar
el diametro del cabezal de medida. Para controlar los efectos derivados de la heterogeneidad
del color de la superficie se recomienda realizar las medidas en filtros completamente
cubiertos por microorganismos. Asi, para obtener resultados comparables, se propone
realizar 10 medidas/9,62 cm? con cabezales de medida de 8 y 5 mm de diametro y 8
medidas/9,62 cm? con un cabezal de medida de 10 mm de diametro. Con el fin de
estandarizar la medida del color de las cianobacterias independientemente de las
dimensiones del cabezal de medida, se deben realizar 10 medidas/9,62 cm?. Sin embargo, y
cuando sea posible, se recomienda utilizar un cabezal de 10 mm, ya que el numero de

medidas requerido y el error derivado de la heterogeneidad son menores.
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Los valores del pardametro claridad del color (L*) se encuentran afectados por el
contenido en humedad de las muestras, mientras que los parametros cromaticos a* y b* no se
ven afectados. Dado que los valores de L* disminuyen exponencialmente con el contenido en
humedad, haciéndose practicamente estables en el tramo de humedad del 50 al 100%, se
establece un contenido en humedad superior al 50% en la biopelicula como condicién para
obtener una medida de color reproducible y fiable.

52._ Se encontré una relacion entre el color de las cianobacterias, la composicion y/o
abundancia de sus pigmentos fotosintéticos y las condiciones medioambientales a las que se
sometieron. Las dos cepas estudiadas, Nostoc sp. PCC 9104 y Nostoc sp. PCC 9025,
responden de manera diferente en términos de color y produccion de pigmentos a
condiciones ambientales tales como la intensidad de luz, la limitacién de nutrientes y la
disponibilidad de nitratos. Mientras PCC 9104 estd mas fuertemente afectada por la limitacion
de nutrientes, la presencia de nitratos y la alta intensidad de luz son los factores que
determinan el estado de la cepa PCC 9025. El color de las cepas difiere a lo largo del

experimento, alcanzando PCC 9104 un color mas claro y cromatico que PCC 9025.

Los parametros de color CIELAB se correlacionaron con el contenido en pigmentos
(clorofila-a, ficobiliproteinas ficocianinas y carotenoides totales), de manera que cada
parametro de color CIELAB refleja adecuadamente un aspecto especifico del desarrollo de
ambas cepas Nostoc. Asi, L*, y en menor medida a*, se relacionan con las concentraciones
de clorofila-a, ficocianinas y carotenoides totales, b* y C*,, se relacionan con las
concentraciones de ficocianinas, y h,,, parametro que determina la longitud de onda
dominante en un color dado, refleja los cambios en la apariencia de los cultivos y por tanto

puede considerarse como el parametro que mejor refleja la percepcién del cambio.

62._ La medida del color es un método fiable para estimar la degradacion de la clorofila a
feopigmentos. Los indices o cocientes de feofitinizacion (A4ss415, cociente entre las
absorbancias registradas a 435 nm y 415 nm; y Agesessa COCiente entre las absorbancias
registradas a 665 nm antes y después de acidificar la muestra), han resultado ser Utiles para
describir la degradacion de la clorofila-a a feopigmentos en ensayos de susceptibilidad de la
cepa Nostoc sp. PCC 9104 al biocida Biotin T® en ambos modos de crecimiento, forma
plancténica y biofilm. Se demostré que la feofitinizacion puede ser estimada mediante el
analisis del color de los microorganismos ya que, los parametros de color CIELAB se
correlacionan con los indices de feofitinizacion, lo que permite conocer la actividad biocida y el
estado fisiologico de los microorganismos a través de la caracterizacion de su color. De los
parametros de color CIELAB, L* resulté ser el mas informativo correlacionandose con ambos

indices de feofitinizacidén en ambos modos de crecimiento de los microorganismos.
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En lo que se refiere a la tercera linea de trabajo de tesis: Deteccion y cuantificacion de los

organismos sobre las construcciones

72._ La aplicacién de ultrasonidos mejora la extraccion de clorofila-a de los biofilms
desarrollados sobre sustratos rocosos. La aplicacion de ultrasonidos directamente a las
muestras intactas, sin triturar, seguida de una incubacién en 0,43 ml de DMSO/cm? de muestra,
a 63°C durante 40 minutos es un método eficiente para la extraccion de clorofila-a de los
biofilms desarrollados sobre sustratos rocosos, permitiendo la deteccién de pequefias
cantidades de microorganismos fotosintéticos. Dicho procedimiento permite el uso de la
cuantificacion de clorofila-a como un método de control en el desarrollo de metodologias para

la deteccion precoz de microorganismos fotosintéticos.

82._ La medida de los cambios en los parametros de color, particularmente en el parametro b*
(Ab*), es un método fiable para la deteccién precoz y la monitorizacion en tiempo real del
crecimiento fototréfico (verdin, greening) en las fachadas de granito. Asi, se establecio el limite
de percepcion del enverdecimiento (greening) sobre una superficie de granito en Ab* = + 0.59
unidades CIELAB, que corresponden en el estudio a 6.3 ug biomasa fotoautotréfica en peso

seco/cm? y (8.43 + 0.24) x 10™ pg de clorofila-a extraida/cm?.

Las labores de limpieza y/o aplicacion de tratamientos para detener el desarrollo de
verdin en las fachadas deben realizarse cuando la colonizacién existe pero aun no se percibe,
para lo cual se debe tener en cuenta el parametro b*. En este sentido, la monitorizacién de los
cambios en b* (Ab*) de la fachada del CESGA justo después de su limpieza revelaron que la
recolonizacion por microorganismos fototréficos no tardé mas de 129 dias en producirse (un
poco mas de 4 meses), siendo necesarios menos de 178 dias (practicamente 6 meses) para

ver un perceptible enverdecimiento en la fachada.

En lo que se refiere a la cuarta linea de trabajo de tesis: Aplicacion practica de la medida del

color a otros sustratos inorgénicos naturales

92._ De entre los parametros de color, son los que se refieren al tono (Hue Munsell y hy,
CIELAB) los que se deben emplear como indicadores de la intensidad de los incendios en

suelos de Galicia.

102._ Es posible determinar el contenido de fitopigmentos en sedimentos de rio por medio de

las medidas de color representadas en el espacio de color CIELAB.

112._ Es necesario el desarrollo de un protocolo de medida para la caracterizacion del color de
las pizarras de techar, al depender el nimero de medidas por unidad de superficie de la
variedad comercial de pizarra y del tamafio del cabezal del instrumento de medida. En este

sentido, las medidas de color en las pizarras de techar son reproducibles y comparables si se
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llevan a cabo en un area de al menos 36 cmz, realizandose 7, 6, 6 6 3 medidas/36 cm? con

cabezales de medida de 5, 8, 10 6 50 mm de diametro de apertura de lectura, respectivamente.

El color de las pizarras de techar de la Peninsula Ibérica oscilé entre los valores
maximos de L*= 53,2 + 0,2; a*= 0,0 £ 0,0; b*= 2,0 £ 0,1; C*,;,= 4,6 £ 0,1; y hyp,= 271,9° £ 2,0°
con el modo SCI; yde L*=52,4+0,7;a*=0,1£0,1; b*= 1,9+ 0,3; C*;,=4,5 £ 0,2; y hp= 273,3°
+ 5,0° con el modo SCE, y los valores minimos de L*= 33,7 + 0,0; a*= 4,2 + 0,1, b*=-1,4 &
0,1; C*p= 0,5+ 0,1; y hyp= 143,6° + 17,9° con el modo SCI; y de L*= 33,5+ 0,2; a*= 4,1+ 0,1;
b*=-1,8 £ 0,2; C*,,= 0,6 £ 0,3; y h,,= 155,3° £ 2,6° con el modo SCE.

Teniendo en cuenta los limites de la percepcion colorimétrica, las variedades
comerciales ltasi, Sigueya-Benuza (ITA), Canelas/Arouca (ARO), A Lastra (LAS), Os Vales
(PIV) y Alto Bierzo (ROC) pueden reemplazar a y ser reemplazadas por practicamente el resto
de las cincuenta variedades, y una unica variedad, Verde Lugo, Pol (VLU), no puede
reemplazar ni ser reemplazada por ninguna otra pizarra. Teniendo en cuenta la anisotropia
estructural (lineacion) de las pizarras de techar, ltasi, Sigueya-Benuza (ITA), Canelas/Arouca
(ARO), A Lastra (LAS) y Alto Bierzo (ROC), serian apropiadas para la sustitucion de las
pizarras, con ninguna o solo una ligera lineacion, y Os Vales (PIV) seria apropiada para la

sustitucion de las pizarras con moderada o pronunciada lineacion.

La conclusion general de esta tesis doctoral es que la determinacion cuantitativa del color es
un método adecuado para la deteccidon precoz y la monitorizacion del crecimiento de
biopeliculas fototréficas y epiliticas en la superficie de los edificios y monumentos construidos
en granito que presenta la importante ventaja de evitar la toma de muestra. Este método
también puede ser aplicado a otros sustratos inorganicos naturales, previo desarrollo de un
protocolo de medida del color el cual es necesario para cualquier superficie heterogénea en
color y/o textura, teniendo en cuenta en cada caso un parametro de color diferente. Asi, el
parametro asociado a la claridad del color (L*) es particularmente importante en el estudio de
las rocas graniticas y de los microorganismos fototréficos, el parametro b* es el mas informativo
para la deteccién y monitorizaciéon del crecimiento de los microorganismos fototréficos sobre
una roca granitica, y el tono angular (h,,) es la coordenada de color CIELAB que debe tenerse
en cuenta para establecer grupos homogéneos de color, asi como, en la investigacion sobre la
intensidad de un incendio en el suelo. Asimismo, el componente especular excluido (modo

SCE) magnifica las diferencias en el color (AE*,,) frente al modo especular incluido (SCI).
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From the results obtained, the following particular conclusions can be drawn:

In relation to the first subject addressed by this doctoral research: Fine-tuning of the

methodology for measuring and characterizing the color of granite surfaces

1*._ An adaptable and affordable methodology of study supported by statistical analysis was
developed. This was successful as regards examining the factors affecting color
measurements on granite surfaces and demonstrating that color may be affected by
properties of both the material and the instruments used. The methodology enabled
determination of the minimum number of measurements and the minimum measuring area

required to characterize the representative color of the non-homogeneous surface of granite.

In relation to the minimum number of measurements required to characterize the color
of granite, it was found that this is affected by the type of stone, surface finish, and also by the
diameter of the measurement head of the device. A wide variety of types of granite differing in
terms of color, texture, and surface finish were examined, and it was found that the minimum
number of measurements required to characterize the color of granite increases as the size of
the measurement head decreases. Thus, the minimum number of measurements required is
6/36 cm” surface area for a 50 mm diameter measurement head, 14/36 cm? for 8 and 10 mm

diameter measurement heads, and 17/36 cm? for a 5 mm measurement head.

As regards the minimum measuring area, an area of 36 cm? is sufficient for
measurement heads of diameter <10 mm. A surface area equal to or larger than 72 cm? is

required for larger diameter measurement heads.

2", The roughness induced by different types of commercial surface finish on the granite
surface causes a usually perceptible change in the color (i.e. more than AE*,,: 3 CIELAB
units), primarily because of changes in the lightness parameter (CIELAB L*). The magnitude
of the change in color associated with the roughness is governed by the color of the material
and is higher in the stone with the lowest L* values. However, the color did not vary in

proportion to the roughness generated by the different commercial finishes, and no general
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conclusions could be drawn as regards the influence of roughness on the color of ornamental

granite.

There is an inverse relationship between gloss and roughness only for low values of
roughness in ornamental granite. Gloss values are affected by the color of the stone but in
different ways in smooth and rough surfaces. Gloss and the lightness parameter (CIELAB L*)
are inversely related in smooth surfaces and directly related in rough surfaces. The mineral
composition of polymineral rocks must be taken into account as this determines the

topography of the rough surface and also the refractive index.

3“’._ The three-dimensional color area of the CIELAB space that includes the color of the
ornamental granites under study was defined. Thus, in the range of maximum values L*=74.9
+£1.0;a*=27+0.5;b*=74 +15; C*;,= 7.6 £ 1.1; and h,,= 253.7° £ 6.1° in SCI mode; and
L*=75.5 1+ 3.5; a*= 3.3 £ 2.6; b*= 8.6 + 3.6; C*;,= 9.3 £ 4.2; and hy,= 237.2° + 46.0° in SCE
mode. In the range of minimum values L*=34.2 £ 0.5; a*=-0.9 £ 0.1; b*=-2.8 £ 0.3; C*,= 1.1
+ 0.5; and hg,= 71.8° + 1.7° in SCI mode; and L*= 30.7 + 4.8; a*= -0.8 £+ 0.3; b*=-1.4 + 1.6;
C*s= 1.0 £ 0.6; and hy,= 71.5° + 4.9° in SCE mode. This information should be taken into
account when applying aesthetic criteria to the selection of ornamental granites for building
and construction materials. It should also be used also when characterizing digital cameras for

use as colorimeters in studies of cultural heritage monuments.

In relation to the second subject addressed by this doctoral research: Fine-tuning of the

methodology for measuring and characterizing the color of cyanobacteria

4™, Characterization of the color of cyanobacterial biofilms is influenced by both the
microorganisms and the measuring instrument. Instrument properties, such as the diameter of
the measurement head, affected the minimum number of measurements required to
characterize the color. Properties of the microorganisms, such as concentration and moisture

content, affected both the minimum number of measurements required and the color obtained.

The minimum number of measurements required increased with increasing
heterogeneity of the color of the area measured, which depended on the concentration of the
microorganisms, and decreased with the diameter of the measurement head. To control for
the effects of the heterogeneity in the color of the area measured, the color of cyanobacteria
should be measured on filters that are completely covered by the microorganisms. It was
established that a total of 10 measurements/9.62 cm? are required for measurement heads of
8 and 5 mm diameter and 8 measurements/9.62 cm’ for a measurement head of 10 mm
diameter. Therefore, in order to standardize measurement of the color of cyanobacteria, 10
measurements/9.62 cm? are sufficient to characterize the color, regardless of the dimensions

of the measurement head of the device. However, when possible, a 10 mm measurement
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head should be used, as fewer measurements are required and the error derived from

heterogeneity is reduced.

The L* values are greatly affected by the moisture content of the samples, whereas
the chromatic parameters a* and b* are unaffected. Since the L*values decreased
exponentially with moisture contents up to 50%, the color of the cyanobacteria should be

characterized in samples with moisture contents of more than 50%.

5"‘._ There is a relationship between the color of the cyanobacteria, pigment production and
the environmental conditions. Nostoc sp. strain PCC 9104 and Nostoc sp. strain PCC 9025
respond in different ways in terms of color and pigment production to environmental conditions
such as light intensity, macronutrient limitation and availability of nitrates. While PCC 9104 is
more strongly affected by nutrient limitations, the presence of nitrates and high light intensity
are the factors that determine growth of strain PCC 9025. The color of the strains differed

throughout the experiment; PCC 9104 was lighter and more chromatic than PCC 9025.

CIELAB color parameters were correlated with the chlorophyll-a, carotenoid and
phycobiliprotein phycocyanin contents, so that variations in pigment contents were reflected by
variations in color. Each CIELAB color parameter adequately described a specific aspect of the
development of the Nostoc strains. Thus, L* and to a lesser extent a*, were related to the
concentrations of chlorophyll-a, phycocyanin and carotenoid; b* and C*,, were related to the
concentrations of phycocyanins, and h,p,, which refers to the dominant wavelength, reflected the
changes in appearance of the cultures (i.e. changes in color and density); therefore, hy,,

represents the major color perception attribute.

6™._ Color measurement is a reliable method of estimating the degradation of chlorophyll to
phaeopigments. The phaeophytination indexes Ayssi415 and Aggsiessa have been shown to be
useful in describing degradation of chlorophyll-ato phaeopigments in both Nostoc sp. PCC 9104
planktonic and biofilm biocide susceptibility assays. However, determination of these indexes
could be substituted by simpler color measurements as there is a close relation between the
values of the indexes and of the color parameters. Among the CIELAB parameters, L* appeared
to be the most informative parameter for describing the biocidal activity of Biotin T® against

Nostoc sp. in both planktonic and biofilm mode of growth.

In relation to the third subject addressed by this doctoral research: Detection and

quantification of microorganisms colonizing the surface of buildings and monuments

7"._ The application of ultrasonic methods improved extraction of chlorophyll-a from biofilms
developed on rocky substrata. The direct application of ultrasound to uncrushed granite
samples followed by incubation in 0.43 mi DMSO/cm? sample (vol/surface) at 63°C for 40 min is

an efficient method for chlorophyll-a extraction from stone materials and enables detection of
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small amounts of photosynthetic microorganisms. This allows the use of chlorophyll-a
quantification as a control method in the development of methodogies for early detection of

photosynthetic micoorganisms.

8"‘._ Measurement of color changes is a reliable method for the early detection and real-time
monitoring of phototrophic growth (greening) on granite fagades, before it is perceptible to the
human eye. Changes in parameter b* are the most informative. Thus, Ab*= + 0.59 CIELAB
units, which correspond to 6.3 pyg biomass dry weight/cm2 and (8.43 + 0.24) x 10° ug extracted

chIorophyII-a/cmz, was established as the greening threshold.

Cleaning and/or treatment should be carried out taking into account both the greening
threshold in terms of Ab* and the time that the trend in the value of Ab* changes and becomes
positive (i.e. indicates the occurrence of phototrophic colonization). In this sense, monitoring
changes in b* of a cleaned granite facade exposed to the natural environment in Santiago de
Compostela (NW Spain) revealed that recolonization by phototrophic microorganisms
(greening) took no more than 129 days (just over 4 months) and that greening was perceptible

after approximately 178 days (almost 6 months).

In relation to the fourth subject addressed by this doctoral research: Practical application of

color measurement on other naturally occurring inorganic substrates

9"‘._ The parameters that refer to the soil hue (Munsell Hue and CIELAB h,,) should be taken

into account in the use of color as an indicator of fire intensity in Galician soils.

10"‘._ It is possible to determine phytopigment contents in riverbed sediments by means of a

colorimetric method employing the CIELAB color parameters.

11"‘._ A protocol is required for the colorimetric characterization of roofing slate, as the number
of measurements per unit of area will depend on the commercial variety and the size the
measurement head of the measuring device. In this sense, color measurements on roofing
slates are reproducible and comparable if they are carried out on an area of at least 36 cm?, and
7, 6, 6 or 3 measurements/36cm? are made with measurement heads of 5, 8, 10 or 50 mm

diameter viewing aperture, respectively.

The color of the roofing slates from the Iberian Peninsula ranged from maximum values
of L*= 53.2 + 0.2; a*= 0.0 £ 0.0; b*= 2.0 £ 0.1; C*,p= 4.6 £ 0.1; and h,,= 271.9° + 2.0° to
minimum values of L*= 33.7 + 0.0; a*= 4.2 £+ 0.1; b*=-1.4 + 0.1; C*;,= 0.5 £ 0.1; and hg,=
143.6° £ 17.9° in the specular component included (SCI) mode, and from maximum values of
L*=52.4 +0.7; a*= 0.1 £ 0.1; b*= 1.9 £ 0.3; C*;,= 4.5 £ 0.2; and h,,= 273.3° £ 5.0° to minimum
values of L*= 33.5 £ 0.2; a*= 4.1 £ 0.1; b*= -1.8 £ 0.2; C*,,= 0.6 £ 0.3; and h,,= 155.3° + 2.6°,

in the specular component excluded (SCE) mode.
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Conclusions

Considering the limits of colorimetric perception, the commercial varieties Itasi, Sigueya-
Benuza (ITA), Canelas/Arouca (ARO), A Lastra (LAS), Os Vales (PIV) and Alto Bierzo (ROC)
can be used to replace and can be replaced by most of the fifty commercial varieties of Iberian
roofing slate, whereas Verde Lugo, Pol (VLU) cannot be replaced by any of the other types of
slate. Considering the lineation, /tasi, Sigueya-Benuza (ITA), Canelas/Arouca (ARQO), A Lastra
(LAS), and Alto Bierzo (ROC) would be appropriate for replacing slates with no or only slight
lineation, and Os Vales (PIV) would be appropriate for replacing slates with moderate or

pronounce lineation.

The general conclusion of this thesis is that the quantitative determination of color is a suitable
method for early detection and monitoring of epilithic phototrophic biofilm formation on the
surface of granite buildings and monuments. This technique has many advantages; in particular
it avoids the need for sampling. The method can also be applied to naturally occurring inorganic
substrates. Since these surfaces are heterogeneous in color and/or texture, a protocol for
measuring color must be developed by taking into account a different color parameter in each
case. Thus, the lightness parameter (L*) is particularly important in the study of granite stone
and in the study of phototrophic microorganisms (cyanobacteria), parameter b* is the most
informative as regards the detection and monitoring of the growth of phototrophic
microorganisms on granite rocks, and the hue angle (hy,) is the CIELAB color coordinate that
should be taken into account for establishing homogeneous color groups and in research on soil
fire intensity. Moreover, the specular component excluded (SCE) mode magnifies the

differences in color (AE*,,) relative to the specular component included (SCI) mode.
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