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General Introduction

Fresh water is one of the most important natural resources. It is a basic
component of ecosystems, plays a crucial role in climate regulation and is
essential for life. Notwithstanding, it has recently been estimated that only
20% of the world's population is free from threat to water security and that
more than half of the habitats associated with inland waters are seriously
threatened (Vorésmarty et al., 2010). Therefore, balancing the water needs of
human populations and ecosystems is essential for sustainable development,
and global management of water is fundamental (UNESCO 2009; UNDP, 2006).

Relevant, accurate and reliable information on water quality is essential for
the development of scientifically-based policies and integrated strategies for
watershed management. Such information, which must be easy to understand
and interpret, can be obtained through monitoring programmes (Behmel
et al., 2016). The implementation of national and transnational monitoring
programmes supported by legislative measures is now a reality worldwide
(e.g. US National Water-Quality Assessment Project; the EU Water Framework
Directive: 2000/60/EC, hereafter, WFD). However, although many of these
programmes include biological and hydromorphological controls for integrated
diagnosis of contamination, chemical determination of the levels of pollutants
in the water column (e.g. heavy metals and organic compounds) is still the main
tool used to monitor water quality.

Ideally, this control should be carried out by areal-time monitoring. Numerous
advances have been made in this regard in recent years: for example, lon-
Selective Electrodes (ISEs) are now available for in-situ quantification of NO3,
NH3 and pH; colorimetric methods can be used to quantify NO3, NO2, NH4,
PO4 and total phosphorus; optical sensors (UV-VIS spectroscopy) are available
for determining a range of parameters including dissolved organic carbon
(DOC) and NO3; and fluorescence sensors can be used to detect molecular
compounds such as proteinaceous material and hydrocarbons, as well as to
quantify parameters such as chlorophyll a and dissolved oxygen (DO) (Bende-
Michl and Hairsine, 2010). However, the use of these techniques remains
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limited to a few physicochemical parameters and pollutants. Moreover, treating
the information that can be extracted from these techniques is both costly and
technically complex, because of the enormous amount of data produced. The
control of most priority substances (e.g. heavy metals, PAHs, PCBs) included in
the WFD is therefore traditionally done by sporadic sampling of water bodies.
However, the data thus obtained reflect the concentrations of pollutants at
the time of sampling, but do not detect intermittent or episodic contamination
events (Greenwood and Roig, 2006). The use of water autosamplers enables
the timing and number of measurements to be increased, but the sampling
remains limited by the small volumes obtained, and, moreover, unfiltered
samples may degrade if not preserved or processed quickly (Blaen et al., 2016).

To solve this problem, the WFD recommends (in its Guidance document
No. 25) the use of biota to monitor contaminants and thus provide a
realistic estimate of the impact of bioavailable forms of pollutants in aquatic
environments. According to the WFD criteria, fish, macroinvertebrates (mainly
mussels, crustaceans and annelids) and bryophytes (mosses and liverworts)
are the most suitable organisms for use as biomonitoring agents (Besse et al.,
2012). Fish appear to be ideal monitoring organisms for verifying compliance
with environmental quality standards, as the WFD objectives are aimed at
human health and predators at high trophic levels. Unfortunately, the strong
metabolic control that fish exert over certain pollutants (e.g. PAHs) limits
their use as reliable bioindicators. In addition, their high mobility enables them
to avoid episodes of contamination, which makes it difficult or impossible
to obtain bioaccumulation data that refer to specific locations. Moreover,
in the absence of native fish, the use of caged specimens of fish is usually of
limited success owing to logistic limitations (size, management, feeding)
and the response to stress (which may lead to bias in the results). The use of
macroinvertebrate species may therefore be preferred as these organisms are
an important source of food for fish, they are often found at high densities in
freshwater habitats and their small size allows them to be placed in cages at
different sites. However, several biotic factors can potentially interfere with
the monitoring results, such as growth rate, life stage, reproductive cycle and
food availability. Furthermore, analytical problems may arise due to a lack of
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General Introduction

sufficient biomass, temporality, etc., and specific models are needed to enable
comparison of data. Finally, although bryophytes are very far from humans
in food chains, they can act as excellent biomonitors of trace elements and
accumulators of metals, PAHs, PCBs, and products related to human health and
agriculture (Burton, 1990; Tyler, 1990; Whitton, 2003; Gecheva and Yurukova,
2014). Moreover, the use of bryophytes rather than fish or macroinvertebrates
has some important advantages: i) pollutant uptake is mainly passive and
almost independent of biotic factors, and the concentration of pollutants
accumulated in bryophytes is therefore strongly correlated with the average
concentration in the water; ii) bryophytes usually have long life cycles; iii) they
are easily collected, identified and transplanted; iv) they are very resistant to
pollution and adverse environmental conditions; v) they do not need to be fed;
vi) they are not invasive; and, vii) their use does not imply ethical problems.

For all the above reasons, aquatic bryophytes that grow in certain locations
(i.e. native bryophytes) can be used as areliable, simple and economical tool for
biomonitoring the aquatic environment (passive biomonitoring). The specific
kinetics of pollutant bioconcentration in mosses (Carballeira and Lopez, 1997)
and the anatomical and physiological characteristics of these organisms
together make the technique one of the few effective both for precisely locating
contamination sources (Mouvet et al., 1986) and for detecting intermittent or
sporadic contamination (Say et al., 1981). In addition, analysis of a single sample
enables simultaneous monitoring of a large number of contaminants (organic
and inorganic) as well as evaluation of water quality at small scales (e.g. close to
possible contamination sources) and large scales (e.g. regional).

Moreover, mosses can be collected from unpolluted sites or cultivated in the
laboratory and easily transplanted (active biomonitoring, so-called “moss bag
technique”) to target areas. The moss bag technique resolves various problems
related to passive biomonitoring: i) it can be used in sites where native mosses
are scarce or absent as a result of unfavourable climatic conditions (Giordano
et al., 2009); ii) it eliminates possible genotypic or phenotypic adaptation of
native mosses to contaminants in polluted areas (Bargagli, 1998); iii) temporal
interpretation of the results is improved by standardization of the exposure
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time; and iv) the magnitude of the pollution can be assessed because the initial
concentrations of elements in the transplants are known.

A glance at the relevant literature reveals that one of the main impediments
to the widespread use of these techniques is the lack of standardized
protocols. The different protocols used are almost as numerous and varied as
the times that the techniques have been applied, and the scarcity of studies
addressing methodological aspects reflects the lack of concern about the
effects that these differences may have on the results. Hence, the first task of
this doctoral research will be to address this problem in two critical reviews of
the methodology used for passive and active biomonitoring (Chapters | and Il).

Because of the advantages of the use of transplanted mosses over the use of
native mosses, theresearchefforts thenwillfocus on optimizingsome ofthe key
methodological aspects of applying the moss bag technique. Once determined
that live mosses must be replaced with devitalized mosses for biomonitoring
purposes (Chapter ll), as devitalizing treatments can prevent interference due
to metabolism and thus improve comparisons between the results of different
surveys (Castello, 1996; Adamo et al., 2007, 2008; Giordano et al., 2009;
Tretiach et al., 2007), progress in the standardization of the technique could
not be made without studying how different devitalization methods influence
use of the technique. Thus, in Chapter lll, the optimal devitalizing treatment will
be selected as a compromise between the loss of material during the exposure
period and the uptake of pollutants from water.

In addition to be considered suitable biomonitoring agents, mosses should
not only be able to capture elements from the environment, but also represent
the local variability in the concentrations of different contaminants at the
sampling site during the exposure. Furthermore, the validity of the technique
also depends on its capacity to demonstrate significant differences in the
concentrations of a pollutant at different sampling sites. All of these factors are
directly related to the number and location of the moss bags used in a sampling
site. However, until now very variable numbers of moss bags (between 1 and
12) have been used (e.g. Bruns et al., 1995; Yurukova and Gecheva, 2003). Due
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General Introduction

to the importance of this aspect of the technique, a first recommendation
will be made in Chapter Il, based on the option most frequently used to date.
Nonetheless, specific study of this aspect will be necessary to optimize the
number and position of moss bags that should be used in biomonitoring
studies, on the basis of statistical findings (Chapter IV).
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General Objectives

The first objective of this doctoral research was to propose harmonised
protocols for using bryophytes as passive and active biomonitors of water
quality. For this purpose, the methodology of the studies published between
1979and 2013 (for native mosses)and between 1989 and 2015 (for transplanted
mosses) involving the estimation of water contaminants with aquatic
mosses were reviewed. The information this obtained enabled, on the one
hand, unification of the available information and proposal of a scientifically-
based protocol and, on the other hand, identification of the less well studied
methodological aspects that will require further research (Chapters | and Il).

The second objective was to optimize various aspects of the moss bag
technique. For this purpose, the effects of the devitalization treatments on
loss of material during exposure of the transplants and on the accumulation
of different heavy metals and metalloids was studied, and the optimal method
of devitalizing mosses for use in active biomonitoring of water pollution was
selected (Chapter lll). Furthermore, the optimal number and position of moss
bags for use in biomonitoring studies was determined by statistical analysis
of the data obtained from a large number of transplants located in different
scenarios and of the local variability in the metal concentrations within sampling
sites (Chapter V).
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General Discussion

To develop management strategies for assessing freshwater quality, it is
essential to have available monitoring programmes that provide relevant,
accurate and reliable information about the water quality. Ideally, monitoring of
water quality should be carried out in real time. However, this is a technically
complex task, expensive and limited to a few physicochemical parameters
and fewer pollutants. Hence, water quality is traditionally monitored by
sporadic water sampling, and the chemical analysis of the samples, despite
the associated problems (e.g. possible underestimation of contaminants when
the source of the pollution is intermittent or sporadic, or overestimation of
the contamination when the pollutants are present in the environment mostly
in non bioavailable forms). In an attempt to solve these problems, different
biomonitoring organisms (e.g. fish, algae, mussels, bryophytes) have been used
over the years (Burtonand Peterson, 1979; Kelly and Whitton, 1989; Mersch and
Johansson, 1993) to monitor water quality. Aquatic bryophytes have proven to
be some of most suitable organisms for this purpose.

Moss biomonitoring can be done with native mosses (i.e. passive
biomonitoring) or with mosses transplanted from an unpolluted to a target
study site (i.e. active biomonitoring). Thus, in the first part of this thesis, the
most up-to-date methods of using aquatic mosses to biomonitor water
pollution were investigated in order to harmonize the key methodological
aspects of both passive and active biomonitoring techniques. The research
reported in Chapter | led to definition of a protocol that unifies the available
information on the passive monitoring technique, with 13 methodological
aspects grouped into 3 key steps (i.e. sampling design, sample collection and
sample processing). The research reported in Chapter Il enabled definition of a
protocol for the active monitoring technique, with 17 methodological aspects
grouped into 4 key steps (i.e. selection and preparation of the bryophytes,
preparation of the moss bags, exposure of the transplants and post-exposure
treatments).
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Furthermore, the methodological limits of the techniques were also
identified. Both reviews enabled assessment of the consistency between the
methods used to date and the proposed recommendations and highlighted the
general lack of attention given to developing the methodology, the low degree
of standardization of each aspect of the techniques and the importance of
developing standardized protocols for applying the techniques. Although many
ofthe recommendations summarized in these protocols are based on the most
commonly used option to date (e.g. the number of sampling sites used for
passive biomonitoring or the number of moss bags for active biomonitoring)
and therefore they are not completely standardized, these protocols will serve
as guidelines for the use bryophytes to biomonitor water pollution aimed to
improve the quality and the comparability of the results obtained in different
studies.

Despite these recommendations, the passive biomonitoring technique
has numerous limitations that prevent its widespread use by environmental
protection authorities as a tool for routine environmental monitoring. Some
of these limitations (e.g. possible absence of native plants, phenotypic
or genotypic adaptation to contaminants or problems with the temporal
interpretation of the results) can be resolved by using moss transplants
(Bargagli, 1998; Giordano et al., 2009).

Two of the most important changes proposed in Chapter Il in relation to
the use of the moss bag technique are: i) culturing the moss in the laboratory
instead of collecting moss in the field, and ii) the use of devitalized moss
instead of live moss. Both of these advances help convert the technique into a
biotechnological tool capable of producing large amounts of material that can
be stored until required for use, thus resolving one of the main limitations to
the method (the year-round availability of homogeneous material that is ready
to be transplanted in the target locations).

To undertake the task of optimizing the moss bag technique, the second part
of this thesis begins with the selection of the optimal devitalizing treatment
(Chapter Ill) considering the effects that the different treatments studied
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(i.e. oven-drying at 100°C, oven-drying with a 50-80-100°C temperature
ramp and boiling in water) have on the loss of material during exposure of the
transplants and on the accumulation of different heavy metals and metalloids.
Devitalization by boiling in water appears a priori to be appropriate for aquatic
organisms, and indeed it has less effect on the structure of the moss and
therefore causes significantly less loss of material (p<0.01) than oven-drying
treatments. However, oven-drying by increasing the temperature in stages
yielded more stable results regarding both loss of material and accumulation
of elements. This was therefore the devitalization method recommended for
moss samples.

There are other problems associated with the technique, as until now there
was a total lack of knowledge about the representativeness of the results
obtained. No previous studies have considered the number of moss bags that
should be used and their position within a sampling site: the number of moss
bags used is therefore generally very variable (between 1 and 12) (e.g. Bruns et
al., 1995; Yurukova and Gecheva, 2003) and information is not usually provided
about the position. Therefore, 4 stretches (length 50m)in 4 differentrivers were
selected for studying the local variability in element concentrations in 50 moss
bags exposed within each sampling site (Chapter IV) in order to determine the
optimal number and position of the moss bags, based on statistical evidence.
Thus, a greater number of moss bags (at least 6) than generally used to date
should be used for biomonitoring water pollution with aquatic bryophytes.

Finally, despite the advances reported here, some aspects still remain to be
standardized, especially those related to the preparation of the moss before
transplanting (e.g. washing with cellular extractants), preparation of the moss
bags (e.g. weight/surface ratio) and exposure of the bags (e.g. depth, effect of
current speed). All of these aspects must be addressed in future studies.
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General conclusions

The lack of harmonization of the passive biomonitoring of inland waters with
bryophytes hampers the use of the technique. Taking into account the results
of studies carried out during years of application of the technique, especially
those studies that focus on the methodology, an optimized protocol for use of

the technique is proposed:

Methodological aspects

Recommendations

1. Sampling design

1.1. Season and frequency of sampling
1.2. Number of sampling sites (SS)

1.3. Spatial representativeness of the SS

1.4. Selection of monitoring species

2. Sample collection

2.1. General precautions

2.2. Extent of SS
2.3. Sample characteristics
2.4. In situ cleaning
Rinsing
Means of transportation to laboratory
Pre-washing storage
3. Sample processing
3.1. Method of cleaning/ washing
Number of washes
Duration
Shaking
Type of water
Weight moss / Volume of water
3.2. Selection of material for analysis

3.3.Drying

3.4. Homogenization

3.5. Post-cleaning storage

At least once sampling per season (2-4 samplings per
year).

2 SS/water body in studies of contamination sources.
1 SS/water body in extensive studies.

Fontinalis spp, F. antipyretica. In the absence of these,
Platyhypnidium riparioides or Brachythecium rivulare.

Collection of totally submerged plants. Avoid possible
secondary sources of contamination.

50 metres.

Composite sample: 30 subsamples, each of 10 g fw.
Cleaning in situ.

Rinsing.

Plastic Zip-lock bags.
Fresh weight (at 4 °C, no longer than 3 days).

Manual cleaning, without washing.

Green parts.

Drying at 40°C for 24 h plus drying an aliquot at 100
°C to constant weight for accurate determination of
dry weight of the material.

Mill components made of titanium, zirconium or
corundum.

Glass recipients.
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Theuseoftransplanted bryophytesresolves most of the problemsassociated
with the use of native specimens. Nevertheless, also for this technique there
is a lack of standardization of the methodology that hampers comparison
of the results obtained in different studies and the use of the technique by
environmental protection authorities as a tool for routine environmental
monitoring.

One of the main advances proposed in this thesis is the use of devitalized
material. Devitalization treatment bring the technique closer to biotechnology
than to classical biomonitoring improving the applicability of the technique as
it enables the preparation of ready-to-use and easily stored kits of material.
For use of mosses to biomonitor contamination of aquatic environments,
devitalization of the moss F. antipyretica by oven-drying with a temperature
ramp is recommended. While the terrestrial moss S. denticulatum, commonly
used in atmospheric biomonitoring, is not suitable for use in aquatic
environments.

Moreover, foracorrectapplication ofthe technique,itisimportant to establish
the representativeness of the sampling site. In this respect, the evidences
provided in this thesis allow to conclude that at leas 6 moss bags should be
used in biomonitoring studies and that the position of the moss bags along the
width and length of stream (within a 50 m long homogeneous stretch) did not
affect the results obtained (always avoiding the edges of the stream and rinsing
as thoroughly as possible in situ after the exposition).

Considering the results of previous studies involving the application of the
technique, especially those studies that focus on the methodology and those
carried out for this doctoral research an optimized protocol for use moss
transplants is proposed:
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Methodological aspects

Recommendations

1. Selection and preparation of the bryophytes
1.1. Selection of monitoring species
1.2. Sample collection

Selection of the reference site
1.3. Selection of material for transplant
1.4. Pre-exposure treatment
1.4.1. Washing with cellular extractants
Number of washes
Duration
Shaking
Weight moss / Volume of extractant
1.4.2. Washing with water
Number of washes
Duration
Shaking
Type of water
Weight moss / Volume of water
1.4.3. Vital status
2. Preparation of the transplants
2.1. Type of transplant
2.1.1. Mesh size
2.1.2. Mesh net material
2.1.3. Size of transplant
2.2. Pre-exposure storage

3. Exposure of the transplants
3.1. Location and support
3.2. Duration of exposure
3.3. Number of bags per site
3.4. Initial concentrations and controls

4. Post-exposure treatments
4.1. Selection of material for analysis
4.2. Method of cleaning/ washing
4.3. Drying

4.4. Homogenization

4.5. Post-exposure storage

F. antipyretica or P. riparioides

Laboratory culture

Green parts of the shoot or apical segments (2-3cm)

1 wash with EDTA (10 mM)
20 min

Wash with shaking
1Lperl2gdw

Once before washing with EDTA and twice after

20 min

Wash with shaking

Distilled water

1L per10gdw

Oven drying with a 50-80-100° C temperature ramp

Flat Bags

16 mm?

Glass fibre, nylon or high density plastic
3.5mgcm™

At -20° Cinindividual sealed plastic bags

River bottom, midstream zone
2 weeks
6 atleast

3 controls and 3 initial times

Selection of material before transplant
Rinsing in situ

Drying at 40°C for 24 h plus drying an aliquot at 100 °C
to constant weight for accurate determination of dry
weight of the material.

Mill components made of titanium, zirconium or co-
rundum

Glass recipients
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Summary (Resumen)

1.Introduccién

El agua dulce es uno de los recursos naturales mas importantes. Es un
componente basico de los ecosistemas, desempena un papel crucial en la
regulacién del clima y es esencial para la vida. No obstante, se estima que solo
el 20% de la poblacion mundial esta libre de amenazas a la seguridad hidrica
y que mas de la mitad de los habitats asociados con las aguas continentales
estan seriamente amenazados (Vérésmarty et al., 2010). Por lo tanto, resulta
esencial gestionar el agua de una manera global y equilibrar las necesidades de
agua de las poblaciones humanas y de los ecosistemas en aras de un desarrollo
sostenible (UNESCO 2009, PNUD, 2006).

Paradesarrollar politicas y estrategiasintegradas de gestién del agua basadas
en evidencias cientificas es fundamental que los programas de monitoreo
proporcionen informacion relevante, precisa, fiable y facil de entender
e interpretar (Behmel et al.,, 2016). La implementacion de programas de
monitoreonacionalesytransnacionalesrespaldados por medidaslegislativases
ya una realidad mundial (e.g. “US National Water-Quality Assessment Project”;
Directiva Marco del Agua de la UE: 2000/60/EC, en adelante DMA) pero, aunque
muchos de estos programas incluyen controles biolégicos e hidromorfologicos
para el diagndstico integral de la contaminacién, la monitorizacion quimica (i.e.
determinacién de los niveles de contaminantes en la columna de agua) sigue
siendo la principal herramienta utilizada para controlar la contaminacion del
agua.

Idealmente, este control deberia llevarse a cabo mediante un monitoreo
en tiempo real. A pesar de que los avances logrados en los ultimos anos a
este respecto son numerosos, y actualmente hay disponibles por ejemplo,
Electrodos Selectivos de lones (ISEs) para la cuantificacion in situ de NO,, NH,
y pH; métodos colorimétricos para cuantificar NO_,NO,,NH,, PO,y fésforo
total; sensores opticos (Espectroscopia UV-VIS) para determinar distintos
pardmetros, incluidos el carbono organico disuelto (DOC) y NO,; sensores
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de fluorescencia para detectar compuestos moleculares tales como material
proteinico e hidrocarburos, asi como para cuantificar parametros como la
clorofila ay el oxigeno disuelto (DO) (Bende-Michl and Hairsine, 2010); el uso de
estas técnicas sigue estando limitado a unos pocos parametros fisicoquimicos
y contaminantesy tratar lainformacién que se puede extraer de ellas es costoso
y técnicamente complejo, debido a la enorme cantidad de datos producidos.
Por lo tanto, el control de la mayoria de las sustancias prioritarias (e.g.
metales pesados, PAHs, PCBs) incluidas en la DMA se realiza tradicionalmente
mediante muestreo esporadico de las masas de agua a pesar de que los datos
asi obtenidos reflejan unicamente las concentraciones de contaminantes en
el momento de la toma de la muestra y no son efectivos a la hora de detectar
eventos de contaminacioén esporadica o intermitente (Greenwood and Roig,
2006). El uso de muestreadores automaticos de agua permite aumentar el
tiempo y el numero de mediciones, pero el muestreo permanece limitado por
los pequefios volumenes obtenidos y, ademas, las muestras sin filtrar pueden
degradarse si no se conservan o procesan rapidamente (Blaen et al., 2016).

Para resolver este problema, la DMA recomienda (en su Documento Guia
No. 25) el uso de la biota para la monitorizaciéon de contaminantes, como
la mejor manera de estimar de forma realista el impacto de las formas
biodisponibles de los contaminantes en los ambientes acuaticos. De acuerdo
con los criterios de la DMA, los peces, los macroinvertebrados (principalmente
mejillones, crustaceos y anélidos) y los briofitos (musgos y hepaticas) son
los organismos mas adecuados para su uso como biomonitores (Besse et al.,
2012). Los peces son a priori organismos ideales para verificar el cumplimiento
de los estandares de calidad ambiental, ya que los objetivos de la DMA estan
dirigidos a la salud humana y a los depredadores de los niveles tréficos altos.
Desafortunadamente, el fuerte control metabolico que ejercen los peces sobre
ciertos contaminantes (e.g. PAHs) limita su uso como bioindicadores fiables.
Ademas, su alta movilidad les permite evitar episodios de contaminacién, lo
que hace que sea dificil o imposible obtener datos de bioacumulacién que se
refieran a ubicaciones especificas. Ademas, en ausencia de peces nativos, el
uso de especimenes enjaulados de peces suele tener un éxito limitado debido
a las limitaciones logisticas (tamafo, manejo, alimentacién) y la respuesta
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al estrés (que puede generar sesgos en los resultados). Por lo tanto, puede
preferirse el uso de especies de macroinvertebrados, ya que estos organismos
son una fuente importante de alimento para peces, a menudo se encuentran a
altas densidades en habitats de agua dulce y su pequernio tamano les permite
colocarse en jaulas en diferentes sitios. Sin embargo, varios factores bidticos
pueden interferir con los resultados, como la tasa de crecimiento, la etapa de
la vida, el ciclo reproductivo y la disponibilidad de alimentos. Ademas, pueden
surgir problemas analiticos debido alafalta de suficiente biomasa, temporalidad,
etc., y se necesitan modelos especificos para permitir la comparaciéon de
los datos. Finalmente, aunque los bridfitos estan muy lejos de los humanos
en las cadenas alimenticias, pueden actuar como excelentes biomonitores
de oligoelementos y acumuladores de metales, PAHs, PCBs y productos
relacionados con la salud humana y la agricultura (Burton, 1990; Tyler, 1990;
Whitton, 2003; Gecheva and Yurukova, 2014). El uso de briofitos en lugar de
peces o macroinvertebrados tiene algunas ventajas importantes: i) laabsorcion
de contaminantes es principalmente pasiva y casi independiente de factores
bioticos y, por lo tanto, la concentracion de contaminantes acumulados en los
briofitos esta fuertemente correlacionada con la concentracién promedio en el
agua; ii) los briofitos tienen generalmente ciclos de vida largos; iii) se recolectan,
identifican y trasplantan facilmente; iv) son muy resistentes a la contaminacién
y a las condiciones ambientales adversas; v) no necesitan ser alimentados; vi)
no son invasivos; y, vii) su uso no implica problemas éticos.

Por todo ello, los briofitos acuaticos que crecen en un determinado lugar (es
decir, briéfitos nativos) se pueden usar como una herramienta fiable, simple
y econdmica para biomonitorear el ambiente acuatico (biomonitorizacion
pasiva). Las cinéticas especificas de bioconcentracion de contaminantes en los
musgos (Carballeira and Lopez, 1997) asi como las caracteristicas anatdmicas
y fisiologicas de estos organismos hacen que la técnica sea una de las pocas
eficaces tanto para localizar con precision focos de contaminacion (Mouvet et
al., 1986) como para detectar contaminacion intermitente o esporadica (Say et
al., 1981). Ademas, el andlisis de una sola muestra permite la monitorizacién
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simultanea de una gran cantidad de contaminantes (organicos e inorganicos)
asi como la evaluacion de la calidad del agua tanto a pequena escala (e.g. cerca
de posibles fuentes de contaminacién) como a gran escala (e.g. regional).

Los musgos también pueden recolectarse en sitios no contaminados o
cultivarseenellaboratorioypuedentrasplantarsefacilmente (biomonitorizacién
activa, también denominada técnica de las “moss bags"”) alas zonas de estudio.
La técnica de las "“moss bags” resuelve varios problemas relacionados con
la biomonitorizacidén pasiva: i) puede usarse en sitios donde las condiciones
climaticas no favorecen la presencia de musgos nativos y, por lo tanto, son
escasosoestanausentes(Giordanoetal., 2009);ii) eliminala posible adaptacién
genotipica o fenotipica de los musgos nativos a los contaminantes en las areas
contaminadas (Bargagli, 1998); iii) mejora la interpretacion temporal de los
resultados ya que se puede estandarizar el tiempo de exposicion; y, iv) permite
evaluarlamagnitud delacontaminacionporque se conocenlas concentraciones
elementales iniciales de los trasplantes.

Unodelosprincipalesimpedimentos paraelusogeneralizadodeestastécnicas
es la falta de protocolos estandarizados. Los protocolos empleados hasta
ahora son casi tan numerososy variados como las veces que se han aplicado las
técnicas, y la escasez de estudios que aborden aspectos metodologicos refleja
la falta de preocupacién sobre los efectos que estas diferencias pueden tener
en los resultados. Por lo tanto, el primer objetivo de esta tesis sera abordar
este problema en dos revisiones criticas de la metodologia utilizada para la
biomonitorizacion pasiva y activa (capitulos 1y I).

Debido a las ventajas del uso de musgos trasplantados sobre el uso de
musgos nativos, los esfuerzos de investigacion se centraran a continuacién en
la optimizacion de algunos de los aspectos metodologicos clave de la aplicacion
de la técnica de las "“moss bags”. Una vez determinado que los musgos
vivos deben ser reemplazados con musgos desvitalizados para su uso como
biomonitores (Capitulo Il), ya que los tratamientos desvitalizantes pueden
prevenir lainterferencia debida al metabolismoy asimejorar las comparaciones
entre los resultados de diferentes estudios (Castello, 1996; Adamo et al.,

156



Summary

2007, 2008; Giordano et al., 2009; Tretiach et al., 2007), no se pude avanzar
en la estandarizacion de la técnica sin estudiar como los diferentes métodos
de desvitalizacion influyen en los resultados. Por lo tanto, en el Capitulo lll, se
seleccionara el tratamiento de desvitalizacion 6ptimo como un compromiso
entre la pérdida de material durante el periodo de exposicion y la absorcion de
contaminantes del agua.

Ademas, para ser considerados buenos biomonitores, los musgos no solo
debenser capacesde capturarelementosdelmedioambiente, sinoquetambién
deben representar la variabilidad local en las concentraciones de diferentes
contaminantes en el sitio de muestreo durante el periodo de exposicion. La
validez la técnica también depende de su capacidad para demostrar diferencias
significativas en las concentraciones de un contaminante en diferentes sitios
de muestreo. Todos estos factores estan directamente relacionados con el
numero y la ubicacion de los trasplantes en el sitio de muestreo. Sin embargo,
hasta ahora el numero de trasplantes empleado ha sido muy variable (entre 1
y 12) (por ejemplo, Bruns et al., 1995; Yurukova y Gecheva, 2003). Debido a la
importancia de este aspecto de la técnica, se hara una primera recomendacioén
en el Capitulo I, basada en la opcién mas utilizada hasta la fecha. No obstante,
sera necesario realizar un estudio especifico de este aspecto para optimizar el
numero y la posicion de las “moss bags” que deberian utilizarse, con certeza
estadistica, en los estudios de biomonitorizacién (Capitulo IV).

2. Objetivos, resultados y conclusiones especificos

2.1. Monitorizacion de la calidad de las aguas continentales mediante briofitos
nativos: Una revision metodoldgica.

Esta revision bibliografica, que incluye 73 articulos publicados entre 1979
y 2013, pretende conocer el estado actual de la técnica y evaluar el grado de
armonizacion de cada uno de los aspectos implicados en la metodologia. El
uso de esta herramienta se limita en gran parte a Europa (80% de los trabajos
revisados) y la principal finalidad es la biomonitorizacién de contaminantes
inorganicos (97%) y/u organicos (5%), siendo solo un 15% los articulos que
estudian algun aspecto metodolégico. Ademas, el 81% de los autores han
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publicado un unico articulo sobre el tema y se han empleado una gran variedad
de protocolos. Como consecuencia, se ha encontrado un bajo grado de
armonizacion de la técnica que dificulta la comparacion de resultados entre
diferentes estudios. Finalmente se propone un protocolo que facilite el uso
habitual de esta herramienta de vigilancia ambiental de la calidad de las aguas
continentales.

2.2. Monitorizacion de la calidad de las aguas fluviales mediante briofitos
trasplantados: Una revision metodoldgica.

El objetivo de esta revision bibliografica, que considera 47 articulos
publicados entre 1989 y 2015, es determinar el estado actual de la técnica de
biomonitorizacion activa y evaluar el grado de estandarizacion de cada aspecto
del método. El uso de esta herramienta se limitd, como en el caso de la
biomonitorizacion pasiva, al ambito europeo (83% de los articulos revisados),
y se ha utilizado principalmente para la biomonitorizacion inorganica (en el
96% de los articulos) y en menor medida para la deteccién de contaminantes
organicos (en el 4% de los articulos, tenga en cuenta que la suma es mayor al
100% porque se estudiaron contaminantes organicos e inorganicos en algunos
estudios). Los aspectos metodologicos solo se consideraron en el 25% de los
articulos. Ademas, el 78% de los autores solo han publicado un articulo sobre
el tema y se han utilizado muchos protocolos diferentes. Como resultado, la
técnica no esta estandarizada, lo que dificulta la comparacién de los resultados
de diferentes estudios. Finalmente, se propuso un protocolo armonizado que
facilite el uso de la técnica como una herramienta de rutina para monitorear la
calidad de las aguas continentales.

2.3. Uso de musgo desvitalizado para la biomonitorizacion activa de la
contaminacion del agua

Este articulo presenta los resultados de un experimento llevado a cabo por
primera vez in situ para seleccionar un tratamiento de desvitalizacion de los
musgos para emplear en la biomonitorizacion activa de la contaminacion
de las aguas. Se probaron tres tratamientos desvitalizantes para el musgo
acuatico Fontinalis antipyretica (i.e., secado al horno a 100°C, secado al horno
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con una rampa de temperatura de 50-80-100°C y ebullicién en agua), y se
determinaron los efectos de estos tratamientos sobre la pérdida de material
durante la exposicion de los trasplantes y sobre la acumulacion de diferentes
metales pesados y metaloides. También se probd laidoneidad de usar muestras
desvitalizadas del musgo terrestre Sphagnum denticulatum para biomonitorizar
ambientes acuaticos. La estructura de los musgos fue alterada de diferentes
maneras por los tratamientos desvitalizantes. La desvitalizacion mediante
agua hirviendo provoco una pérdida de material significativamente menor (p
<0,01) que los tratamientos de secado en horno. Sin embargo, la desvitalizacién
mediante secado en horno con una rampa de temperatura produjo resultados
mas estables en relacion con la pérdida de material y la acumulacién de
elementos. Con el objetivo de estandarizar la técnica de las "moss bags” se
recomienda el uso de F. antipyretica desvitalizado por secado en horno con una
rampa de temperatura, en lugar de otros tratamientos de desvitalizacion o del
uso de S. denticulatum.

2.4. Mejora de la biomonitorizacion activa en ambientes acuaticos: cantidad y
posicion dptima de las “moss bags”

El presente estudio se llevo a cabo para determinar el nUmero 6ptimo de “moss
bags” de Fontinalis antipyretica necesarias para la biomonitorizacion activa de
la contaminacion del agua. Con este objetivo, se estudio la variabilidad en las
concentraciones de Al, Cd, Co, Cu, Fe, Ni,Pby Zn en 50 “moss bags"” expuestas
en 4 sitios de muestreo (SM) diferentes. En general, no hubo diferencias
significativas en las concentraciones de elementos entre los grupos de
“moss bags” (n = 5), ya sea a lo largo de los 50 m de longitud del SM, o entre
los diferentes lados del rio. Considerando errores de 10, 15 y 20%, el numero
maximo de “moss bags"” requeridas para estimar las concentraciones medias
en el SM fue, respectivamente, 26, 11 y 6. Para la mayoria de los pares de
SM y elementos estudiados, 5 0 menos “moss bags” fueron suficientes para
diferenciar entre las concentraciones medias. Estos hallazgos nos permiten
concluir que se debe utilizar un mayor nimero de “moss bags” (al menos 6) que
las usadas hasta ahora para la biomonitorizacion de la contaminacion de las
aguas mediante briofitos acuaticos.
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3. Conclusiones generales

En la primera parte de esta tesis, se investigo el estado del arte del uso
de musgos acuaticos como biomonitores de la contaminacién del agua
para armonizar los aspectos metodoldgicos clave de las técnicas de
biomonitorizacién pasivay activa. El Capitulo | ha permitido definir un protocolo
que unifica la informacién disponible sobre la técnica de biomonitorizacién
pasiva, con 13 aspectos metodoldgicos que se pueden agrupar en 3 pasos
clave (i.e. disefio de muestreo, recoleccion de muestras y procesado de
muestras). Por su parte, el Capitulo Il ha permitido definir un protocolo parala
técnica de biomonitorizacion activa, con 17 aspectos metodologicos que se
pueden agrupar en 4 pasos clave (i.e. seleccion y preparacion de los bridfitos,
preparacion de las “moss bags”, exposicidn de los trasplantes y tratamientos
post-exposicion). Ambos protocolos servirdn como guias para el uso de
briofitos como biomonitores de la contaminacion del agua con la intencion de
mejorar la calidad y la comparabilidad de los resultados obtenidos en diferentes
estudios.

Ademas, también se identificaron los limites metodolégicos de las técnicas. A
este respecto, ambas revisiones han permitido evaluar la coherencia entre los
métodos utilizados hasta la fecha y las recomendaciones propuestas y resaltan
la falta general de atencion que se presta al desarrollo de la metodologia, el
bajo grado de estandarizacion de cada uno de los aspectos de las técnicas y la
importancia de disponer de protocolos armonizados.

Dos de los cambios mas significativos en cuanto a la aplicacion de la técnica
de las “moss bag”, de entre los propuestos en el Capitulo I, son: i) el cultivo
de musgo en el laboratorio, en vez de la recoleccion de material en campo, y
ii) el uso de musgo desvitalizado en lugar de musgo vivo. Ambos, convierten
la técnica en una herramienta biotecnologica capaz de producir grandes
cantidades de material y almacenarlo el tiempo que sea necesario hasta su uso,
solucionando asi una de las principales limitaciones existentes hasta ahora
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(i.e. disponer de material de partida homogéneo, en cuanto a su composicién
elemental, en cualquier época del aino sin importar las condiciones climaticas y
listo para trasplantar).

Por lo tanto, con el objetivo avanzar en la optimizacion de la técnica de
las “moss bags” la segunda parte de esta tesis comenzd con la seleccidn,
en el Capitulo Ill del método Optimo para desvitalizar musgos para
biomonitorizacién activa de la contaminacion del agua (i.e. secado en horno
con una rampa de temperatura). Ademas, para una correcta aplicacion de la
técnica, esimportante establecerlarepresentatividad del sitio de muestreo. En
este sentido, las evidencias proporcionadas en esta tesis permiten concluir que
al menos 6 bolsas de musgo deberian usarse en estudios de biomonitorizacion
y que la posicion de las "“moss bags” a lo largo y ancho del sitio de muestreo
(dentro de un tramo homogéneo de 50 m de largo) no afecta los resultados
obtenidos (siempre evitando los bordes de la corriente y enjuagando lo mas
exhaustivamente posible in situ después de la exposicion).

Finalmente, a pesar de los avances propuestos, algunos aspectos aun no
se han estandarizado, especialmente los relacionados con la preparacion
del musgo antes del trasplante (e.g. lavado con extractantes celulares),
preparacion de las “moss bags” (e.g. Relacion peso/superficie) y exposicion
de los trasplantes (e.g. profundidad, efecto de la velocidad de la corriente) y
deberan ser abordados en futuros estudios.
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Aquatic bryophytes, native or transplanted, can be used as reliable,
simple and economical tools for biomonitoring the aquatic
environment but one of the main impediments to the widespread
use of these techniques is the lack of standardized protocols. Hence,
the first task of this doctoral research was to address this problem in
two critical reviews of the methodology used for passive and active
biomonitoring (Chapters I and II).

Because of the advantages of the use of transplanted mosses over the

use of native mosses, the research efforts then focused on optimizing
some of the key methodological aspects of applying the moss bag
technique. In Chapter III, the optimal devitalizing treatment of
moss samples was selected, while in Chapter IV the optimal number
and position of moss bags for use in biomonitoring studies were
determined.
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