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ABSTRACT 18 

 19 

Nutrient enrichment can alter negatively benthic communities and reduce their ecological services. 20 

This study explores in two contrasting seasons (winter and summer), the effects of in situ nutrient 21 

enrichment at the community level on carbon metabolism and dissolved organic carbon (DOC) fluxes 22 

in two benthic communities dominated by the seagrass Cymodocea nodosa and by the macroalga 23 

Caulerpa prolifera. Under nutrient enrichment, C. nodosa increased total community biomass and 24 

diversity in summer, while net community production shifted from net autotrophic to net heterotrophic 25 

in winter. In contrast, C. prolifera became heterotrophic in summer, while no significant effects were 26 

found in winter. Regarding DOC fluxes, nutrient enrichment shifted C. nodosa from net DOC 27 

consumer in winter to a strong net DOC producer in summer, while C. prolifera seemed unaffected. 28 

Therefore, nutrient enrichment can promote conditional effects (positive, negative or neutral) in 29 

coastal areas depending both on macrophyte assemblages and season.  30 

 31 
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1. Introduction 34 

 35 

Macrophytic benthic communities, including seagrass and benthic macroalgae meadows, are 36 

among the most threatened ecosystems worldwide as a consequence of the proximity of these habitats 37 

to anthropogenic littoral impacts (Nellemann et al. 2009; Waycott et al. 2009). Human activities are 38 

accelerating nutrient cycles and at least doubling the rate at which nitrogen and phosphorus enter into 39 

global biogeochemical cycles (Vitousek et al. 1997; Howarth 2008). This nutrient surplus may drive 40 

eutrophication processes (Nixon 1995; Brun et al. 2002), which may also exacerbate the loss of 41 

seagrass (Jones et al. 2018) and benthic macroalgal communities (Scherner et al. 2013).  42 

The high productivity of seagrasses entails to consider these communities as a key element to 43 

cope with global change (Nellemann et al. 2009; Kennedy et al. 2010), because of their capacity to 44 

sequester carbon for millennia (Macreadie et al. 2012). Like seagrasses, benthic macroalgal 45 

communities have been also recently noted as an important contributor for the carbon sequestered in 46 

marine sediments (Krause-Jensen & Duarte 2016). Carbon stored ultimately depends on the balance of 47 

carbon inputs and outputs within the community (Mateo et al. 2006; Barron & Duarte 2009). Net 48 

community production (NCP), which corresponds to the difference between gross primary production 49 

(GPP) and community respiration (CR), is used to determine the trophic state of the system (i.e. 50 

autotrophic vs. heterotrophic), a central topic in the community carbon balance (Holmer et al. 2019). 51 

Although communities dominated by seagrasses and benthic macroalgae are usually highly 52 

autotrophic on an annual scale (Duarte 2017), the interannual variability of carbon cycling in coastal 53 

environments remain poorly understood (Apostolaki et al. 2010; Ruiz-Halpern et al. 2014; Egea et al. 54 

2019a). Furthermore, climatic change or changes in local conditions due to anthropogenic pressures 55 

(e.g. nutrient enrichment) (Gypens et al. 2009; Egea et al. 2018a, 2019b), may alter these natural 56 

balances and promote drastic changes in the trophic state of the ecosystem and thus weaken their 57 

capacity to act as carbon sinks.  58 

Besides the trophic state of the system, the community carbon balance also can involve 59 

additional carbon inputs, as the allochthonous carbon trapped by the canopy (Kennedy et al. 2010), 60 

and carbon outputs, including the carbon exported in the form of dissolved organic carbon (DOC) 61 

(Duarte & Cebrián 1996; Barrón & Duarte 2009; Duarte & Krause-Jensen 2017). DOC is one of the 62 

largest exchangeable organic carbon reserves in the marine environment, being a central factor in the 63 

global carbon cycle (Hansell 2013). DOC export from vegetated coastal communities is a crucial, but 64 

not entirely understood, part of the global carbon cycle in the ocean (Duarte & Krause-Jensen 2017; 65 

Mckay et al. 2017; Egea et al. 2019a). Changes in environmental conditions, including temperature, 66 

CO2 increase or hydrodynamics can alter DOC fluxes in macrophyte communities (Barron et al. 2014; 67 

Egea et al. 2018a, 2019b), but most of the current knowledge is limited to freshwater communities 68 

(Evans et al. 2005; Larsen et al. 2011). Moreover, the effect of nutrient enrichment on DOC fluxes in 69 

vegetated coastal communities remains poorly understood. For example, Apostolaki et al (2010) 70 



 

 

showed how the seagrass Posidonia oceanica impacted from fish farm discharges increased its DOC 71 

efflux, although nutrient concentrations in the water column were similar in the impacted and the 72 

reference stations. Hence, there are still many gaps in the research of carbon dynamics in these 73 

systems under nutrient enrichment condition.  74 

Nutrient enrichment triggers complex responses in vegetated coastal communities depending on 75 

the nutrient load, species-specific features, community structure, or the interactions with other factors 76 

(Alcoverro et al. 1997; Burkholder et al. 2007; Jiménez-Ramos et al. 2017a; Egea et al. 2018b; Ontoria 77 

et al. 2019). Under conditions of high nitrogen availability, especially in their reduced forms (i.e. 78 

ammonia and ammonium), macrophyte growth, biomass and survival can be reduced by direct 79 

ammonium toxicity (Van Katwijk et al. 1997, Brun et al. 2002, 2008, Villazán et al. 2013). 80 

Meanwhile, several studies have pointed out that low to medium nutrient enrichment (3.5–35 µM total 81 

N) can promote seagrass and macroalgal communities growth (Alcoverro et al. 1997; Brun et al. 2002; 82 

Malta et al. 2005; Ober et al. 2017), stimulating their net carbon balance toward autotrophy (Armitage 83 

et al. 2011). Nevertheless, the increase in nutrient load can also promote the growth of fast-growing 84 

photosynthetic organisms, including phytoplankton, opportunistic macroalgae and epiphytes (Sand-85 

Jensen & Borum 1991; Duarte 1995), which may initially contribute significantly to the ecosystem net 86 

primary production. However, the overgrowth of fast-growing photosynthetic organisms may also 87 

increase the competition with seagrasses and macroalgae for light, reducing the production and growth 88 

and increasing macrophyte mortality rates (Short et al. 1995; McGlathery 2001; Brun et al. 2003a; 89 

Moreno-Marín et al. 2016). 90 

Changes in the macrophyte complexity or structure in response to moderate nutrient enrichment 91 

(e.g. biomass, shoot density) have been recorded (Burkholder et al. 2007; Brun et al. 2008; Gladstone-92 

Gallagher et al. 2018). However, these changes are known to yield complex interactions with abiotic 93 

factors (e.g. light, hydrodynamic conditions, sedimentation rates) altering the distribution of organisms 94 

within the canopy, and affecting diversity levels (González-Ortiz et al. 2014a; Włodarska-Kowalczuk 95 

et al. 2014). Moreover, the proliferation of fast-growing photosynthetic species may attract new 96 

herbivores (McSkimming et al. 2015; Jiménez-Ramos et al. 2018), stimulating the consumption of 97 

macrophytes (Ruiz et al. 2001; Cebrian et al. 2009; Jiménez-Ramos et al. 2017b), and increasing 98 

predator presence (Hovel et al. 2016; Atwood et al. 2015). Nutrient loading also contributes to an 99 

increase in the organic matter content in the sediments (Krause-Jensen et al. 1999; Olivé et al. 2009; 100 

Brodersen et al. 2017), promoting higher sulphide concentrations (Stumm & Morgan 1996), which 101 

negatively affect seagrass photosynthesis, metabolism and growth (Erskine & Koch 2000; Holmer & 102 

Bondgaard 2001; Ralph et al. 2006). Therefore, the effects of nutrient enrichment in nature over 103 

benthic communities are far from being straightforward (Fig. 1).  104 



 

 

 105 

 106 

Fig. 1. Conceptual diagram of direct (solid lines) and indirect (dashed lines) interactions among 107 

moderated nutrient enrichment and carbon balance on vegetated coastal communities. Interactions are 108 

designed as positive (+) or negative (-). Lack of symbol indicates a change that can be positive or 109 

negative. 110 

 111 

Undoubtedly, in situ experiments, taking into account the whole community where a single 112 

stressor is modified, are necessary to increase our capacity to forecast the final outcome at community 113 

level. However, natural changes in environmental conditions (e.g. seasonal changes in temperature or 114 

light levels) can modulate the final response, since community components can vary depending on 115 

season (Brun et al. 2003b; Vergara et al. 2012). On the other hand, although seagrass and macroalgal 116 

communities occupy a similar role in coastal areas (Macreadie et al. 2017; Tuya et al. 2014; Egea et al. 117 

2019a), they hold great differences in morphometric (i.e. length, thickness of leaves, rhizomes and 118 

roots) and structural properties (including canopy height, density and complexity of the rhizomatic-119 

root system). Therefore, studies in benthic communities under moderate nutrient enrichment across 120 

different seasons are increasingly necessary to understand how these essential ecosystems deal with 121 

the effects of global change. 122 

The present study aims to gain insights into how two vegetated coastal communities, one 123 

dominated by the temperate seagrass Cymodocea nodosa and the other by the macroalgae Caulerpa 124 

prolifera, can be differentially affected by an in situ medium-term nutrient enrichment. This 125 

experiment was done by analysing changes in some of the components of the community (e.g. 126 

seagrass, macroalgae and epiphyte biomasses and fauna abundance and diversity) and by measuring 127 

the final outcome of carbon metabolism and DOC fluxes at the community level. The experiment was 128 

replicated in two seasons (winter and summer) to integrate the response of both communities when 129 



 

 

acclimated to contrasting environmental conditions. 130 

 131 

2. Material and methods 132 

 133 

2.1. Study area 134 

 135 

The study was conducted in a sheltered embayment in Santibañez salt marsh, in the inner part of 136 

Cadiz bay, southern Spain (36.47°N; 6.25ºW) (Fig. 2). The benthic community was predominantly 137 

comprised of dense and monospecific stands of the seagrass Cymodocea nodosa Ucria (Ascherson), 138 

and the rhizophyte Caulerpa prolifera (Forsskål) J. V. Lamouroux. It should be noted that although 139 

each community is dominated either by benthic macrophytes (Cymodocea nodosa or Caulerpa 140 

prolifera), it is actually an assemblage of others primary producers, such as epiphytes or ephemeral 141 

macroalgae (Egea et al. 2019a). These populations inhabit shallow zones, at a depth of approximately 142 

1 m below the lowest astronomical tide (LAT). Climatically, seawater temperature ranges between 9 143 

to 28 ºC. There is very little fresh water input into the system so the average salinity ranges between 144 

34.1 and 35.6 PSU and the average suspended solids typically varies from 10 to 30 mg l-1 although 145 

values can surpass 200 mg l-1 during strong eastern winds, which occur especially during the summer 146 

(Bermejo et al. 2020). In the water column, nutrient peaks usually occur in winter, with values up to 147 

1.4 μM NO2
−, 12 μM NO3

−, 25 μM NH4
+ and 1.5 μM PO4

3− (Tovar et al. 2000). For detailed 148 

information of the study area, see previous description in Egea et al. (2019a).  149 

 150 

 151 

 152 

Fig. 2. Study site at Cádiz Bay in southern Spain. 153 

 154 

2.2. Experimental setup  155 



 

 

 156 

The experiment was conducted in spring-summer 2016 (from May to July) and winter 2017 157 

(from January to March), referred as winter and summer trials respectively, since they correspond with 158 

the period of maximum and minimum growth and production of the macrophytes in the area (Peralta 159 

et al. 2008; Egea et al. 2019a). In each season, in situ nutrient enrichment experiments were conducted 160 

during three months in two vegetated benthic communities: one dominated by Cymodocea nodosa and 161 

one dominated by Caulerpa prolifera. Although each community was dominated by benthic 162 

macrophytes, the community is actually an assemblage of several biological components, such as 163 

plankton, epiphytes, other macroalgae, fauna and sediment microbes. Therefore, the in situ approach 164 

integrates the entire response of the community and yields more realistic results. Twenty-four 165 

experimental plots were selected in each trial (twelve for C. nodosa and twelve for C. prolifera) for 166 

the two treatments (control and nutrient enriched plots; treatments hereafter called “Control” and 167 

“N+”, respectively). Then, each community and treatment consisted of six replicates distributed 168 

haphazardly (three for setting incubations and three for the collection of plant biomass and fauna 169 

samples) (Fig. 3). Experimental plots comprised approximately an area of 50 x 50 cm and were 170 

delimited by eight sticks forming a square, being separated by at least ten meters each other. At the top 171 

of each stick (15 cm above the seafloor in C. nodosa and 7 cm above the seafloor in C. prolifera), a 172 

small mesh bag filled with slow-release fertilizer (OsmocoteTM; N:P:K; 18:9:3) was employed to alter 173 

nutrient levels of the water column in the N+ treatments. An empty mesh bag was attached to the 174 

sticks in control treatments. A total of 80 g (0.5 kg m-2) of Osmocote® was applied in each enrichment 175 

plot. Water samples were collected every two weeks in the central part of the square at 15 cm and 7 176 

cm of above the seafloor in C. nodosa and C. prolifera meadows respectively, using a silicone tube 177 

joined to sterilized plastic syringes and filtered through Whatman filters (0.45µm) to measure nutrient 178 

availability in accordance with Bower & Holm-Hansen (1980). At the same sampling event, mesh 179 

bags containing Osmocote® were checked and replaced, in the case that some of them were lost. 180 

Temperature (ºC) and light (lumens m-2) were monitored next to the experimental plots with three 181 

HOBO data loggers (UA-002-64) set on each community during two days at the beginning, midpoint 182 

and at the end of the experimental period. 183 

 184 



 

 

 185 

Fig. 3. Simplified diagram of the incubations (left) and of the experimental design (right). Circles 186 

represent sticks conforming the plots (orange circles for enrichment treatments and white circles for 187 

control treatments).  “I Plots” were used for setting incubations, whereas “C plots” were used for the 188 

collection of fauna and plant biomass. Experimental plots were allocated haphazardly. 189 

 190 

2.3. Sample procedure 191 

 192 

After three months, three replicates for each treatment (control and enriched plots) and 193 

community type were randomly selected from the experimental plots (i.e. those delimited by sticks). 194 

Then benthic chambers (from now called incubations) were placed with the aid of SCUBA to estimate 195 

the C metabolism and DOC fluxes. The incubations consisted of two parts: a rigid cylinder made of a 196 

polyvinyl chloride (20 cm diameter; height = 17 cm) and a transparent air-tight polyethylene plastic 197 

bag (height ≈ 37 cm; width ≈ 33 cm) attached to a polyvinyl chloride ring (width = 4 cm). Both parts 198 

are joined by a silicone gasket and tightly fastened by 4 elastic rubber bands (Fig. 3). The rigid 199 

polyvinyl chloride cylinder was firmly inserted into the sediment (15 cm) through their sharpened 200 

lower end. Their upper end only protruded 2 cm above the sediment, which was the minimum 201 

necessary to fit the second part of the incubation. The cylinders were inserted in the sediment between 202 

1-2 hours before connecting the second part of the incubation to reduce the effect of sediment 203 

perturbation. Each bag was fitted with a sampling port located in the upper half of the bag (≈ 20 cm) to 204 

withdraw water samples. The walls of the bags (wall thickness ≈ 0.07 mm) were flexible enough to 205 

allow their movement with the natural water flow, allowing water circulation within the bags. Oxygen 206 



 

 

diffusion controls were runs and demonstrated no oxygen permeability of the plastic bags. Incubations 207 

were installed in the evening just few hours before nightfall. 208 

To measure community carbon metabolism (through dissolved oxygen –DO– concentration) 209 

and DOC fluxes, water enclosed within each incubation was taken through the sampling port using a 210 

50 ml acid-washed syringe at three times during the day: i) just before sunset (S1), ii) right after 211 

sunrise (S2) and iii) 6 h after sunrise (S3). In this way, community carbon metabolism and DOC fluxes 212 

in dark and light periods can be distinguished (Barrón & Duarte 2009). To calculate the volume of 213 

each incubation at the end of the experiment, 20 ml of a 0.1 M uranine solution (sodium fluorescein, 214 

C20H10Na2O5) was injected into each bag, allowing 5 min for mixing. Then, water samples were 215 

collected and kept frozen until spectrophotometric determination according to Morris et al. (2013). 216 

The volume of water enclosed in the chamber was 11 ± 0.1 L (n=24). Once the polyethylene plastic 217 

bag was removed, macrophyte biomass in each chamber was harvested, rinsed and dried at 60 ºC to 218 

estimate aboveground and belowground biomass. To better compare the two periods of study (summer 219 

and winter), sampling days in each season were chosen with similar tidal range as well as weather 220 

forecast (e.g. presence of clouds, no rain, wind, etc.) in order to reduce the environmental variability. 221 

The remaining three replicates from each treatment and community were collected manually to 222 

examine the above- (AG) and belowground (BG) biomass, including the epi- and infaunal diversity, 223 

using a 400 cm2 quadrat placed in the center of the experimental plots. The complete community 224 

including all macrophytes, fauna and sediment (till 15 cm depth) were removed using square cores (20 225 

cm side by 15 cm deep) and placed into a plastic bag. The samples were then transported to the 226 

laboratory within 45 min after collection in an ice chest.  227 

 228 

2.4. Laboratory analysis 229 

 230 

Immediately after collection, water samples (15 ml) for DO concentration were fixed in situ in 231 

the supporting boat, and were kept in darkness, refrigerated and measured using a spectrophotometric 232 

modification of the Winkler titration method (Pai et al. 1993; Roland et al. 1999). Hourly rates of 233 

community respiration (CRh) were estimated as the difference in DO concentrations between 234 

samplings S2 and S1 divided by the time between both sampling. Hourly rates of net community 235 

production (NCPh) were estimated from the difference in DO concentrations between samplings S3 236 

and S2 divided by the time between both sampling. Hourly rates of gross primary production (GPPh) 237 

were computed as the sum of the hourly rates of CR and NCP. Finally, daily rates of gross primary 238 

production (GPPd) were calculated using the photoperiod corresponding to each sampling day 239 

meanwhile community respiration (CRd) were calculated extrapolating the CRh to 24h. Daily rate of 240 

net community production (NCPd) were calculated as the difference between GPPd and CRd. For 241 

detailed information about calculations and equations used, see previous descriptions in Egea et al. 242 

(2019a). Metabolic rates in DO units were converted to carbon units assuming photosynthetic and 243 



 

 

respiratory quotients of 1, a value used widely for macrophytes benthic communities (e.g. Barrón et al. 244 

2004; Egea et al. 2019a).  245 

DOC fluxes were estimated by changes in DOC concentration during light and dark periods. 246 

Water samples (20 ml) from the benthic chambers were filtered through pre-combusted (450 °C for 4 247 

h) Whatman GF/F filters and were kept with 0.08 ml of H3PO4 (diluted 30%) at 4 ºC in acid-washed 248 

material (glass vials encapsulated with silicone-PTFE caps) until analyses. Concentrations of DOC 249 

were derived by catalytic oxidation at high temperature (720 °C) and chemiluminescence by using a 250 

Shimadzu TOC-VCPH analyzer. DOC-certified reference material (Low and Deep), provided by D. A. 251 

Hansell and W. Chen (University of Miami), were used to assess the accuracy of the estimations 252 

(http://yyy.rsmas.miami.edu/groups/biogeochem/CRM.html). The instrument blank ranged between 0 253 

to 13 µmol DOC l–1 across the different analytical batches. Net DOC flux was calculated by the sum 254 

of the DOC flux during the dark period (i.e. the differences between S2 and S1) and DOC flux during 255 

the light period (i.e. after extrapolating the differences between S3 and S2 for all hours of light). For 256 

detailed information about calculations and equations used, see previous descriptions in Egea et al. 257 

(2019a). Thus, when net DOC flux was positive, the community was considered to act as a net DOC 258 

producer (i.e. source). However, when net DOC flux was negative, the community was considered to 259 

act as a net DOC consumer (i.e. sink).  260 

Macrophyte biomass was separated into leaves (AG), and roots and rhizomes (BG), counted, 261 

weighed and dried for 1 week at 60°C to obtain dry weight (DW). Biomass was expressed as g DW m-262 
2. Epiphytes in C. nodosa were gently scraped with a razor blade from five haphazardly separated 263 

plants, dried at 60°C for 2 days and weighed to estimate DW. Epiphyte biomass was expressed as g 264 

DW shoot-1. Epi- and infauna specimens were separated from macrophyte biomass samples and 265 

immediately placed in Rose Bengal. All specimens were identified to the lowest possible taxonomic 266 

level under stereomicroscope, measured (length, width and thickness) and counted to assess any 267 

change in the community structure. Samples were subsequently dried at 60°C for 1 week and weighted 268 

(DW). Biomass was expressed by area of the corresponding experimental plots (g DW m-2). 269 

 270 

2.5. Data and statistical analysis 271 

 272 

To transform light values in lumens m-2 to µmol photons m-2 s-1, the most commonly conversion 273 

factor given in the literature under sunlight was used (1 lumens m-2 = 51.2 µmol photons m-2 s-1; 274 

Carruthers et al. 2001). Differences in seawater nutrient concentration among treatments were 275 

analysed using a paired t-test. 276 

Ecological indices such as number of species, species abundance, diversity index of Shannon–277 

Wiener (H’) (Shannon & Weaver 1963) and evenness were calculated. H’ and evenness were 278 

calculated according to the following formulae: 279 

 280 

http://yyy.rsmas.miami.edu/groups/biogeochem/CRM.html


 

 

𝐻′ = −∑(𝜌𝑖) 𝑙𝑛(𝜌𝑖) 281 

 282 

𝐸𝑣𝑒𝑛𝑛𝑒𝑠𝑠 =
𝑙𝑛(𝑠)

𝐻′
 283 

 284 

where 𝜌𝑖 is the relative abundance and s is the number of species. 285 

 286 

Data are presented as mean ± SE. To determine if nutrient enrichment treatments were 287 

significantly higher than controls we used one-tailed t-test to compare phosphate and ammonium 288 

concentrations between enriched treatments and controls in both season and communities. The effects 289 

of treatment, community and season on each response variable were tested using linear models (3-way 290 

ANOVA). When significant differences were found, the Tukey post-hoc test was applied to compare 291 

both the levels and interaction factors. Assumptions of normality (Shapiro-Wilk normality test) and 292 

homocedasticity (Bartlett test of homogeneity of variance test) were assessed through examination of 293 

the residuals of all linear models. When assumptions of normality and homocedasticity were not 294 

fulfilled, the effects of single and combined factors were tested using generalized linear models 295 

(GLMs) (Crawley 2005). For each response variable, we selected a particular family error structure 296 

and link function to reach the assumptions of linearity, homogeneity of variances and no 297 

overdispersion, which were checked through visual inspection of residuals and Q-Q plots (Harrison et 298 

al. 2018) after modelization. GPP, CR, NCP, macroalgae biomass, abundance and evenness were 299 

modeled using Gamma distribution with logit link, whereas community biomass was modeled using 300 

Poisson distribution with logit link. ANOVA was performed on the GLM using F-test, to assess the 301 

effects of treatment, community and season on each response variable. Pairwise comparisons were 302 

tested using estimated marginal means with a Bonferroni correction (“emmeans” R package, Lenth et 303 

al. 2019). Statistical analyses were computed with R statistical software 4.0.2 (R Development Core 304 

Team 2020). 305 

 306 

3. Results 307 

 308 

3.1. Abiotic variables 309 

 310 

Average water temperature measured during the study period varied between 15.6 ± 0.2 ºC in 311 

winter to 25.8 ± 0.3 ºC in summer. Underwater irradiance at the canopy level of C. nodosa beds was 312 

165 ± 11 µmol photons m–2 s–1 at midday during the winter trial and 339 ± 33 µmol photons m–2 s–1 313 

during the summer trial. In stands of C. prolifera, the underwater daily irradiance was 194 ± 13 µmol 314 

photons m–2 s–1 during the winter trial and 375 ± 17 µmol photons m–2 s–1 during the summer trial. The 315 

photoperiod was 11:13 and 14:10 (L:D) in winter and summer trial respectively. Nutrient 316 



 

 

concentrations differed significantly between enriched and control treatments along the experimental 317 

time for both communities and seasons (Table 1). 318 

 319 

Table 1 320 

Seawater phosphate and ammonium concentrations (µM) in the experimental plots dominated by C. 321 

nodosa and C. prolifera. Control: no nutrient addition; N+: nutrient addition. Different letters indicate 322 

significant differences between treatments in each season. Data are expressed as mean ± SE (n=6).  323 

 324 

 325 

 326 

3.2. Community characteristics  327 

 328 

The average biomass in the community dominated by Cymodocea nodosa (i.e. seagrass, 329 

epiphytes and macroalgae) was significantly higher in the summer trial than in the winter one. 330 

Whereas no effect in community biomass was found in winter under nutrient enrichment conditions, 331 

during the summer, the average biomass was significantly higher (x3) in nutrient enriched plots with 332 

respect to the control. C. nodosa was the dominant macrophyte in the community, but the importance 333 

of macroalgae and epiphytic biomass varied depending on season and treatment (Tables 2 and 3). 334 

Whereas no significant differences were found in macroalgal biomass between control treatments in 335 

both seasons, the biomass of epiphytes was significant higher in summer, doubling the winter values. 336 

Nutrient enrichment triggered a pronounced, but non-significant, increase in macroalgal biomass in 337 

winter (x2.2; p=0.17) and a significant increase (x3.1) in summer with respect to their controls. 338 

Cymodocea nodosa 

 Summer Winter 

 Control N+ Control N+ 

Phosphate  0.37 ± 0.04a 0.83 ± 0.31b 0.22 ± 0.02a 0.75 ± 0.27b 

 t=2.03, p=0.03 t=3.50, p=0.02 

Ammonium  5.69 ± 3.43a 23.3 ± 6.68b 3.71 ± 1.26a 18.1 ± 4.72b 

 t=5.45, p=0.005 t=4.09, p=0.01 

Caulerpa prolifera 

 Summer Winter 

 Control N+ Control N+ 

Phosphate  0.41 ± 0.03a 0.93 ± 0.45b 0.11 ± 0.04a 0.66 ± 0.10b 

 t=2.13, p=0.03 t=4.23, p=0.03 

Ammonium  7.27 ± 2.53a 19.2 ± 5.61b 2.76 ± 0.74a 12.8 ± 3.69b 

 t=3.76, p=0.01 t=5.27, p=0.02 



 

 

Regarding epiphyte biomass, nutrient enrichment triggered a significant increase in both seasons (x1.5 339 

and x2 in winter and summer trials respectively).  340 

The average biomass in the community dominated by Caulerpa prolifera was similar in control 341 

treatments for both seasons. Nutrient enrichment produced an increase in the average community 342 

biomass with respect to their controls (x1.7 and x2 in winter and summer respectively), but without 343 

significant differences (p>0.05). C. prolifera clearly was the dominant macrophyte in both trials, as the 344 

presence of other macroalgal species in the community was negligible. 345 

 346 

Table 2 347 

Community, macroalgal and ephiphytic biomass in the experimental plots. Cn: Cymodocea nodosa; 348 

Cp: Caulerpa prolifera; Control: no nutrient addition; N+: nutrient addition; NB: negligible biomass. 349 

Different letters indicate significant differences between treatments, communities and seasons 350 

(p<0.05).. Data are expressed as mean ± SE (n=3).  351 

 352 

Species Season Treatment 

Community 

biomass (g 

DW m-2) 

Macroalgae 

biomass (g 

DW m-2) 

Epiphyte 

biomass  

(g DW shoot-1) 

Cn Winter Control 395 ± 64a 82 ± 28a 3 ± 0.1a 

Cn Winter N+ 436 ± 56ab 180 ± 60ab 4.5 ± 0.3b 

Cn Summer Control 564 ± 50b 93 ± 6a 6.9 ± 0.1c 

Cn Summer N+ 1792 ± 130c 290 ± 7b 13.5 ± 0.5d 

Cp Winter Control 75 ± 16d NB NB 

Cp Winter N+ 127 ± 36d NB NB 

Cp Summer Control 81 ± 5d NB NB 

Cp Summer N+ 166 ± 81d NB NB 

 353 

Table 3 354 

Results of the GLM to test the significance of factors “treatment”, “community” and “season” and 355 

their interactions on the community biomass. Results of the GLM to test the significance of factors 356 

“treatment” and “season” and their interactions on the biomass of macroalgae. Results of the 2-way 357 

ANOVA to test the significance of factors “treatment” and “season” and their interactions on the 358 

biomass of epiphytes. SE: standard error; df: degrees of freedom; MS: mean squares.  359 

 360 

Community biomass GLM 

Factors Estimate SE z value Pr(>|z|) 

Treatment -0.709 0.451 -1.57 0.116 

Community 1.227 0.295 4.16 <0.001*** 

Season -0.798 0.465 -1.72 0.086 

Treatment & Community 1.864 0.479 3.89 <0.001*** 

Treatment & Season 1.245 0.663 1.88 0.061 



 

 

Community & Season 0.441 0.514 0.86 0.391 

Treatment & Community & Season -2.301 0.721 -3.19 0.001** 

Macroalgae biomass GLM 

Factors Estimate SE t value Pr(>|t|) 

Treatment -0.049 0.018 -2.68 0.028* 

Season 0.009 0.026 0.35 0.736 

Treatment & Season 0.005 0.028 0.18 0.864 

Epiphytes biomass 2-way ANOVA 

Factors df MS F value Pr(>F) 

Treatment 1 49.78 217.46 <0.001*** 

Season 1 122.50 535.15 <0.001*** 

Treatment & Season 1 20.02 87.47 <0.001*** 

Residuals 8 0.23   
Symbols indicate significant differences at α < 0.05 (*); α < 0.01 (**); α < 0.001 (***). 361 

 362 

3.3. Effects on the community metabolism 363 

 364 

The NCP evidenced a seasonal pattern in the control treatments of the two communities, both 365 

alternating as the highest primary producers of the system depending on the season: C. prolifera in 366 

winter (NCP = 18 ± 6 and 32 ± 4 mmol C m-2 d-1 for C. nodosa and C. prolifera respectively) and C. 367 

nodosa in summer (NCP = 89 ± 22 and 22 ± 5 mmolC m-2 d-1 for C. nodosa and C. prolifera 368 

respectively). Nutrient enrichment generally produced a decrease in GPP and CR (Fig. 4a and b). This 369 

effect was especially marked in the community dominated by C. prolifera during the summer trial, 370 

when differences were statistically significant (Table 4). The only exception was the non-significant 371 

increase (p>0.05) in GPP in the meadow dominated by the seagrass C. nodosa during the summer 372 

trial. Thus, NCP generally decreased in both communities and in both seasons under nutrient 373 

enrichment conditions (Fig. 4c). Again, the exception was the community dominated by the seagrass 374 

in the summer trial, when a slight, non-significant increase in NCP was found (p>0.05). In winter, this 375 

community was slightly autotrophic in the control treatment. However, under nutrient enrichment it 376 

decreased significantly its NCP (x1.5) and became heterotrophic. In the community dominated by C. 377 

prolifera, the nutrient enrichment caused a significant decrease in the NCP, especially in the summer 378 

trial (x1.6) when it became heterotrophic.  379 



 

 

 380 

Fig. 4. Effect of in situ nutrient enrichment on (a) community Gross Primary Production (GPP), (b) 381 

Community Respiration (CR) and (c) Net Community Production (NCP) in winter and summer in 382 

benthic communities dominated by Cymodocea nodosa (left) and Caulerpa prolifera (right). Control: 383 

no nutrient addition; N+: nutrient addition. Different letters indicate significant differences between 384 

treatments, communities and seasons. Data are expressed as mean ± SE (n=3). 385 



 

 

 386 

Table 4 387 

Results of GLM to test the significance of factors “treatment”, “community” and “season” and their 388 

interactions on the carbon community metabolism. 389 

 390 

GPP GLM 

Factors Estimate Standard error t value Pr(>|t|) 

Treatment 0.035 0.0094 3.71 0.002** 

Community -0.007 0.0026 -2.83 0.012* 

Season -0.002 0.0031 -0.73 0.476 

Treatment & Community -0.035 0.0095 -3.69 0.002** 

Treatment & Season -0.034 0.0099 -3.43 0.003** 

Community & Season 0.008 0.0039 2.12 0.051 

Treatment & Community & Season 0.041 0.0108 3.79 0.002** 

CR GLM 

Factors Estimate Standard error t value Pr(>|t|) 

Treatment 0.039 0.0109 3.63 0.002** 

Community -0.015 0.0045 -3.31 0.004** 

Season -0.004 0.0053 -0.84 0.415 

Treatment & Community -0.038 0.0112 -3.37 0.004** 

Treatment & Season -0.039 0.0119 -3.28 0.005** 

Community & Season 0.012 0.0064 1.88 0.078 

Treatment & Community & Season 0.039 0.0130 2.98 0.009** 

NCP GLM 

Factors Estimate Standard error t value Pr(>|t|) 

Treatment 0.070 0.0223 3.14 0.006** 

Community -0.010 0.0057 -1.85 0.084 

Season -0.004 0.0065 -0.57 0.574 

Treatment & Community -0.073 0.0226 -3.25 0.005** 

Treatment & Season -0.067 0.0232 -2.88 0.011* 

Community & Season 0.016 0.0089 1.81 0.089 

Treatment & Community & Season 0.124 0.0303 4.09 <0.001*** 

GPP: gross primary production; CR: community respiration; NCP: net community production. 391 

Symbols indicate significant differences at α < 0.05 (*); α < 0.01 (**); α < 0.001 (***). 392 

 393 

3.4. DOC fluxes  394 

 395 

Nutrient enrichment produced significant and opposite effects in the community dominated by 396 

C. nodosa depending on the season. Thus, a significant decrease in DOC release was found in the 397 

winter trial (x3), when this community was a DOC consumer, both in the control and under nutrient 398 

enrichment treatments. On the contrary, during the summer trial, a strong increase (x7) in DOC release 399 



 

 

was found when nutrients were added. Meanwhile, DOC fluxes in the community dominated by C. 400 

prolifera were not affected either by seasonality or nutrient enrichment (Fig. 5, Table 5). 401 

  402 

 403 

Fig. 5. Effects of in situ nutrient enrichment on the net DOC fluxes in winter and summer in benthic 404 

communities dominated by Cymodocea nodosa (left) and Caulerpa prolifera (right). Control: no 405 

nutrient addition; N+: nutrient addition. Different letters indicate significant differences between 406 

treatments, communities and seasons. Data are expressed as mean ± SE (n=3). 407 

 408 

Table 5 409 

Results of the 3-way ANOVA to test the significance of factors “treatment”, “community” and 410 

“season” and their interactions on the dissolved organic carbon (DOC) fluxes. df: degrees of freedom; 411 

MS: mean squares. 412 

 413 

DOC 3-way ANOVA 

Factors df MS F value Pr(>F) 

Treatment 1 3187 27.45 <0.001*** 

Community 1 1458 12.56 0.003 

Season 1 12778 110.06 <0.001*** 

Treatment & Community 1 5666 48.80 <0.001*** 

Treatment & Season 1 5415 46.64 <0.001*** 

Community & Season 1 9633 82.97 <0.001*** 

Treatment & Community & Season 1 6392 55.05 <0.001*** 

Residuals 16 116   

Symbols indicate significant differences at α < 0.05 (*); α < 0.01 (**); α < 0.001 (***). 414 



 

 

 415 

3.5. Fauna  416 

 417 

In the community dominated by Cymodocea nodosa, nutrient enrichment produced a significant 418 

increase in the number of species, abundance (x2 in the winter trial and x5.8 in the summer trial) and a 419 

marked, although non-significant increase in the diversity compared with the controls (Tables 6 and 420 

7). Regarding the meadow dominated by Caulerpa prolifera, the effect of nutrient enrichment was 421 

unclear, with an increase in the abundance and diversity index (x1.5 and x1.2 respectively) in the 422 

winter trial, but a decrease (x0.7 and x0.9 respectively) in the summer trial (Table 6). However, non-423 

significant differences were found between treatments (Table 7). 424 

Nutrient enrichment affected the relative abundance of the dominant taxa within the two 425 

vegetated communities (Table 8). The most abundant taxa in the meadows of C. nodosa belonged to 426 

Gastropoda. No changes in the dominant taxa were observed in the winter trial if nutrients were added 427 

to the experimental plots. However, dramatic changes in the composition of the invertebrate taxa were 428 

observed during the summer trial: Gastropoda was still the dominant taxa, Bivalvia and Annelida 429 

increased in plots where nutrients were added and Amphipoda and Crustacea were absent in these 430 

plots. In meadows of C. prolifera, the faunal community was generally dominated by Bivalvia and 431 

Gastropoda and was similar between treatments in both seasons.  432 

 433 

Table 6 434 

Number of species, abundance, Shannon index of diversity and evenness in benthic communities 435 

dominated by Cymodocea nodosa and Caulerpa prolifera during the winter and summer trials. 436 

Control: no nutrient addition; N+: nutrient addition. Different symbols indicate significant differences 437 

between treatments in each community and season. Data are expressed as mean ± SE (n=3). 438 

 439 

Communities Cymodocea nodosa Caulerpa prolifera 

Season Winter Summer Winter Summer 

Treatment Control N+ Control N+ Control N+ Control N+ 

Number of 

species (sp m-2) 
6 ± 0.3* 13 ± 0.6# 3 ± 0.6* 7 ± 0.7# 6 ± 0.3 6 ± 0.3 2 ± 0.9 3 ± 0.7 

Abundance 

(ind m-2) 
23 ± 1.9* 50 ± 6.3# 20 ± 4.7* 118 ± 10.1# 2 ± 0.7 4 ± 1.5 14 ± 9.9 11 ± 7.5 

Shannon-

Wiener 

Index (H’) 

1.7 ± 0.1 2.4 ± 0.1 1 ± 0.2 1.8 ± 0.1 0.4 ± 0.2 0.3 ± 0.2 0.7 ± 0.4 0.8 ± 0.2 

Evenness 0.9 ± 0 0.9 ± 0 1 ± 0 1 ± 0 0.2 ± 0.1 0.2 ± 0.1 0.6 ± 0.3 0.9 ± 0 

 440 



 

 

 441 

Table 7 442 

Results of the 3-way ANOVA or GLM to tests the significance of factors “treatment”, “community” 443 

and “season” and their interactions on the number of species, abundance, Shannon index (H’) of 444 

diversity and evenness. SE: standard error; df: degrees of freedom; MS: mean squares. 445 

 446 

Number of species 3-way ANOVA 

Factors df MS F value Pr(>F) 

Treatment 1 42.67 42.67 <0.001*** 

Community 1 60.17 60.17 <0.001*** 

Season 1 96.00 96.00 <0.001*** 

Treatment & Community 1 37.50 37.50 <0.001*** 

Treatment & Season 1 2.67 2.67 0.122 

Community & Season 1 4.17 4.17 0.058 

Treatment & Community & Season 1 4.17 4.17 0.058 

Residuals 16 1   

Abundance GLM 

Factors Estimate SE t value Pr(>|t|) 

Treatment 0.070 0.028 2.52 0.023* 

Community -0.021 0.034 -0.61 0.552 

Season 0.359 0.172 2.08 0.054 

Treatment & Community -0.062 0.050 -1.25 0.231 

Treatment & Season -0.177 0.207 -0.86 0.405 

Community & Season -0.364 0.174 -2.09 0.053 

Treatment & Community & Season 0.194 0.209 0.93 0.367 

Shannon-Wiener Index 3-way ANOVA 

Factors df MS F value Pr(>F) 

Treatment 1 1.03 8.02 0.012* 

Community 1 8.11 63.16 <0.001*** 

Season 1 0.08 0.63 0.440 

Treatment & Community 1 0.83 6.48 0.022* 

Treatment & Season 1 0.04 0.31 0.588 

Community & Season 1 1.45 11.26 0.004** 

Treatment & Community & Season 1 0.02 0.12 0.733 

Residuals 16 0.13   

Evenness GLM 

Factors Estimate SE t value Pr(>|t|) 

Treatment 0.066 0.050 1.32 0.205 

Community -0.014 0.048 -0.30 0.768 

Season 1.729 0.097 17.78 <0.001*** 

Treatment & Community -0.077 0.069 -1.11 0.283 

Treatment & Season 0.727 0.156 4.65 <0.001*** 

Community & Season -1.644 0.109 -15.04 <0.001*** 

Treatment & Community & Season -0.772 0.171 -4.51 <0.001*** 



 

 

Symbols indicate significant differences at α < 0.05 (*); α < 0.01 (**); α < 0.001 (***). 447 

 448 

Table 8 449 

Relative abundance of taxa in benthic communities dominated by Cymodocea nodosa and Caulerpa 450 

prolifera during the winter and summer trials. Control: no nutrient addition; N+: nutrient addition. 451 

Data are expressed as mean ± SE (n=3). 452 

 453 

Community Cymodocea nodosa Caulerpa prolifera 

Season Winter Summer Winter Summer 

Treatment Control N+ Control N+ Control N+ Control N+ 

Bivalvia 0.34 ± 0.08 0.41 ± 0.05 0.04 ± 0.04 0.36 ± 0.17 0.44 ± 0.29 0.69 ± 0.23 0.29 ± 0.15 1 ± 0 

Gastropoda 0.37 ± 0.1 0.32 ± 0.05 0.50 ± 0.3 0.51 ± 0.11 0.22 ± 0.22 0.06 ± 0.06 0.71 ± 0.15 0 ± 0 

Amphipoda 0.28 ± 0.11 0.23 ± 0.01 0.24 ± 0.24 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

Annelida 0 ± 0 0.04 ± 0.02 0 ± 0 0.13 ± 0.07 0.33 ± 0.33 0.25 ± 0.25 0 ± 0 0 ± 0 

Crustacea 0 ± 0 0 ± 0 0.22 ± 0.05 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 



 

 

4. Discussion 454 

 455 

This is the first experiment that studied in situ the effect of moderate nutrient enrichment on 456 

carbon metabolism and dissolved organic carbon (DOC) fluxes at medium-term, taking into account 457 

the whole community approach. This study revealed that nutrient enrichment produced a complex 458 

response in two communities, one dominated by the seagrass Cymodocea nodosa and other dominated 459 

by the macroalga Caulerpa prolifera, that altered the structure of the community, which ultimately 460 

produced a large effect in the carbon metabolism and DOC fluxes within the communities. However, 461 

the responses were very different, and sometimes opposite, depending on the season of the year and 462 

the community studied.  463 

 464 

4.1. Changes in the structure of the community 465 

 466 

Nutrient concentrations in control treatments were in the typical range for the studied 467 

communities according to Burkholder et al. (2007) and similar to those previously estimated in the 468 

studied area (Vergara et al. 2012; Bermejo et al. 2020). The use of slow release fertilizers in situ 469 

increased nutrient levels between 2 and 5-fold regarding control treatments in the two vegetated 470 

communities, which produced a moderate nutrient enrichment during the experimental period in both 471 

seasons. The range of nutrient concentrations reached in the fertilized plots has been widely used in 472 

previous studies and were considered as a moderate enrichment (Villazán et al. 2013; Cabaço et al. 473 

2013). 474 

A significant increase in the biomass of C. nodosa and a pronounced increase in the biomass of 475 

C. prolifera (although non-significant) were found in nutrient enriched treatments. This suggests that 476 

the growth of both macrophytes in Cadiz Bay was limited by nutrients, especially for C. nodosa, 477 

which is in accordance with previous studies in the area using an in situ nutrient enrichment 478 

experimental set-up (e.g. Jiménez-Ramos et al. 2017a). The increase in nutrient load also promoted the 479 

growth of fast-growing photosynthetic organisms, such as opportunistic macroalgae and epiphytes in 480 

the community dominated by C. nodosa. The overgrowth of fast-growing photosynthetic organisms 481 

has been considered negative for seagrasses as a consequence of the competition for light, which can 482 

reduce the production and growth of seagrasses and even increase mortality rates (Short et al. 1995; 483 

McGlathery 2001; Brun et al. 2003a). However, most of these studies have been carried out in 484 

mesocosm or laboratory conditions, without including the interactions among the different 485 

components of the community. In this work, the increase in fast-growing algae was not detrimental 486 

since an increase in seagrass biomass was found in both seasons. Some previous studies have shown 487 

that, under some specific conditions, the rise of opportunistic macroalgae and epiphytes can be 488 

positive for seagrass growth, since although these organisms may reduce light levels, they can also 489 

ameliorate the effects of ammonium toxicity (Moreno-Marín et al. 2016) or even release DOC that can 490 



 

 

be used by seagrasses (Brun et al. 2003a; van Engeland et al. 2011). In addition, the proliferation of 491 

fast-growing algae can also stimulate herbivore pressure (Gacia et al. 2009; Jiménez-Ramos et al. 492 

2018), which help to keep macroalgae and epiphytes below a threshold that cause negative effects over 493 

these populations. In this regard, nutrient enrichment notably increased and modified the associated 494 

fauna in the seagrass community. This is in agreement with previous studies showing that the increase 495 

in canopy complexity and the proliferation of macroalgae and epiphytes can positively affect the 496 

associated fauna by providing refuge, habitat and additional food sources (González-Ortiz et al. 497 

2014b; Jiménez-Ramos et al. 2019). In contrast, a weak response in the associated fauna was found in 498 

the plots dominated by C. prolifera, which can be clearly explained by the absence of significant 499 

changes in biomass and the lack of macroalgae and epiphytes under nutrient enrichment.  500 

 501 

4.2. Community carbon metabolism 502 

 503 

Our results showed that the increase in macrophyte biomass, the proliferation of fast-growing 504 

photosynthetic species, as well as the changes in the abundance and composition of the associated 505 

fauna triggered significant changes in the carbon metabolism of the community. Under natural 506 

concentration of nutrients, both vegetated communities were autotrophic, either in winter and summer 507 

trials. The production values (i.e. GPP, CR and NCP) in both communities were similar to those 508 

reported in the same area by Egea et al. (2019a) and similar to those reported by Duarte et al. (2010) 509 

for the seagrass and by Ruiz-Halpern et al. (2014) and Tuya et al. (2014) for the macroalga. Under 510 

natural concentration of nutrients, these vegetated communities acted as sources of new organic matter 511 

(i.e. autotrophic communities) to fuel both the same and adjacent communities (Duarte et al. 1996; 512 

Lastra et al. 2014; Egea et al. 2019a) and hence, functioning as a potential sink for carbon (i.e. blue 513 

carbon) (Nellemann et al. 2009; Duarte et al. 2013). 514 

Nutrient enrichment produced a significant decrease in net community production (NCP) in the 515 

community dominated by C. nodosa (Fig. 4c, Table 4), shifting the system from autotrophic to 516 

heterotrophic in the winter trial. This decrease can be attributed to the low gross primary production 517 

(GPP), because community respiration (CR) were similar in control and enriched plots. Probably, the 518 

higher carbon demand for extra ammonium assimilation (i.e. the synthesis of amino acids and 519 

proteins; Brun et al. 2002, 2008; Villazán et al. 2013) triggered a reduction in GPP in winter when 520 

light and temperature conditions are lower. In contrast, the higher irradiance and temperature during 521 

summer favored photosynthesis and provided enough energy and carbon skeletons to undertake 522 

ammonium assimilation, as was previously noted (Brun et al. 2002, 2008; Moreno-Marín et al. 2016; 523 

Villazán et al. 2015), thus preventing the shift in carbon metabolism status. In addition, in this season, 524 

nutrient enrichment also increased macroalgae and epiphyte biomass which may not only ameliorate 525 

the negative effects of ammonium (Moreno-Marín et al. 2016), but will also contribute positively to 526 

increase the community GPP.  527 



 

 

Regarding the community dominated by C. prolifera, nutrient enrichment decreased the NCP in 528 

both seasons, especially in the summer trial, when the whole community shifted from autotrophic to 529 

heterotrophic. Previous studies have shown that C. prolifera is a highly nitrophilic species (Campbell 530 

2001; van Engeland et al. 2011) and then, an increase in gross and net primary production would be 531 

expected. However, it seems that this species grows better under low or moderate irradiance levels 532 

(García-Sánchez et al. 2012; Vergara et al. 2012), especially under high nutrient levels (Malta et al. 533 

2005). This suggests that the significant decrease in NCP in summer can be attributed to 534 

photoinhibition during this season. The results indicated that the usual decrease in production found in 535 

communities dominated by C. prolifera during the summer (e.g. Ruiz-Halpern et al. 2014; Egea et al. 536 

2019a) could be aggravated by nutrient enrichment.  537 

 538 

4.3. Community dissolved organic carbon (DOC) fluxes 539 

 540 

There was a seasonal trend in net DOC flux with higher values in summer in both vegetated 541 

communities, which is in line with previous studies (e.g. Ziegler & Benner 1999; Barron et al. 2009; 542 

Egea et al. 2019a). The reported values in the control treatments were within the range of values 543 

described for both communities in the same area (Egea et al. 2019a) and similar to those reported by 544 

Barrón et al. (2014). Overall, vegetated communities tended to act as DOC producers during the 545 

experimental period. However, the community dominated by C. nodosa acted as a net DOC consumer 546 

during winter (Fig. 5), probably as a consequence of the nearly balanced carbon metabolism in this 547 

season, since there is a strong relationship between net DOC flux and community productivity in 548 

seagrasses (Ziegler & Benner 1999; Egea et al. 2019a).  549 

The results showed that the net DOC fluxes in communities dominated by C. nodosa were 550 

affected by nutrient enrichment, either reducing or promoting the DOC release, which depended on the 551 

season of the year. We found a significant decrease in DOC fluxes in winter and a significant increase 552 

in summer (Fig. 5, Table 5). These contradictory changes in DOC fluxes between the two trials in the 553 

community dominated by the seagrass seemed to be linked to the variation in net community 554 

production. Previous studies demonstrated that any factor affecting the primary production, as for 555 

instance temperature (Egea et al. 2019b) or hydrodynamic regime (Egea et al. 2018a), may trigger 556 

significant changes in DOC fluxes. The most striking effect in DOC flux in this community was found 557 

in the summer trial, where a significant increase in the DOC released (7-fold respect to the control 558 

treatment) was measured. This marked increase can be attributed to several factors, including (1) the 559 

increase in community gross primary production, (2) the increase in community biomass (3-fold with 560 

respect to the control treatment, which included a substantial increase in C. nodosa biomass), (3) the 561 

proliferation of fast-growing species, including epiphytes and opportunistic macroalgae (2-fold and 3-562 

fold with respect to the control treatment, respectively), which generally enhance the release of DOC 563 

(Mateo et al. 2006; Apostolaki et al. 2011), and (4) the increase of faunal abundance and diversity, 564 



 

 

which may increase the release of DOC as a consequence of their activity and bioturbation process. 565 

For instance, when Annelida species dig their galleries to feed on the organic matter, it can trigger the 566 

remobilization and release of DOC from the sediment porewater into the water column (Sun et al. 567 

2018; Tian et al. 2019).  568 

In contrast, DOC fluxes in the community dominated by C. prolifera seemed to be unaffected 569 

by nutrient enrichment. The slight decrease in the DOC release found under nutrient enrichment in 570 

both seasons may be due to the extra production of secondary metabolites when extra N is available 571 

(Malta et al. 2005), which also requires the excess of carbon produced by the macrophyte, which may 572 

reduce the release of DOC. Although the effect was not statistically significant, this result suggests a 573 

tendency towards a decrease in DOC release under higher nutrient loads or in combination with other 574 

factors related to nutrient over-enrichment processes (e.g. light availability) since this is one of the 575 

main factor altering DOC fluxes in vegetated coastal zones (Barron et al. 2014). 576 

 577 

4.4. Conclusions and ecological implications 578 

 579 

This study demonstrated that changes in nutrient availability modify the carbon balance and the 580 

structure of the community, which have been identified as key elements for carbon storage (Mazarrasa 581 

et al. 2018). Nutrient enrichment seem to increase the macrophyte biomass, especially for C. nodosa in 582 

summer, and then, it is expected that under conditions of moderate nutrient enrichment, this benthic 583 

ecosystem may accumulate more autochthonous carbon through the increase in photosynthetic 584 

organisms (i.e. seagrasses, macroalgae and epiphytes), and more allochthonous carbon through the 585 

higher organic matter trapped due to an increase of canopy complexity (Hendriks et al. 2009; Samper-586 

Vilarreal et al. 2016). However, the results showed that the NCP can be similar or even decrease, 587 

depending on the season, and indicated that the ability to capture and store carbon for temperate 588 

seagrass communities may be reduced in winter under elevated nutrient conditions. Besides the 589 

decrease in carbon inputs, carbon outputs can significantly increase under moderate nutrient load 590 

through higher DOC release in communities dominated by seagrasses during the summer. This has 591 

important ecological implications, since a significant fraction of DOC (i.e. the labile fraction) usually 592 

acts as a quick transfer of carbon in the food web (Romera-Castillo et al. 2011; Hansell 2013). 593 

Moreover, another fraction of the DOC released by macroalgae and seagrass communities (i.e. the 594 

refractory fraction) can be exported and eventually sequestered in continental shelf sediments or in the 595 

deep sea, and therefore contribute to carbon sequestration (Krause-Jensen & Duarte 2016; Duarte & 596 

Krause-Jensen 2017). Recently it has being demonstrated that the release of DOC in seagrass 597 

populations varies substantially when environmental conditions change, including increases in 598 

temperature (Egea et al. 2019b), hydrodynamics (Egea et al. 2018a) or nutrient load (this study). The 599 

labile/refractory ratio in the DOC produced could also change under these conditions, but this question 600 



 

 

requires future research. This is still a gap in the research of carbon dynamic on seagrass ecosystems 601 

since the ratio labile/refractory in DOC produced is often overlooked.  602 

Finally, this study suggests that the role of vegetated coastal ecosystems as important primary 603 

producers under high nutrient conditions also depends on the relative dominance of macrophytes (i.e. 604 

seagrasses and macroalgae). Previous studies suggested that changes in environmental conditions as a 605 

consequence of growing human activities (e.g. turbidity and eutrophication), can alter the equilibrium 606 

between these species in favor of C. prolifera (Antón et al. 2011; Tuya et al. 2013). Our results 607 

indicated that in the eventuality that most of the Cadiz Bay was covered by C. prolifera, an increase in 608 

nutrient levels may shift the area from a sink to a source of carbon dioxide in summer. Therefore, this 609 

study adds more arguments to the growing need for the protection and conservation of seagrass 610 

meadows as valuable ecosystems to fight against climate change under the framework of the IPCC. 611 

Future research should continue delving into how nutrient enrichment, acting together with other 612 

environmental or anthropogenic stressors linked to climate change, can affect the carbon dynamic of 613 

vegetated coastal ecosystems in order to enhance our understanding about how these threaten 614 

ecosystems can help to mitigate the effects of global change. 615 
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