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Abstract 

 
Posidonia oceanica (L.) Delile meadows are highly productive coastal marine 

ecosystems that provide multiple ecosystem services. The seagrass is not always the 

major contributor to total primary production, however, little is known about long-term 

changes in the composition of primary producers within seagrass meadows. 

Understanding compositional shifts within the community of primary producers is 

crucial to evaluate how climate and anthropogenic change affect the functioning of 

seagrass ecosystems. Here we analysed marker pigment composition in seagrass cores 

from two bays of the Cabrera Island (Balearic Islands, Spain) to asses long-term 

changes in phototrophic community composition and production in seagrass meadows, 

and identify the environmental factors triggering those changes. The proxy dataset was 

explored using principal component analyses (PCA): one including the pigment dataset 

to look for associations between producers’ groups, and another one combining the 

pigment dataset with plausible local and global regulatory factors to assess the 

environmental drivers of change. Analyses of characteristic pigments and 

morphological fossils (cysts) showed that the abundance of dinoflagellates increased 

over the last 150-300 years, coeval with a rise in solar irradiance and air temperature. 

When compared among embayments, pigments from cyanobacteria predominated in 

seagrass meadows located at Es Port, a sheltered bay receiving higher terrestrial runoff; 

whereas pigments from diatoms, seagrasses and rodophytes were more common at 

Santa Maria, an exposed bay with clearer waters. Water depth also played a role in 

controlling the phototrophic community composition, with greater abundance of 

diatoms in the shallowest waters (< 5 m). Overall, our results suggested that historical 

and spatial variation in seagrass meadows’ phototrophic community composition was 

influenced by the interaction between local factors (catchment-bay characteristics) and 
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global climate processes (energy influx). Together these patterns forecast how marine 

primary producers and seagrass ecosystem structure may respond to future global 

warming. 

Keywords: Late Holocene; Western Mediterranean; seagrass; primary producers’ 

composition; fossil pigments; climate change. 
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1. Introduction 

 
Posidonia oceanica seagrass meadows are one of the most valuable habitats in 

the Mediterranean Sea owing to their multiple ecosystem services (Spalding et al., 

2003). However, this endemic species has exhibited widespread decline since the early 

20th century, mainly due to local anthropogenic pressures such as coastal development, 

pollution, trawling, fish farming, moorings, dredging, dumping and introduced species 

(Boudouresque et al., 2009). Fortunately, de los Santos et al. (2019) showed that 

seagrass loss rates recently slowed down due to effective conservation and restoration 

actions, including habitat protection. Despite this promising news, relatively little is 

known about how P. oceanica meadows have varied historically in response to 

perturbations. 

Therefore, elucidation of the long-term dynamics and environmental drivers of 

ecosystem change is required to evaluate the magnitude of current declines in an 

historical context, as well as to predict, prevent or mitigate the effects of present and 

future environmental changes on seagrass meadows structure and function ( López- 

Merino et al., 2017; Leiva-Dueñas et al., 2018). 

Total primary production of seagrass ecosystems does not always depend on the 

seagrass species as the major contributor. Other primary producers inhabiting the 

meadows can contribute substantially (up to 60% of total production), including 

epiphytes, phytoplankton, phytobenthos and macroalgae ( McRoy & McMillan, 1977; 

Borowitzka et al., 2006; Mateo et al., 2006). The abundance and composition of 

primary producers’ communities within seagrass meadows are regulated by complex 

mechanisms reflecting interactions between physico-chemical (e.g., light, temperature, 

water movement, nutrients) and biological factors (e.g., competition for space, grazing 

and predation) (Koch, 2001; Borowitzka et al., 2006) (Fig. 1). Regulation of 
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composition at the decadal-scale appears to mainly involve competition for light and 

nutrients between micro- and macroalgae and the seagrass (Delgado et al., 1999; 

Hemminga & Duarte, 2000; Ralph et al., 2006). Elevated nutrient concentrations 

favour phytoplankton blooms, as well as epiphyte and macroalgae overgrowth, all 

leading to attenuation of irradiance and diminished transmission to the seagrass canopy 

(McGlathery et al., 2007; Viaroli et al., 2008) (Fig. 1). 

Epiphyte composition in seagrass leaves is influenced by complex interactions 

between nutrients, light, temperature, water motion, salinity, and seagrass physiological 

and phenological characteristics, as well as the biotic interactions between epiphytes, 

herbivores and predators (Armitage et al., 2006; Lavery et al., 2007; Prado et al., 2007; 

Mabrouk et al., 2014). In addition, epiphyte assemblages often vary predictably along a 

depth gradient due to changes in light, local hydrodynamics, and meadow structure 

(Borowitzka et al., 2006; Tsirika et al., 2007; Nesti et al., 2090; Piazzi et al., 2016) (Fig. 

1). 

Research on the factors regulating the complex interactions influencing coastal 

marine ecosystem production and composition over centennial timescales lags behind 

that of lacustrine and terrestrial habitats, mainly because of the relative scarcity of 

reliable coastal marine archives owing to their hydrodynamism (Hay, 1974; Mateo et 

al., 2010). P. oceanica meadows are an exception, since coherent sequences with high 

temporal resolution (2-17 yr cm-1) can be obtained in them (Serrano et al., 2012; 

Serrano et al., 2016a). These Posidonia environmental archives, known as mats, consist 

of large pools of organic matter accumulated over millennia, mainly as decay-resistant 

plant debris and organic or inorganic remains of other meadow-inhabiting organisms 

(Mateo et al., 1997; Lo Iacono et al., 2008; Kaal et al., 2016). Therefore, mats can 

potentially preserve a wide range of biotic and abiotic proxies due to the prevailing 
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anoxic conditions (Mateo et al., 2006; Piñeiro Juncal et al., 2018). 

 
Proxy analyses on Posidonia mats allow quantification of diverse long-term 

environmental and ecological changes as, for example, the impact of land-use change 

and metal pollution on coastal systems, the role of climatic factors and seagrass 

revegetation in carbon burial, and historical variation in seagrass productivity (López- 

Sáez et al., 2009; Mateo et al., 2010; Serrano et al., 2011, 2013, 2016b, 2016c; 

Macreadie et al., 2015; Marba et al., 2015; López-Merino et al., 2015, 2017; Leiva- 

Dueñas et al., 2018). To date, however, fossils pigments from phototrophic organisms 

have not been used to quantify long-term changes in the production or gross community 

composition of seagrass systems, unlike studies on some other marine systems 

(Kowalewska et al., 2004; Rabalais et al., 2004; Reuss et al., 2005, 2010). 

Aiming at filling the abovementioned knowledge gap, we measured past changes 

in concentrations of fossil pigments from diverse phototrophic organisms, in 

combination with other proxies (e.g., sedimentological, geochemical and dinoflagellate 

cysts), in five P. oceanica mat cores from two bays of the Cabrera National Park, 

Balearic Islands, Spain. The objectives of this study were: (1) to measure the variability 

in pigment composition through time and across spatial gradients (water depth within a 

bay) in two bays with contrasting features, and; (2) to identify the long-term 

environmental drivers which may regulate the phototrophic community composition in 

the meadows. 
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2. Material and methods 

 
2.1. Environmental setting and coring procedures 

 
The Cabrera Island is the largest island of the Cabrera Archipelago, located 

south of Mallorca (Balearic Islands) in the western Mediterranean Sea (Fig. 2). The 

climate of the island is semi-arid and although precipitation is scarce, there are several 

small watersheds that are active only during intense precipitation periods (Alcover et al., 
 

1993). The main watershed drains into Es Port Bay (Rodríguez-Perea & Servera, 1993). 
 

The surrounding coastal waters are warm with very low nutrient content comparing to 
 

other coastal Mediterranean waters (Ballesteros & Zabala, 1993). 
 

Five P. oceanica mat cores were taken in June 2015 from meadows growing in 
 

two bays: Santa Maria (SM), and Es Port (EP) (Fig. 2). Cores were collected at a single 
 

station 5-m below the sea level (bsl) at EP and along a depth-transect (5, 10, 15, and 25 

m bsl) at SM (Table 1). SM is a relatively exposed bay with an area of 1.14 km2 (55 m 

maximum depth) connected to the open sea by a 1.2-km wide mouth. On the contrary, 

EP (0.8 km2, 45 m maximum depth) forms a relatively sheltered environment with a 

narrower opening (650 m) (Fig. 2). Cores were collected by scuba divers using high- 
 

density PVC pipes fitted with core catchers and a serrated leading edge. Exponential 
 

decompression functions were applied to correct for core shortening (Morton & White, 

1997; Serrano et al., 2012). 

At both bays, P. oceanica grows on biogenic, carbonate-rich and iron-deficient 

sediments (Holmer et al., 2005; Marbà et al., 2008). About 42% of SM benthos is 

covered by dense, continuous P. oceanica meadows, whereas meadows in EP cover less 

area (36%) and occur at shallower depth (Marbà et al., 2002). Demographic analysis 

indicates that while meadows at SM are in good condition, those at EP exhibit 
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symptoms of stress, including lower leaf production rates and vertical rhizome 

elongation, very low shoot recruitment, higher mortality, and elevated sulphate 

reduction rates. The different seagrass conditions between bays have been attributed to 

contrasting water residence times in EP (7-15 days) and SM (4 days) (Marbà et al., 

2002; Orfila et al., 1992, 2005), and to more frequent and intensive anthropogenic 

activities at EP (Marbà et al., 2002). 

 

2.2. Sedimentology, geochemical analyses and core chronology 

 
Cores were cut longitudinally and opened into two halves. One-half was 

analysed non-destructively for elemental composition using X-ray fluorescence (XRF) 

with an AVAATECH core scanner at the CORELAB laboratory, University of 

Barcelona. One cm-thick samples from one of the half-cores were dried at 60ºC until 

constant weight to determine dry bulk density, then homogenized using an automated 

agate mortar (Mortar Grinder RM-200 RETSCH). 

Organic matter content (OM) was estimated in the samples by mass-loss-on- 

ignition at 550º for 4h. Sediment grain size was determined using a laser-diffraction 

particle analyser (Mastersizer 2000, Malvern instruments Ltd., UK). Carbon and N 

elemental and isotopic composition of sediment samples were analysed at UH Hilo 

Analytical Laboratory, University of Hawaii at Hilo, on a Thermo-Finnegan Delta V 

IRMS isotope ratio mass spectrometer coupled with a Costech elemental analyser. 

Isoprenoid glycerol dialkyl glycerol tetraether (GDGT) lipids were used to 

calculate the Branched and Isoprenoid Tetraether (BIT) index, an index of the relative 

abundance of terrestrial and autochthonous organic matter in marine sediments 

(Hopmans et al., 2004). The samples polar fraction were analysed for GDGTs according 

to Schouten et al. (2007). GDGT analyses were performed using liquid 
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chromatography–mass spectrometry (LC–MS) with a Hewlett Packard1100 Series 

instrument equipped with an auto-injector and ChemStation chromatography manager 

software. 

Radiocarbon (14C) and lead-210 (210Pb) activities were measured using 

accelerator mass spectrometry (DirectAMS laboratory) and alpha spectrometry 

(Environmental Radioactivity Laboratory, Autonomous University of Barcelona), 

respectively, to obtain age-depth models for the collected cores. 

 

Raw proxy data trends are presented in Fig. S1. 

 

2.3. Fossil pigment analysis 

 

Pigments and their derivatives were extracted, isolated, identified and quantified 

using high-performance liquid chromatography (HPLC) with an Agilent model 1100 

instrument at University of Regina following standard methods of Leavitt & Hodgson 

(2001). Fossil pigment interpretations were restricted to a subset of carotenoid and 

chlorophyll biomarkers that commonly preserve in sedimentary deposits (Table 3). 

Predominant phorbins identified included metrics of total primary producers such as 

labile Chlorophyll-a (chl-a; a precursor), pheophytin a (Chl’s stable product), and 

chlorophyte markers (chl-b, pheophytin b). Pigment preservation index (PPI) was 

calculated from the ratio of chl-a to its degradation product pheophytin a. Complete 

fossil pigment profiles are presented in Fig. S2. 

2.4. Organic-walled dinoflagellate cysts analysis 

 
A palynological analysis of pollen and non-pollen palynomorphs (NPP) of the 

cores is currently under way. Among the NPP, we have identified organic-walled 

dinoflagellate cysts (dinocysts); microremains relevant for this study due to their 

relationship with some of the analysed pigments. The results from core EP05 and the 
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preliminary results from core SM25 are presented herein. Pollen and NPP were isolated 

from seagrass deposits using standard palynological extraction protocols, including 

sediment digestion with HCl, NaOH and HF to eliminate carbonates, humic acids and 

silicates, respectively (Fægri & Iversen, 1989). Dinocysts were identified and counted 

using light microscopy at ×400 magnifications. 

2.5. Numerical procedures 

 

Principal component analysis (PCA) was used to explore potential associations 

in the community of primary producers as recorded by fossil pigment concentrations in 

the cores (PCApigments). Fossil pigment data were reported in units of concentration and, 

as such, are compositional data which required isometric log-ratio transformation prior 

the analysis (Aitchison, 1986; Egozcue et al., 2003; Filzmoser et al., 2010). The analysis 

consisted in a robust PCA via pcaCoDa command in “robcompositions” package in the 

R computational environment (Templ et al., 2011). 

To determine which environmental variables were the most influential on 

pigment marker composition, another robust PCA was run including both local factors 

and global climate indicators (PCAenvironmental). Local factors included biotic variables 

such as total primary production (as chl-a, β-carotene and OM), nutrient cycling and 

organic matter supply (C and N stable isotope values and BIT index), as well as abiotic 

descriptors (sediment grain size, and C and N elemental composition, XRF-measured 

elements). Global climate external factors included indices of Total Solar Irradiance 

(TSI, Vieira et al., 2011), Northern Hemisphere Temperature (NHT, Kobashi et al., 

2013) and the North Atlantic Oscillation (NAO; Hurrell, 2003; Trouet et al., 2009; 

Olsen et al., 2012) - NAO is an atmospheric mode affecting the hydrological variability 

in the western Mediterranean (Roberts et al., 2012). 
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Generalized additive models (GAMs) were used to estimate temporal trends in 

the principal components scores and dinocyst concentrations. GAMs are able to model 

non-linear relationships between time and a response variable and can handle the 

irregular spacing typical in palaeoecological time series (Simpson, 2018). Thin-plate 

regression splines were used to parametrise the smooth functions of time (Wood, 2003). 

The differences between the fitted smooth functions for PC1pigments scores and 

concentrations of dinocysts were calculated as in Rose et al. (2012). GAMs were 

performed using the mgcv package in R (Wood, 2004, 2016, 2017). 

All statistical analyses were conducted using R statistical software (R Core 

Team, 2018) and detailed descriptions of the materials and methods section are given in 

Supplementary Material. 

3. Results 

 
3.1. Age-depth models 

 
The age-depth models combining radiocarbon and 210Pb dates revealed that core 

SM15 extended back to ~1900 cal. yr BP, whereas cores SM25 and EP05 extended to 

~1700 cal. yr BP (Table 2, Fig. 3A). Cores SM05 and SM10 encompassed less time, 

SM05 dated back to ~100 and SM10 to ~700 cal. yr BP. Overall, accumulation rates 

varied between 0.02 and 2 cm/yr with significantly differences among cores (median 

Kruskal-Wallis test, p<0.05). A nonparametric pairwise multiple comparison (Dunn’s 

test, p<0.05) confirmed all median rates were significantly different with the exception 

of the pair EP05 - SM15 (p=0.754). Accumulation rates decreased with increasing water 

depth in SM, from a median of 0.36 cm/yr (SM05) to a median of 0.06 cm/yr (SM25) 

(Fig. 3B). In most cores, mat accumulation was likely continuous with the exception of 

EP05 which exhibited an apparent hiatus between ~ 300 and ~1250 cal. yr BP - based 
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on a large jump of ~950 calibrated years between two radiocarbon dates at 60 and 64 

cm depth in the core (Fig. 3A and Table 2). 

 

3.2. Primary producers’ composition 

 
Trends in the pigment composition within all cores were well described using a 

robust PCA with two principal axes, explaining 91% of the total variance (Fig. 4A). The 

first principal component (PC1pigments, 78%) showed a high positive loading for 

diadinoxanthin (dinoflagellates, diatoms and chrysophytes) and moderate negative 

loadings for echinenone (total cyanobacteria), lutein-zeaxanthin (chlorophytes, higher 

plants, rhodophytes and cyanobacteria) and canthaxanthin (Nostocales –cyanobacteria–) 

(Fig. 4A and Table 4). The second principal component (PC2pigments, 13%) showed high 

positive loadings for diatoxanthin (mainly diatoms) and  lutein-zeaxanthin 

(chlorophytes, higher plants, cyanobacteria and rhodophytes), and high-to-moderate 

negative loadings for echinenone (total cyanobacteria) and canthaxanthin (Nostocales – 

cyanobacteria–) (Fig. 4A and Table 5). 

The main temporal trend observed in all cores was an increase in PC1pigments 

scores towards the present, particularly during the last ~150-300 years. This trend 

mainly reflects increasing concentrations of diadinoxanthin (Fig. 4B). Sample scores 

from PC2pigments did not show a consistent change through time, although they did show 

an evident spatial pattern, with different pigment composition between bays (Fig. 4). 

Higher proportions of diatoxanthin and lutein-zeaxanthin were found in SM, while 

canthaxanthin and echinenone predominated in EP. Within SM, sample scores indicated 

a greater abundance of diatoxanthin and lutein-zeaxanthin in the shallowest area 

(SM05) of the bay (Fig. 4B). 

3.3. Relationship between fossil pigment composition and environmental factors 



13 

 

 

A robust PCA explained 57% of the variance in fossil pigment composition 

using a combination of local and global predictive variables (Fig. 5A and Table 5). The 

first axis (PC1environmental) accounted for 31% of the total variance and showed that 

diadinoxanthin was strongly and positively correlated with global climate indicators 

(TSI and NHT). Diadinoxanthin content was also moderately and positively correlated 

to δ13C, concentrations of chl-a, and the PPI. Echinenone and lutein-zeaxanthin 

abundances were also correlated moderately and negatively with diadinoxanthin (Fig. 

5A). 

PC2environmental accounted for 26% of the total variation (Fig. 5A). On this axis, 

abundances of diatoxanthin and lutein-zeaxanthin were positively correlated with 

chlorine, medium and fine-sands, PPI and chl-a content, while negatively correlated 

with echinenone and canthaxanthin. In contrast, echinenone and canthaxanthin were 

positively correlated with OM, δ15N, the BIT index, coarse-sandy fractions and β- 

carotene, and negatively with diatoxanthin and lutein-zeaxanthin (Fig. 5A and Table 5). 

Overall, PC1environmental scores exhibited an increasing trend towards the present 

in most cores, in particular during the last 150-300 years (Fig. 5B). Temporal trends of 

PC2environmental scores showed no clear nor common pattern among cores through time, 

although they did show the same difference among embayments as described for 

PC2pigments (Fig. 5B). 

3.4. Dinocyst records 

 
Dinocysts concentrations were low in sediments from both bays. They were 1- 

2 orders of magnitude higher in EP05 than in SM25 (Fig. 6). All dinocysts identified 

were of autotrophic affinity. In both bays, dinocyst concentrations were composed 

predominately of Spiniferites spp. and Lingulodinium machaerophorum. L. 
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machaerophorum is the cyst produced by the motile form Lingulodinium polyedrum, a 

species which inhabits estuaries and coastal bays worldwide, including the 

Mediterranean Sea (Lewis & Hallett, 1997; Penna et al., 2006). The most notable 

feature of the dinocyst records is the presence of a trend towards increasing 

concentrations during the last two centuries, particularly for Spiniferites spp., L. 

machaerophorum, Operculodinium spp., and for total dinocysts (Fig. 6). These trends 

were significant only for EP05, which is perhaps related to the larger amount of samples 

processed in EP05 compared to SM25. 

GAMs were employed to test if the temporal changes in concentrations of 

dinoflagellate pigment diadinoxanthin (as PC1pigments scores) were similar to those 

recorded for dinocysts (Fig. 7). Here the differences between the GAM-fitted pigments 

and cyst trends were estimated only for the most recent 250 yrs, the period during which 

there was directional change in fossil abundance in EP05. Comparisons were conducted 

between PC1pigments and total cyst concentrations (TC), as well as between PC1pigments 

and cysts from Lingulodinium machaerophorum (LM) and Spiniferites spp. (SS). 

Confidence intervals not encompassing zero, are indicative of significant differences 

between the smoothed trends (Rose et al., 2012). In EP05 core, no difference was 

observed between trends in any metric of cyst abundance (TC, LM or SS) and PC1 

scores during the last 250 years (Fig. 7). Therefore, we infer that the increasing recent 

trend in PC1pigment and by inference the dinoflagellate biomarker diadinoxanthin mainly 

reflect changes in fossil concentrations of dinoflagellate cysts at least in the EP05 core 

(Fig. 6 and 7). 

4. Discussion 

 
4.1. Seagrass phototrophic community 
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The overall composition of sedimentary pigments from the mat cores was 

consistent with the expected assemblage of primary producers observed in P. oceanica 

meadows. In general, modern macroalgal species are characteristically composed 

mainly of calcareous Rhodophyta and non-calcified Ochrophyta, whereas microalgal 

epiphytes usually include diatoms, dinoflagellates and cyanobacteria in declining 

relative abundance (Piazzi et al., 2016; Agawin et al., 2017). Similarly, the modern 

phytoplankton assemblages are mainly composed of diatoms and dinoflagellates 

(Moncer et al., 2017), while the water column near Cabrera is known to harbour a great 

abundance of pico and nanoplankton, dinoflagellates, coccolitophorids and diatoms 

(Vives, 1993). We suggest that seagrass, possibly in association with rhodophytes, is the 

main source of the couplet lutein-zeaxanthin, as it is the most abundant carotenoid in 

live P. oceanica tissues (Casazza & Mazella, 2002). 

4.2. Observed temporal and spatial patterns 

 
Multivariate analysis of the cores revealed two main patterns of change in the 

fossil pigment assemblages. First, we recorded a temporal shift in the abundance of 

dinoflagellates and siliceous algae, which appears to reflect the influence of global 

climate change, particularly the inputs of energy as irradiance and heat (i.e., TSI and 

NHT). Second, our results showed clear spatial patterns in primary producers’ 

community composition, seemingly related to embayment-specific local conditions (EP 

versus SM), and to the water depth gradient (SM gradient). Taken together, these 

patterns suggest that primary producers in seagrass meadows are influenced by a 

combination of global and local regulatory mechanisms. 

4.2.1. The recent increase in dinoflagellates 
 

Increased abundance of dinoflagellates and possibly siliceous taxa (as the 
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carotenoid diadinoxanthin) was observed among all cores over the last 150-300 years 

(Fig. 4 and 5). Our results suggest that the carotenoid diadinoxanthin was more 

abundant during episodes of high solar irradiance (i.e., TSI), air temperature (i.e., NHT) 

and, to a lesser extent, ecosystem production (i.e., δ13C and chl-a) according to 

PC1environmental (Fig.5A). Hence, changes in dinoflagellate abundance seem to be 

influenced by global climate variables - specifically the input of energy as irradiance 

and heat. Changes in pigment preservation may also partly explain these historical 

trends, as noted with the direction of the pigment preservation index vector (Fig. 5A). 

Post-depositional degradation may contribute to the decline in labile diadinoxanthin 

with increasing sediment age (PC1pigments and PC1environmental, Fig. 4B and 5B). 

However, analysis of resting cysts from dinoflagellates in cores EP05 and SM25 also 

showed an increase in dinoflagellate abundance over the same period, especially for L. 

machaerophorum and Spiniferites spp. in EP05 (Fig. 6). Dinocysts are composed of 

highly resistant organic compounds, which are preserved well in sediments (Versteegh 

& Blokker, 2004). Given the strong concordance between historical trends in the 

dinoflagellate biomarker diadinoxanthin (as PC1pigments) and dinoflagellate cyst 

concentrations, we infer that increased abundance of diadinoxanthin over the past ~250 

years reflects actual changes in algal biomass, rather than slow post-depositional 

degradation in the Posidonia seagrass mats. 

The observed orthogonal relationship between diadinoxanthin and diatoxathin in 

the two PCAs was unexpected because both pigments usually co-occur in several algal 

groups, as in diatoms and dinoflagellates. Although speculative, this lack of correlation 

could be due to the fact that they are associated with different algal groups in the 

particular setting of Cabrera: diadinoxanthin with dinoflagellates and diatoxanthin with 

diatoms. Regardless, the uncorrelated nature of historical trends in diadinoxanthin and 
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the diatom-specific biomarker diatoxanthin again suggests that historical trends in 

diadinoxanthin were recording mainly changes in marine dinoflagellate abundance. 

Increased abundance of dinoflagellates during periods of elevated solar 

irradiance may be related to their ability to produce substantial amounts of UV- 

absorbing photo-protective compounds under high irradiance (Hannach & Sigleo, 

1998). In this sense, diadinoxanthin is known to act as a photoprotective accessory 

pigment (Lavaud et al., 2002; Laviale & Jacques, 2011). Diadinoxanthin is not only 

present in dinoflagellates but also in some species of raphidophytes (e.g., Heterosigma 

akashiwo, Chattonella subsalsa), which also thrive in high UV environments (Fu et al., 

2012; Wells et al., 2015). Similarly, elevated water temperature may favour growth of 

epiphytic dinoflagellates and diatoms in seagrass meadows (Johnson et al. , 2005; Turki, 

2005; Frankovich et al., 2006; Mabrouk et al., 2012). Moreover, the correlation between 

dinoflagellates and temperature found here was also described in several long-term 

dinocyst records, in which high L. machaerophorum and Spiniferites spp. abundance 

correlated with warmer sea surface waters and stronger stratified conditions in coastal 

areas (Pospelova et al., 2006; Sobrino et al., 2012; Bringué et al., 2013; Leroy et al., 

2013). Those studies also reported sharp increases in L. machaerophorum over the last 

century, similar to the patterns observed in this study (Fig. 5A). L. machaerophorum is 

also a potentially-toxic taxon, known to produce yessotoxins (e.g. Paz et al., 2004; 

Armstrong & Kudela, 2006). Therefore, their higher abundance could increase the risk 

of toxic algal blooms that could affect the entire ecosystem composition and structure 

(Sellner et al., 2003). 

Our results provide a predictive understanding of the response of phototrophic 

assemblages in seagrass meadows to global change. Specifically, we anticipate an 

increase in dinoflagellates as a consequence of global warming. The exact consequences 
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of this change in the composition of primary producers are so far unknown. Our study 

points to a greater contribution of autotrophic dinoflagellates to autotrophic production 

in seagrass meadows, possibly leading to the outcompetition of the seagrass (Fig. 5A). 

Providing dinoflagellates do not outcompete the seagrass and go through mass 

encystment, they could even have an effective contribution to carbon sequestration 

(Spilling et al., 2014; Wasmund et al., 2017). However, the latter speculation may be 

difficult to evaluate, as P. oceanica is thought to be negatively impacted by the on- 

going sea water warming (Marba & Duarte, 2010; Savva et al., 2018). 

4.2.2. Spatial differences between bays and along water depth 
 

Our results revealed pronounced spatial patterns in primary producer community 

composition, caused by site-specific local effects, as well as the natural depth gradient. 

In the anthropogenically-impacted EP setting, the community was mainly dominated by 

cyanobacteria (as canthaxanthin and echinenone), whereas diatoms (as diatoxanthin), 

chlorophytes, rhodophytes and, most probably, the seagrass (all as lutein-zeaxanthin) 

were more characteristic of the less disturbed SM setting. As detailed below, these 

patterns may arise because of basin-specific differences in local land use and catchment 

characteristics, specifically nutrient and terrestrial organic matter inputs. 

The cyanobacteria-rich community of EP developed in an environment with 

elevated organic matter and nutrient inputs, mainly of terrestrial origin (high loadings 

for BIT index, δ15N and OM in PC2 environmental, Fig. 5). In EP, higher microbial decay 

would also explain the δ15N enriched sediment organic matter relative to that of SM 

(Craine et al., 2015). Aside from high nutrient availability, EP waters have other 

physical conditions favourable to elevated cyanobacterial abundance compared to SM, 

such as longer water residence times and enhanced stratification (Orfila et al., 2005; 
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Paerl & Huisman, 2008). On the other hand, diatoms, the seagrass and likely, 

rodophytes prevailed in SM (Fig. 4A), where organic matter is mainly derived from 

marine autochthonous production, as indicated by a high loading for chlorine in 

PC2environmental (Fig. 5A), an element known to be incorporated in labile marine organic 

matter (Leri et al., 2015). Our findings support those of Holmer et al. (2003, 2004) who 

reported an organic enrichment and higher mineralization rates in EP, as well as a 

significantly higher net community production in SM, reflecting higher light 

availability, lower terrestrial inputs and higher water turnover rates. 

Studies of phytoplankton communities in marine waters have observed increases 

in the abundance of cyanobacteria under ammonium enrichment, whereas diatoms more 

commonly bloom when exposed to elevated nitrate concentrations (Berg et al., 2003; 

Heil et al., 2007; Glibert et al., 2014). Cyanobacteria are generally considered 

specialists that have a superior ammonium uptake kinetics (Blomqvist et al., 1994; 

Lindell & Post, 2001). Further, cyanobacteria can use organic matter as a nitrogen 

source in both lakes and marine ecosystems (e.g., Berman, 2001; Sakamoto & Bryant, 

2001; Berg et al., 2003; Glibert et al., 2004; Donald et al., 2011). Therefore, the 

predominance of cyanobacteria in EP could reflect an elevated influx of ammonium or 

other N species as a result of the enhanced organic matter decomposition in this bay 

(Holmer et al., 2004; Pérez et al., 2007), or higher availability of dissolved organic 

matter. The naturally high organic matter accumulation in EP arises from discharges of 

the main pluvial network of the island (Rodríguez-Perea & Servera, 1993), and from the 

longer water residence time in EP, which, together, may favour particle sedimentation 

and a larger contribution of allochthonous organic matter to the bottom deposits. In fact, 

Mazarrasa et al. (2017) observed that allochthonous carbon accounted for more carbon 

in meadows from EP than in other Balearic meadows, including SM. 
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At SM shallowest station (SM05, Fig. 4A), pigment assemblages indicated 

dominance of diatoms (diatoxanthin), seagrasses, and rhodophytes (lutein- 

zeaxanthin) compared to the deeper stations. A greater abundance of diatoms in   

the shallowest areas could be related to the diatoms’ feature of developing better   

in turbulent, well-mixed waters (Mabrouk et al., 2011). The greater abundance of 

seagrass at shallower depths could be explained by higher light availability and, 

therefore, higher photosynthetic rates and production (Alcoverro et al., 2001). In 

general, water depth is a key regulator of epiphytes assemblages of seagrasses due 

to differences in the seagrass and meadow structural characteristics, light 

penetration, and hydrodynamics (Piazzi et al., 2016 and references therein). 

5. Conclusions 

 
The use of fossil pigments is feasible in sheltered vegetative coastal habitats. In 

this sense, this study pioneers in the use of fossil pigments in P. oceanica mats as proxy 

of phototrophs composition. Fossil pigments can be used in Posidonia spp. meadows, 

where chronologically ordered sequences are highly preserved in the sediments below 

them (i.e. the mats), but it could be also used in other smaller seagrass located in 

sheltered areas where sedimentation is not altered. 

Our results report changes in phototrophic community composition and 

production in P. oceanica meadows at centennial scales. Analyses suggest that these 

changes were modulated by both local terrestrial influences and global climate factors. 

In particular, elevated solar irradiance and air temperature seem to have driven increases 

in dinoflagellates abundance over the last 150-300 years. Local environmental 

conditions were most likely responsible for differences in phototrophic communities 

between basins; apparently due to differences in terrestrial organic matter and nutrient 
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inputs. Depth also influenced the phototrophic community composition, with greater 

predominance of pigments from diatoms, seagrasses and rodophytes in shallower 

waters. 

These patterns confirm that primary producers in seagrass meadows are under 

complex hierarchical control by local and global regulatory mechanisms and provide 

better insights into potential phototrophic responses to global change. Specifically, we 

infer that global warming may favour the development of autotrophic dinoflagellate 

assemblages, which could negatively affect the ecosystem functioning by shading and 

outcompeting the seagrass. Future research could focus on the potential effects of these 

structural community changes on seagrass ecosystem functioning under predicted 

climate change scenarios. 
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Figures 

Figure 1. Schematic diagram illustrating how nutrient and sediment inputs affect aquatic 

primary producers in seagrass meadows. Zooms are for micro-epiphytic community 

composition. Diagram made using image vectors from Image library in Integration and 

Application Network (ian.umces.edu). 

 

 
Figure 2. Location of the Cabrera Archipelago as well as P. oceanica and Cymodocea meadows 

areal coverage in two bays: Santa Maria (SM) and Es Port (EP). Red dots indicate the core 

locations. The number stands for the sampling water depth (in meters below sea level). 

 

 
 

Figure 3. A) Bayesian age depth-models of Cabrera Island cores using Bacon.R software 

(Blaauw & Christen, 2011). Lead-210 (in green) and radiocarbon (in blue) dates were included 

in the age-depth models. Radiocarbon dates were calibrated using the marine 13 calibration 

curve (Reimer et al., 2013) and corrected for a local marine reservoir effect (mean ± SD; ΔR = 

26 ± 24 years; Riera Rullan, 2016) The red dashed curve shows the ―best‖ model based on the 

weighted mean age for each depth. Individual radiocarbon dates are shown in probability 

density functions of calibrated ages. The grey area indicates the uncertainty envelope of the 

model with grey dashed curves indicating 95% confidence intervals. The vertical, dashed black 

line on the EP05 model denotes a hiatus. B) Notched box-plot of accumulation rates for each of 

the sampled cores. 

 

 
Figure 4. PCApigments run to explore potential associations in the community of primary 

producers as recorded by fossil pigment concentrations in the cores. A) Clr-biplot of sample 

scores. Red ellipse indicates samples from EP and blue ellipse indicates samples from SM. B) 

Depth records of the PCpigments scores. Black solid lines indicate fitted smooth functions of time 

(GAM models, formula = y ~ s(x)) and grey shaded regions are 95% point-wise confidence 

intervals. Only GAMs with significant trends are shown (p>0.05). Algal groups associated to 

pigments are in Table 3. 

 

 

Figure 5. PCAenvironmental run to decipher relationships between fossil pigment composition and 

explicative variables: BIT index -an index of the relative abundance of terrestrial organic matter 

versus marine input in marine sediments (Hopmans et al., 2004), Total Solar Irradiance (TSI, 

Vieira et al., 2011), Index of North Atlantic Oscillation (NAO, Hurrell, 2003; Trouet et al., 

2009; Olsen et al., 2012), Northern-Hemisphere Temperature (NHT, Kobashi et al., 2013), 

grain-size distribution, content of organic matter (OM), XRF-measured elements (Fe, Si, Ti, K, 

Ca, S, Cl and Br), carbon and nitrogen stable isotopes, chl-a and β-carotenes, and a pigment 

preservation index (chl-a/pheophytin a). A) Clr-biplot of sample scores. B) Depth records of the 

PCenvironmental scores. Black solid lines indicate fitted smooth functions of time (GAM models, 

formula = y ~ s(x)) and grey shaded regions are 95% point-wise confidence intervals. Only 

GAMs with significant trends are shown (p>0.05). Algal groups associated to pigments are in 

Table 3. 
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Figure 6. Dinocyst concentrations records of cores EP05 and SM25 plotted together 

with PC1pigments scores. Positive scores of PC1pigments are related with higher 

concentrations of diadinoxanthin. Coloured solid lines indicate fitted smooth functions 

of time (GAM models, formula = y ~ s(x)) and grey shaded regions are 95% point-wise 

confidence intervals. Only GAMs with significant trends are shown (p > 0.05). 

 

 
Figure 7. Differences between fitted trends in the scores of PC1pigments and dinocysts 

records for the last 250 years in EP05. Black solid lines indicate differences between 

fitted smooth functions of time (GAM models, formula = y ~ s(x)) of PC1pigments scores, 

concentrations of total dinocysts (TC), Lingulodinium machaerophorum (LM) and 

Spiniferites spp. (SS). Grey shaded regions are 95% point-wise confidence intervals on 

these differences. 
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Tables 

Table 1. Details of the five cores taken from Posidonia oceanica meadows at two bays 

in the Cabrera Island (Balearic Islands, Spain). 
 

 
Core ID 

 
Coordinates 

Sampling 

location 

Water 

depth 

(m) 

Compressed 

length 

(cm) 

Decompressed 

length 

(cm) 

Compression 

(%) 

SM05 39º9'0''N 2º56'57''E Santa María Bay 5 49 83 42.4 

SM10 39º9'3''N 2º56'55''E Santa María Bay 10 134 161 18.3 

SM15 39º9'6''N 2º56'53''E Santa María Bay 15 113 138 19.3 

SM25 39º9'12''N 2º56'44''E Santa María Bay 25 84 89 5.6 

EP05 39º8'42''N 2º55'60''E Es Port Bay ~ 5 88 98 17 
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Laboratory Decompressed AMS 14C date 
Cal. yr BP (2σ range) 

Weighted 

Table 2. Radiocarbon dates in the P. oceanica mat cores retrieved at the Cabrera Island. 

The marine 13 14C calibration curve (Reimer et al., 2013) was used for calibration of the 

radiocarbon dates together with and a local marine reservoir effect (mean ± SD; ΔR = 

26 ± 24 years; Riera Rullan, 2016). 

 

Core 
code

 depth (cm) (yr BP) mean age 

D-AMS 014002 32 398 ± 23 58.5 – 92.4 75.8 

D-AMS 019447 34 379 ± 24 66.7 – 108 87.1 

D-AMS 014003 43 467 ± 27 104 – 190 141.3 

D-AMS 012768 
EP05 

D-AMS 029626 

54 

60 

502 

545 

± 

± 

27 

30 

166 

202 

– 

– 

277 

349 

215.4 

263.6 

D-AMS 019448 64 1741 ± 28 1185 – 1531 1369 

D-AMS 012769 75 1940 ± 26 1305 – 1620 1468.9 

D-AMS 012770 96 1788 ± 29 1473 – 1473 1651.6 

D-AMS 012771 57 75 ± 26 18.8 – 51.1 33.9 

D-AMS 012772 
SM05 

D-AMS 013117 

68 

78 

105 

366 

± 

± 

28 

25 

43.2 

66.5 

– 

– 

87.4 

120 

64.6 

92.9 

D-AMS 012773 79 439 ± 25 69.1 – 122 95.7 

D-AMS 019434 34 104 ± 25 -0.9 – 7.2 3.2 

D-AMS 019436 58 449 ± 28 83.9 – 163 117.6 

D-AMS 019437 63 384 ± 29 103 – 138 141.1 

D-AMS 019438 
SM10 

D-AMS 022098 

70 

88 

479 

593 

± 

± 

26 

61 

130 

225 

– 

– 

228 

334 

177.1 

275.2 

D-AMS 022099 110 740 ± 34 348 – 462 405.6 

D-AMS 022100 124 970 ± 45 434 – 551 494.6 

D-AMS 022102 152 1063 ± 43 588 – 740 657.5 

D-AMS 019444 50 610 ± 24 89.4 – 242 151.8 

D-AMS 012774 55 573 ± 23 126 – 305 207.6 

UBA-32342 75 1732 ± 32 752 – 1154 996.7 

D-AMS 019445 
SM15 

D-AMS 012775 

78 

89 

1508 

1583 

± 

± 

29 

23 

899 

1058 

– 

– 

1169 

1269 

1044.9 

1163.3 

D-AMS 012776 104 2447 ± 32 1269 – 1703 1477.9 

D-AMS 029627 120 2106 ± 29 1482 – 1845 1664.7 

D-AMS 029628 135 1556 ± 29 1634 – 2098 1830.1 
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D-AMS 019439 8 216 ± 46 -49.5 – 63.9 7.3 

D-AMS 014000 28 508 ± 20 76.7 – 243 165.3 

D-AMS 019440 35 608 ± 27 144 – 303 229.2 

D-AMS 014001 39 604 ± 29 181 – 383 271.8 

SM25 D-AMS 012777 49 1000 ± 27 427 – 637 537.7 

D-AMS 019441 56 1234 ± 27 628 – 852 728 

D-AMS 012778 70 1957 ± 24 1170 – 1525 1374.6 

D-AMS 019442 76 1985 ± 25 1428 – 1533 1532.2 

D-AMS 012779 89 2178 ± 28 1619 – 1871 1748.5 
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Pigment Algal group(s) 

Table 3. Pigments identified in the P. oceanica mat cores in this study as well as their 

taxonomic affinities. 

 

Alloxanthin Cryptophytes 

Diadinoxanthin Dinoflagellates, diatoms, chrysophytes 

Diatoxanthin Diatoms, chrysophytes 

Lutein- Zeaxanthin 
Higher plants, chlorophytes, rhodophytes*, 

cyanobacteria 

Echinenone Total cyanobacteria 

Canthaxanthin Nostocales cyanobacteria 

β-carotene Total phototrophs 

 
 

*In marine ecosystems, lutein-zeaxanthin also represents the Rhodophyta (Esteban et 

al., 2009). 
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Table 4. Factor loadings of the PCApigments ran to explore potential associations in the  

community of primary producers as recorded by fossil pigment concentrations. 

Numbers in bold indicate pigments with highest factor loadings. Numbers in bold italics 

indicate pigments with moderate factor loadings. 

 

 
Variance explained 

PC1pigments 

78% 

PC2pigments 

13% 

Diadinoxanthin 0.85 -0.07 

Alloxanthin 0.14 -0.07 

Diatoxanthin -0.18 0.55 

Lutein-zeaxanthin -0.23 0.49 

Canthaxanthin -0.21 -0.29 

Echinenone -0.37 -0.59 
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Table 5. Factor loadings of the PCAenvironmental ran to decipher relationships between 

marker pigment composition and explicative variables. Numbers in bold indicate 

variables with the highest factor loadings and in bold. Numbers in bold and italics 

indicate variables with moderate factor loadings. Explicative variables are the Branched 

and Isoprenoid Tetraether (BIT) index -an index of the relative abundance of terrestrial 

organic matter versus marine input in marine sediments (Hopmans et al., 2004)-, Total 

Solar Irradiance (TSI, Vieira et al., 2011), index of North Atlantic Oscillation (NAO, 

Hurrell, 2003; Trouet et al., 2009; Olsen et al., 2012), Northern-Hemisphere 

Temperature (NHT, Kobashi et al., 2013), grain-size distribution, content of organic 

matter (OM), XRF-measured elements (Fe, Si, Ti, K, Ca, S, Cl and Br), carbon and 

nitrogen stable isotopes, chl-a and β-carotenes, and a pigment preservation index (chl- 

a/pheophytin a). 

 
Variance explained 

PC1environmental 

31% 

PC2 environmental 

26% 

Diadinoxanthin -0.53 -0.08 

Alloxanthin -0.01 0.00 

Diatoxanthin 0.08 -0.10 

Lutein-zeaxanthin 0.13 -0.10 

Canthaxanthin 0.11 0.13 

Echinenone 0.22 0.14 

β-carotenes 0.16 0.19 

chl-a -0.16 -0.19 

Mud 0.00 0.06 

Fine sands -0.02 -0.17 

Medium sands -0.01 -0.18 

Coarse sands 0.02 0.29 

Gravel 0.00 0.00 

Si -0.04 -0.02 

S -0.01 0.10 

Br 0.00 0.08 

Cl 0.00 -0.32 

K 0.03 0.07 

Ca 0.03 0.10 

Ti 0.00 0.00 

Fe 0.00 0.00 

TSI -0.35 0.11 
NAO 0.01 -0.06 

NHT -0.59 0.16 

BIT 

δ13C 
δ15N 

0.06 

-0.23 
-0.02 

0.36 

-0.05 
0.37 

OM -0.17 0.43 

Preservation index -0.18 -0.21 
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Highlights 

• Fossil pigments can be used to reconstruct seagrass phototrophic community 

 

• Phototrophic community composition was affected by local and global factors 

 

• Global climate factors explained long-term changes in the dinoflagellates 

abundance 

• Global warming may favour the development of dinoflagellates in seagrass 

meadows 

• Phototrophic community changes might impact the seagrass ecosystem 

functioning 
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Figure 3 

 

 

• SM15 

EP05 

A 
 
 
 
 
 
 
 
 

 

Depth (cm) 
 

B 
SM05 

SM10 

SM15 

SM25 

EP05 

 
 

0 0.4 0.8 1.2 1.6 2 

Accumulation rates (cm/yr) 

SM05 

SM25 

SM10 
A

g
e

 (c
a

l.
 y

r 
B

P
) 

C
o

re
s
 



Figure 4 

 

 

 



Figure 5 

 

 

 



Figure 6 
 

 



 

 

 
 

Figure 7 
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