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 48 

Abstract  49 

Size structure of phytoplankton determines to a large degree the trophic interactions in 50 

oceanic and coastal waters and eventually the destiny of its biomass. Although, tropical 51 

estuarine systems are some of the most productive systems worldwide compared to 52 

temperate systems, little is known on phytoplankton biomass size fractions, their 53 

contribution to net metabolism, or the ecological factors driving phytoplankton size 54 

distribution in tropical estuaries. Hence, we measured the size-fractionated biomass and 55 

net metabolism of the plankton community along a salinity and nutrient gradient in the 56 

Gulf of Nicoya estuary (Costa Rica), during the dry season. Respiration (23.6 mmol O2 57 

m-3 h-1) was highest at the estuary head, whereas maximum net primary production 58 

(23.1 mmol O2 m-3 h-1) was observed in the middle of the estuary, coinciding with the 59 

chlorophyll a maximum (15.9 mg m-3). Thus, only the middle section of the estuary was 60 

autotrophic (2.9 g C m-2 d-1), with the rest of the estuary being net heterotrophic. 61 

Regression analysis identified light availability, and not nutrients, as the principal factor 62 

limiting primary production in the estuary due to increased turbidity. The changes in net 63 

metabolism along the estuary were also reflected in the phytoplankton’s size structure. 64 

Although micro- and picophytoplankton were the most productive fractions overall, in 65 

the middle section of the estuary nanophytoplankton dominated primary production, 66 

chlorophyll, and autotrophic biomass. These changes along the estuarine gradient will 67 

directly affect higher trophic levels and have strong functional implications at the 68 

estuary scale. 69 

 70 

 71 

 72 
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 73 

Introduction 74 

Estuaries are transitional systems providing important ecosystem services such 75 

as fisheries maintenance, nutrient cycling, water supply and purification, and recreation 76 

(Costanza et al. 1997; Barbier et al. 2011). However, estuaries are under serious threat 77 

worldwide due to anthropogenic activities, such as pollution, deforestation, and 78 

urbanization amongst others. These activities affect ecological and biogeochemical 79 

processes in estuaries, altering the structure of the estuarine food webs from 80 

phytoplanktonic primary producers to macroorganisms, including shellfish and fish 81 

species of economic interest (Bianchi 2007; Burford et al. 2008; Blaber 2013). Tropical 82 

estuaries are being particularly affected as they are often located in developing or 83 

recently industrialized countries, with usually high population growth rates (Alongi 84 

2002; Barbier et al. 2011). 85 

Approximately 50 % of total production in estuaries is due to pelagic primary 86 

producers (Meyercordt et al. 1999; Underwood and Kromkamp 1999) which span a 87 

wide range of size classes across several taxonomic groups i.e. cyanobacteria, diatoms, 88 

dinoflagellates, and chlorophytes (Devassy and Goes 1988; Sin et al. 2000; Huang et al. 89 

2004). The abundance and relative contribution of each size class and taxonomic group, 90 

and consequently their contribution to planktonic primary production, are affected by 91 

changes in the abiotic and biotic environmental factors (e.g. light limitation, mixing, 92 

shelf water intrusions) (Lancelot and Muylaert 2011). In addition, the relative 93 

contribution of the different phytoplankton size classes to total planktonic community 94 

determines the functioning of the ecosystem due to the influence of cell size on growth 95 

rates, trophic interactions, sinking and resuspension rates, and overall benthic-pelagic 96 
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coupling (Malone 1980; Goldman 1988; De Madariaga et al. 1989; Cermeño et al. 97 

2006). 98 

Primary production rates in tropical estuaries are typically much higher than in 99 

temperate ones (Nittrouer et al. 1995; Cloern et al. 2014). These high production rates 100 

are due to a comparatively higher nutrient availability, irradiance, and temperature year-101 

round (Nittrouer et al. 1995). Nonetheless, increased turbidity due to high inputs of 102 

suspended solids from rivers and sediment resuspension has been shown to limit 103 

primary production in many tropical estuaries (Cloern 1987; Fichez et al. 1992; 104 

Nittrouer et al. 1995; Burford et al. 2008). Despite the high phytoplankton productivity 105 

in tropical estuaries, many important aspects of phytoplankton ecology have been 106 

poorly studied compared with temperate ones (Bianchi 2007; Burford et al. 2008; 107 

Rochelle-Newall et al. 2011; Cloern et al. 2014). Only in a few cases is there 108 

information available on phytoplankton biomass size classes in tropical or subtropical 109 

estuaries (Sin et al. 2000; Li et al. 2013; Zhang et al. 2013). As far as we know, no 110 

information exists on the contribution of these size classes to primary production and 111 

net metabolism. This lack of information affects seriously to 1) the implementation of 112 

scientific-based management and conservation practices in these valuable ecosystems at 113 

local or regional levels and 2) the capacity of scientists to evaluate quantitatively the 114 

contribution of subtropical and tropical estuaries to global biogeochemical cycles 115 

(Cloern et al. 2014).  116 

The Gulf of Nicoya is one of the most productive estuaries in the world (Gocke 117 

et al. 1990; Córdoba-Muñoz 1998; Gocke et al. 2001a and 2001b; Cloern et al. 2014) 118 

and represents a model system for the estuaries of Central America. This gulf is a 119 

tropical estuary of about 80 km length from the Tempisque River down to the Pacific 120 

Ocean, clearly divided into an inner and outer basin with strong differences in 121 
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bathymetry and hydrographic conditions (Peterson 1958; Voorhis et al. 1983). 122 

Tempisque River freshwater discharges to the inner basin are high and with a clear 123 

seasonality. Nine-year period averages show discharges up to 390 m3 s-1 during the 124 

rainy (May – November) and 162 m3 s-1 during the dry (December – April) (Kress et al. 125 

2002). The seasonal changes in river discharges largely control hydrodynamic 126 

characteristics of the inner basin of the Gulf of Nicoya, resulting in the estuary being 127 

partially stratified during the rainy season and fully mixed during the dry season (Kress 128 

et al. 2002; Palter et al. 2007; Seguro et al. 2015).  129 

The few existing studies on phytoplankton in the Gulf of Nicoya, dealing mainly 130 

with large nanophytoplankton and microphytoplankton, showed a dominance of diatoms 131 

and dinoflagellates in these size classes, and the existence of clear changes in the 132 

abundance of microphytoplankton along the riverine-marine gradient in the estuary 133 

(Hargraves and Víquez, 1985; Brugnoli-Olivera and Morales-Ramírez 2001 and 2008; 134 

Seguro et al. 2015). The importance of the different size fractions, pico-, nano-, and 135 

microphytoplankton for the standing stocks of phytoplankton and their relative 136 

contribution to total primary production and net metabolism in the water column were 137 

investigated along the riverine-marine gradient in the estuary of the Gulf of Nicoya. In 138 

addition, the environmental factors which are likely controlling primary production and 139 

phytoplankton size distribution in the inner part of the Gulf of Nicoya were measured in 140 

order to explain the changes in total and size fractionated community net metabolism 141 

and autotrophic biomass along the gradient in the environmental conditions along this 142 

tropical estuary. 143 

 144 

Materials and Methods 145 

Study site and sampling  146 



7 
 

The inner part of the Gulf of Nicoya extends from the Tempisque River mouth 147 

down to near the Puntarenas channel (Fig. 1). It is a shallow area (< 20 m) with 148 

extensive tidal flats surrounded mainly by mangroves. Tides are semidiurnal with mean 149 

amplitude of 2.5 m (MIO-CIMAR 2012).  150 

Five stations, one station per day, were sampled along the inner Gulf of Nicoya 151 

during the dry-season in 2012 (14th - 18th April). The innermost station was located 152 

near the Amistad Bridge, close to the Tempisque River mouth (Station 1) and the most 153 

marine station (Station 5) close to the Caballo Island (Fig.1). Water column temperature 154 

(ºC) and salinity profiles (psu) were measured using a multiparameter probe (YSI 155 

6600). Photosynthetically active irradiance profiles (PAR) were measured using a 156 

radiometer (LiCor 250A with a spherical sensor). Based on the registered light profiles 157 

and depending on the station’s maximum water depth, 3 to 4 depths were selected 158 

within the 1 to 100 % range of incident irradiance plus an additional depth, 1 m from the 159 

bottom. Water from each depth was collected using a 10 L Niskin bottle and was used 160 

for the determination of chlorophyll a concentration (Chl a), total suspended material 161 

(TSS), particulate organic carbon content (POC), inorganic nutrients and for in situ 162 

incubations to measure net production and respiration rates of the whole community. 163 

While onboard, all samples were stored on ice and darkness until further analysis in the 164 

laboratory. In addition, 30 L of surface water were carried each day to the laboratory in 165 

Estación Nacional de Ciencias Marino-Costeras (ECMAR, Universidad Nacional de 166 

Costa Rica) for fractionation trough successive filtration and incubations as described 167 

below. 168 

 169 

Chlorophyll, total suspended material, and organic matter  170 



8 
 

Five water samples (110 – 550 mL) (which n = 3 per Chl a, n = 1 per TSS and n 171 

= 1 per POC) from each depth and station were filtered through pre-combusted 172 

Whatman GF/F glass fiber (0.7 µm nominal pore size) filters. For the determination of 173 

Chl a, filters were placed in individual tubes with 4 mL of methanol at 4 °C for 12 174 

hours. Tubes were then centrifuged (3000 rpm, 5 min) and the absorbance of the extract 175 

were measured on a UNICAM UV/Vis spectrometer. Chl a concentration was 176 

calculated according to Ritchie (2008). Filters for TSS determination were dried at 60 177 

°C for 24 h and weighed. POC content was determined on an elemental analyzer (LECO 178 

CHNS 932) on dried and weighed filters previously. 179 

 180 

Inorganic nutrients 181 

Samples for inorganic nutrients (n = 3 per depth) were filtered through a glass 182 

fiber 0.7 µm filter (Fisherbrand®) in polyethylene vials and stored in darkness at -20º C 183 

until analysed manually. Ammonium (NH4
+) was determined according to Bower and 184 

Holm-Hansen (1980), phosphate (PO4
3-) and silicate (SiO4

4-) according to Grasshoff et 185 

al. (1999) and nitrate (NO3
-) and nitrite (NO2

-) according to García-Robledo et al. 186 

(2014). Spectrophotometric measurements were done using an UV 1700 Pharmaspec 187 

Shimadzu spectrophotometer. 188 

 189 

Salinity can be used as a conservative property to calculate the degree of mixing 190 

along the estuary. The mixing of end members such as fresh water from the river and 191 

modified marine water from the lower gulf, can be calculated and used to analyze if the 192 

distribution of a nutrient along the estuary was conservative or to detected nutrient 193 

consumption or additional nutrient sources. Similarly to salinity, conservative nutrient 194 

distribution along the estuary could be explained only by mixing if no biological 195 
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processes were modifying their concentration. Non-conservative nutrient distributions 196 

are interpreted either as consumption when measured concentrations are lower than 197 

those expected from conservative mixing or as the existence of an additional nutrient 198 

source if measured concentrations are higher than the ones expected by mixing. Nutrient 199 

concentration for each end member was calculated from the regression lines between 200 

nutrients and salinity (Table 1). This information was used to calculate the theoretical 201 

concentration of every nutrient, assuming a conservative behavior identical to salinity, 202 

as a result of the mixing of both end members for a given salinity according to 203 

following equations: 204 

𝑆𝑖 = 𝑉𝑖𝑅𝑆𝑅 + 𝑉𝑖𝑀𝑆𝑀   (1) 205 

𝑉𝑖𝑅 + 𝑉𝑖𝑀 = 1    (2) 206 

𝑉𝑖𝑀 = (𝑆𝑖 − (𝑉𝑖𝑅𝑆𝑅)) 𝑆𝑀⁄   (3) 207 

𝑉𝑖𝑅 = 1 −  𝑉𝑖𝑀    (4) 208 

𝐶𝑖 = 𝑉𝑖𝑅𝐶𝑅 + 𝑉𝑖𝑀𝐶𝑀   (5) 209 

Where, Si was the salinity at a given i position in the estuary, VR
i and VM

i are the 210 

volume fractions of the river and marine end members respectively in a liter of water of 211 

a given salinity Si. Ci is the concentration of any given compound at the i position 212 

resulting from mixing alone, which can be calculated from the concentration in the river 213 

and marine end members, CR and CM respectively, and the corresponding volume 214 

fractions assuming conservative behavior (Boyle et al. 1974; Fisher et al. 1988; Yin et 215 

al. 1995). 216 

 217 

In situ measurements of planktonic net production and respiration 218 

Water from the selected depths was used to fill three transparent and three dark 219 

Winkler bottles and were closed and incubated in situ at the corresponding depth for 1.5 220 



10 
 

- 3 hours. Short incubation times were chosen to avoid any bottle effect given 1) the 221 

high productivity in the gulf (Córdoba-Muñoz 1998; Gocke 2001a and b) and 2) our 222 

preliminary tests before the sampling cruises where we obtained a significant change 223 

(consumption or production) in the oxygen (O2) concentration in incubation bottles with 224 

water samples from the gulf measured continuously with O2 microsensors. Samples for 225 

the measurement of initial (n = 3 per depth) and final (n = 2 per Winkler bottle) O2 226 

concentrations were taken in 12 mL Exetainer tubes (Labco, UK) and fixed with the 227 

Winkler reagents on board.  O2 samples were analyzed according to Labasque et al. 228 

(2004) on a SHIMADZU PharmaSpec/UV-1700/UV-VISIBLE spectrophotometer. The 229 

volumetric dark respiration rate (𝑅) was measured as the O2 consumption in the dark 230 

bottles and the volumetric net primary production rate (𝑃𝑛) from the O2 changes 231 

(positive or negative) in the transparent bottles (Gaarder and Gran 1927).  Daily depth 232 

integrated of net plankton community production (𝑃𝑛𝑑), gross production (𝑃𝑔𝑑) and 233 

respiration (𝑅𝑑) rates for the photic layer were calculated from the integrated 234 

volumetric rates according to the following equations: 235 

 236 

𝑃𝑔𝑑 = 𝑃𝑛𝑑 + 𝑅𝑑                          (6)                 237 

𝑃𝑛𝑑 = (𝛼𝑃𝑛) − (𝛽𝑅)                 (7) 238 

𝑅𝑑 = (𝛼 +  𝛽)𝑅 = 24𝑅            (8) 239 

 240 

The terms 𝛼 and 𝛽 represent the local daily light and dark periods in hours at the 241 

sampling dates (12.35 and 11.65 h, respectively). 242 

 243 

Size fractionated metabolism, chlorophyll, and organic matter  244 
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Size fractionation was carried out by two consecutive filtrations through 20 and 245 

2 µm nylon filters (47 mm diameter, Millipore®) using only surface water (0.5 m 246 

depth) from every sampling station. Pn and R were measured for each of the following 247 

fractions in triplicate: 1) 300 mL of an unfiltered water subsample, 2) 300 mL of a water 248 

subsample filtered by 20 µm nylon filter and 3) 300 mL of water subsample filtered by 249 

2 µm nylon filter. All fractions were incubated in light at 530 µmol photons m-2 s-1 and 250 

in darkness to measure Pn and R rates respectively. Incubations were performed in 300 251 

mL Winkler bottles with a magnetic stirrer to ensure internal turbulence and mixing. 252 

Bottles were sealed with rubber stoppers holding a 50 µm tip O2 microsensor 253 

(UNISENSE®, Denmark), allowing the continuous measurement of O2 with time. Pn 254 

and R rates were calculated as the time evolution (30 minutes per incubation) of the O2 255 

concentration. O2 microsensors have been used in previous studies to measure 256 

continuously planktonic respiration (Briand et al. 2004; García-Martín et al. 2011). 257 

Microplankton Pn and R were calculated from the differences between the rates 258 

measured for the whole community minus the rates measured for the < 20 µm fraction 259 

(Pn micro = Pn whole – Pn < 20µm, R micro = R whole – R < 20µm). Nanoplankton contribution was 260 

calculated as the rates measured in the < 20µm fraction minus those in < 2 µm fraction 261 

(Pn nano = Pn < 20µm – Pn < 2µm, R nano = R < 20µm – Rd < 2µm). Picoplankton rates were 262 

directly measured in the < 2µm fraction (Pn pico = Pn < 2µm, R pico = R < 2µm). 263 

 264 

Once the incubation finished, two water samples of each Winkler bottle, one per 265 

Chl a and one per POC, were filtered through pre-combusted glass fiber filters (0.7 µm 266 

nominal pore size, 47 mm diameter, Whatman GF/F) in each size fraction and in the 267 

total community, using the methods previously described. The same calculation 268 
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procedure described above for Pn and R was used to determine Chl a and POC in the 269 

micro-, nano- and picoplankton size fractions.  270 

 271 

Phytoplankton abundance, biovolume and biomass  272 

Unfiltered samples (n = 2) of in situ surface water (20 cm depth) were taken for 273 

the measurements of prokaryotic and eukaryotic pico- (0.2 – 2 µm) and 274 

nanophytoplankton (2 – 20 µm) abundance. Samples were fixed using glutaraldehyde 275 

(1% final concentration) and stored at - 80 ºC until been analyzed by flow cytometry in 276 

the laboratory. Microphytoplankton (fraction >10 µm) was concentrated by filtering 4-8 277 

L of surface water through a 10 µm mesh. The samples were preserved with 278 

formaldehyde (4 % final concentration) and stored in dark bottles for later analysis. 279 

Analyses of pico- and nanophytoplankton abundances were carried out on a 280 

Dako CyAnTM ADP (Beckman Coulter™) flow cytometer using fluorescent 281 

microspheres (1.1 µm, Ex/Em: 430/465 nm, FluoSpheres® Molecular Probes Inc.TM) as 282 

standard. Side Scattered Light (SSC), red fluorescence from Chl a, and orange 283 

fluorescence from phycobiliproteins were used to characterize each population (Corzo 284 

et al. 1999; Gasol and del Giorgio 2000; Marie et al. 2005). The relationship between 285 

cell size and SSC was calibrated using reference microspheres of known sizes ranging 286 

from 0.49 to 9.9 μm (FluoSpheres® Molecular Probes Inc.TM). Thereby, biovolumes 287 

(µm3/cell) were calculated assuming cells as spheres. The abundance (cell mL-1) of 288 

microphytoplankton was determined by the inverted microscopy technique on a Nikon 289 

Eclipse Ti-U microscope. Biovolume (µm3/cell) was calculated considering the cell 290 

shape of each species according to different geometric forms following Hillebrand et al. 291 

(1999). 292 
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Based on the calculated biovolume, the carbon biomass was then determined for 293 

the picophytoplankton (Prochlorococcus, Synechococcus and Picoeukaryotes), 294 

nanophytoplankton (Nanoeukaryotes) (V. Aguilar, unpubl. ) and the 14 most abundant 295 

microphytoplankton species (representing more than 75 % of the total at each station): 296 

Actinoptychus undulatus, Cerataulina dentata, Chaetoceros curvisetus, Chaetoceros 297 

subtilis var. abnormis, Cylindrotheca closterium, Cyclotella spp., Guinardia striata, 298 

Paralia sulcata, Prorocentrum minimum, Protoperidinium pallidum, Scenedesmus 299 

opoliensis, Strobilidium spp., Thalassionema nitzschioides and Thalassiosira spp.) 300 

(Seguro et al. 2015).  301 

There is significant uncertainty over carbon conversion factors for prokaryotic 302 

picophytoplankton derived from uncertainties in both, size and carbon density estimates 303 

(DuRand et al. 2001; Shalapyonok et al. 2001). In this study, a conversion factor of 304 

0.235 pg C µm-3 was used for prokaryotic phytoplankton, which is an average of CHN 305 

(Carbon: Hydrogen: Nitrogen: ratio) measurements for the cyanobacteria of interest: 306 

Synechococcus sp. and Prochlorococcus sp., as determined by other studies 307 

(Shalapyonok et al. 2001; Worden et al. 2004).  308 

The biomass (µg C L-1) of the prokaryotic phytoplankton (Synechococcus and 309 

Prochlorococcus), Picoeukaryotes, Nanoeukaryotes and microphytoplankton 310 

community was calculated using the equations 9 and 10 according to Strickland (1970). 311 

 312 

𝐿𝑜𝑔 𝐶 ( 𝑝𝑔𝑐𝑒𝑙𝑙)
= 0.76𝐿𝑜𝑔𝑉�𝜇𝑚3� – 0.29(∗)                  (9) 313 

𝐿𝑜𝑔𝐶( 𝑝𝑔𝑐𝑒𝑙𝑙)
= 0.94𝐿𝑜𝑔𝑉(𝜇𝑚3) −  0.60(∗∗)                 (10) 314 

 315 

(*) for diatoms 316 

(**) for all other cells 317 
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 318 

Statistical methods 319 

Simple and multiple linear correlation and regression analyses were used to test 320 

statistical significance of covariation between different variables and to estimate river 321 

and marine end-member nutrient concentrations. The relationship between Pn and the 322 

product between the concentration of Chl a and the ratio between incident irradiance 323 

and the extinction coefficient was tested using linear regression (Cole and Cloern 1984, 324 

1987). In an attempt to increase the explained variability of net production we 325 

progressively included the concentration of different inorganic nutrients (NO3
-, PO4

3, 326 

SiO4
4-) and temperature in a statistical model of stepwise multiple regression 327 

(PRIMER). Linear correlation between fractionated Chl a and total Chl a concentrations 328 

were tested for surface water samples (n = 15). Since the relationships between any 329 

given nutrient and salinity were not linear at the estuary scale, two separate linear 330 

regressions were used to estimate the river and marine end member nutrient 331 

concentrations more accurately, one for the river end (Stations 1 and 2, n = 7) and 332 

another for the marine end (Stations 3 to 5, n =19).   333 

 334 

Results 335 

Hydrographic conditions and inorganic nutrients 336 

Physicochemical variables were strongly influenced by the Tempisque River 337 

water discharge, showing in general a gradient along the estuary (Fig. 2). Salinity 338 

increased progressively from the river to the more marine stations, whereas temperature 339 

presented a maximum centered in surface waters in Station 3 (Figs. 2A and B). The 340 

vertical profiles of temperature and salinity indicated complete vertical mixing closer to 341 

the river (Stations 1 and 2) and a certain degree of stratification with minimal gradients 342 
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for temperature in the more marine stations (Fig. 2B). NO3
-, NO2

-, PO4
3- and SiO4

4- 343 

concentrations were generally highest at the innermost stations (Stations 1 and 2), 344 

decreasing progressively towards the marine end. NO2
- showed a clear maximum in 345 

Station 2, whereas no clear patterns were observed for NH4
+, which was the least 346 

abundant of all inorganic nutrients measured.  347 

Comparison of the observed nutrient concentration with the theoretical one 348 

derived from the mixing model (Figure 3) indicates: 1) that most of the decrease in NO3
-349 

, PO4
3- and SiO4

4- along the estuary is due to dilution, 2) an additional source of NO3
- 350 

and PO4
3- seems to exist between Stations 1 and 2 and 3) the large deviation of bottom 351 

concentrations from the theoretical ones suggests that the sediment is an additional 352 

source of nutrients.  353 

 Total suspended material increased from the river towards Station 2 and 3, 354 

where the maximum was found and decreased thereafter towards the sea. Photic layer 355 

was < 1m at Station 1, increasing progressively with increasing distance from the river 356 

down to 10 m depth at Station 5 (Fig. 4A). 357 

 358 

Chlorophyll, organic carbon and phytoplankton biomass  359 

Total Chl a concentration showed the highest value in the middle of the estuary 360 

at 2 m depth (Station 3) and the lowest in the surface water of Station 5 (Fig. 4A). 361 

Fractionated chlorophyll, measured only in surface water samples, showed that 362 

nanoplankton (2 – 20 µm) was the dominant fraction of Chl a throughout the estuary 363 

representing 51 - 78 % of total Chl a (Fig. 5A). Picoplankton (< 2 µm) and 364 

microplankton (> 20 µm) chlorophyll fractions represented up to a maximum of 31% 365 

(Station 2) and 37% (Stations 4), respectively. Microplankton was more abundant in the 366 
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more marine areas of the estuary, while picoplankton did not show any clear pattern 367 

along the estuary (Fig. 5A).  368 

Particulate organic carbon concentration had very similar pattern to total Chl a, 369 

both along the estuary and with depth with high values at the intermediate Station 3 370 

(Fig. 4B). However, the highest POC concentration was measured at Station 1, near the 371 

river mouth (Fig. 4B). POC size fractionation of surface samples showed that pico-372 

particles (< 2 µm) represented the main fraction of the total POC, accounting for 54 to 373 

86 % of the total (Fig. 5B). Nano-particles (2 – 20 µm) accounted for almost 50 % of 374 

the total POC at Station 1, but did not exceed 30 % at the remaining stations (Fig. 5B). 375 

Micro-particles (> 20 µm) represented less than 5 % of the total POC. The relative 376 

contribution of nano- and micro-particles to the total Chl a was comparatively larger 377 

than to the total POC, however the pico-particles fraction was considerably depleted in 378 

Chl a with respect to POC (Fig. 6B). 379 

Estimated phytoplankton biomass ranged between 600 and 1600 µg C L-1 and 380 

showed a spatial distribution along the estuary similar to Chl a; a maximum at Station 3 381 

and a minimum at Station 2 (Fig. 5C). Direct counts of phytoplankton confirmed the 382 

considerable contribution of nanophytoplankton (always > 92%) to the total autotrophic 383 

biomass compared to microplankton (1.3 – 6.8 %) and picoplankton (0.2 - 1.1%) (Fig. 384 

5C). The contribution of pico- and microplankton to the total autotrophic biomass was 385 

similar to the one for total Chl a. However nanoplankton had a higher contribution to 386 

total biomass than Chl a (Fig. 6A). 387 

 388 

Total and size-fractionated net production and respiration rates 389 

Total Pn rates, determined by in situ incubations, presented a maximum in the 390 

middle of the estuary, being the highest total Pn rates (23.1 mmol O2 m-3 h-1) measured 391 
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at 2 m depth in Station 3 (Fig. 7A). In contrast, the entire water column had negative Pn 392 

rates at Station 1. Compensation depth (Pn = 0) increased from Station 1 to Station 3, 393 

and decreased again at Station 4 (Fig. 7A). R rates were highest (23.6 mmol O2 m-3 h-1) 394 

in the surface at Station 1, decreasing with the distance from the river and with the 395 

depth in each station (Fig. 7B). O2 in the water column was subsaturated in the riverine 396 

station and in the bottom layer along the estuary and oversaturated in the surface water 397 

from Station 2 seawards (Fig. 7C). 398 

Net production in estuaries has been previously related to a composite parameter 399 

calculated as the product between the Chl a concentration and the ratio between the 400 

incident irradiance (Io) and the extinction coefficient (k) (Cole and Cloern 1984, 1987). 401 

The application of this empirical model to our data produced a significant linear 402 

correlation (Pn = 0.0016[Chl a [Io/k]] – 9.1623, r = 0.540, p = 0.021, n = 18), with Pn 403 

expressed in mmol O2 m-3 h-1, Chl a in mg m-3, Io in µmol m-2 s-1 and k in m-1. However, 404 

this composite parameter that accounts for the Chl a concentration and the light 405 

availability only explains about half of the variability of Pn along the estuary. Attempts 406 

to increase the explained Pn variation by including the concentration of different 407 

inorganic nutrients (NO3
-, PO4

-3, SiO4
4-) and temperature in a statistical model of 408 

stepwise multiple regression did not increase the percentage of Pn explained variation 409 

(results not shown). 410 

    411 

The relative contribution of different planktonic size classes to pelagic primary 412 

production and respiration in the inner part of the gulf changed along the estuary (Fig. 413 

8). The picoplankton fraction accounted from 40 to 60 % of the net community 414 

production in the inner basin except at Station 3, where its contribution was lower, i.e. 415 

20 %. The contribution of picoplankton to net metabolism of the pelagic community 416 
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was comparatively higher than its contribution in terms of Chl a (Fig. 8C). In general, 417 

the picoplankton fraction showed the highest R rates and accounted for almost 50 ± 4 % 418 

of the total respiration at all stations (Fig. 8B). The importance of picoplankton 419 

contribution to total R agrees well with the importance of this size class in terms of POC 420 

(Fig. 5B, Fig. 8D). Nanoplankton had a high contribution to the total Pn at Stations 3 421 

and 4, being up to 42 % of the Pn at Station 3. However, surprisingly nano-422 

phytoplankton contributed very little to the total Pn in surface samples in the rest of the 423 

stations (Fig. 8A). The contribution of nanoplankton to the total Chl a, was 424 

comparatively higher than to Pn along the estuary (Fig. 8C). The contribution of 425 

microplankton to the total community net production was maximum at the most marine 426 

station (about 57 %) and in general represented a higher contribution to Pn than to Chl a 427 

along the estuary (Fig. 8C). Microplankton respiration was the second most important 428 

contributor to total community respiration, accounting for up to 30 ± 15 % (Fig. 8B) and 429 

its contribution to total R was comparatively higher than to POC (Fig. 8D).  430 

 431 

Photic layer net ecosystem production 432 

Daily depth integrated net metabolism for the photic layer along the estuarine 433 

gradient was calculated from volumetric rates and the duration of local day and night 434 

periods (Fig. 9). 𝑃𝑔𝑑 (1.5 – 7.2 g C m-2 d-1) and 𝑅𝑑 rates (4.3 – 8.9 g C m-2d-1) changed 435 

along the estuary, showing both of them maxima values at Station 3, where the maxima 436 

in Chl a and Pn were measured as well (Figs. 4A and 7A). 𝑃𝑛𝑑 was only positive in this 437 

sampling station along the estuary (2.9 g C m-2 d-1) being the photic layer in the rest of 438 

the estuary net heterotrophic (Fig. 9). 439 

 440 

Discussion 441 
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The influence of Tempisque River on phytoplankton  442 

In the inner basin of the Gulf of Nicoya, during the dry season, tidal and residual 443 

currents have enough energy to mix the water column between Station 1 and 2, where 444 

the maximum horizontal salinity gradient was observed (Fig. 2). Nonetheless, in the 445 

middle of the estuary (Station 3 and 4), a certain degree of stratification was observed 446 

due to the presence of a warm water mass centered around Station 3 (Fig. 2B), likely 447 

due to warmer water discharge from the Abangares River (Lizano and Vargas 1993).   448 

Previous studies have reported that during the dry season, the Tempisque River 449 

contributes less to the nutrient budget of the inner Gulf of Nicoya due to its lower water 450 

flow (Voorhis et al. 1983; Chaves and Birkicht 1996; Palter et al. 2007). Nonetheless, 451 

our results show that the Tempisque River is a considerable source of inorganic 452 

nutrients even during the dry season (Fig. 2 C, F and G). NO3
-, PO4

3-, and SiO4
4- 453 

concentrations at the more riverine stations (Stations 1 and 2) were higher than those 454 

reported previously for the Gulf of Nicoya (Palter et al. 2007) and other tropical 455 

estuaries (Rochelle-Newall et al. 2011; Burford et al. 2012; Pamplona et al. 2013). 456 

Mixing calculations using salinity as a conservative property clearly show that the 457 

decrease in SiO4
4- was mainly due to dilution by mixing with seawater of lower nutrient 458 

concentrations (Fig. 3, Table 1).  The Tempisque River discharged large amounts of 459 

SiO4
4- to the estuary (>900 µM), resulting in SiO4

4-being always in stoichiometric 460 

excess with respect to total inorganic N and P. Dilution by mixing was also evident as a 461 

general decrease of NO3
- and PO4

3- concentrations along the estuary. However, 462 

concentrations of NO3
- at Station 2, and PO4

3- at Stations 2 and 3 were higher than those 463 

predicted by conservative dilution. This suggests the existence of additional sources of 464 

both nutrients, either by remineralization in the water column and the sediment, or 465 

lateral transport from surrounding mangroves, which are abundant around the inner part 466 
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of the Gulf of Nicoya. The sediment seems to play an important role as a source of 467 

nutrients (NO3
-, NO2

- and PO4
3-) to the water column, since nutrient concentrations 468 

close to the sediment were generally higher than those at the water column surface (Fig. 469 

2C, D and F) and they showed a wider deviation from theoretical values, assuming 470 

conservative mixing (Fig. 3). Such an important input of regenerated nutrients from the 471 

sediment to the water column, driven by biological or physical mechanisms, has been 472 

reported previously in other estuaries as well (Fisher et al. 1982; Cowan and Boynton 473 

1996; Corbett 2010). 474 

 475 

In addition to inorganic nutrients, fresh water discharge of the Tempisque River 476 

supplies high levels of allochthonous dissolved and particulate matter, which has a 477 

strong influence on turbidity in the inner gulf (Gocke et al. 2001; Kress et al. 2002; 478 

Palter et al. 2007; Seguro et al. 2015). TSS presented highest values at Stations 2 and 3 479 

likely due to flocculation of dissolved organic matter  favored by the freshwater and 480 

marine water mixing (Bell et al. 2000; Thill et al. 2001; Verney et al. 2009) and an 481 

increase in phytoplankton biomass (Fig. 4). The relatively high concentrations of 482 

nutrients and the very shallow photic layer suggest that primary production in the inner 483 

basin of the Gulf of Nicoya was likely more limited by light availability than by 484 

inorganic nutrients as shown in other estuaries (Cloern 1987; Fichez et al. 1992; 485 

Nittrouer et al. 1995; Burford et al. 2008). 486 

 487 

Phytoplankton spatial distribution and size structure  488 

The maximum of total Chl a recorded in the middle of the inner gulf in the dry 489 

season (Fig. 4A) was also observed during the rainy season (Seguro et al. 2015). The 490 

Chl a range measured here is in concordance to that found previously in the Gulf of 491 
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Nicoya (Kress et al. 2002; Palter et al. 2007) and in other tropical and subtropical 492 

estuaries (Burford et al. 2012; Rochelle-Newall et al. 2011; Li et al. 2013). The Chl a 493 

peak after the maximum salinity gradient is a typical feature in many estuaries (Cloern 494 

1987; Humborg et al. 1997). The maximum in phytoplankton biomass in Station 3 also 495 

likely explains the maximum observed in POC as well (Fig. 4B). In contrast, in the most 496 

riverine station, a large fraction of the high POC concentration measured was of detrital 497 

origin, since the input of total Chl a concentration with the riverine water was 498 

proportionally lower (Fig. 4A). 499 

 500 

 The relative importance of the different size classes in terms of Chl a, POC and 501 

autotrophic biomass (C units) was not fully coincident (Fig. 5, Table 2). Nonetheless, 502 

the dominance of nanoplanktonic fraction was confirmed in terms of Chl a and of 503 

autotrophic C units; nanoplankton contributed more than 61 and 95 %, respectively. 504 

This is in agreement with the relative importance of nanoplankton with respect to 505 

micro- and picoplankton reported for temperate estuaries (Iriarte and Purdie 1994; 506 

Pinckney et al. 1998; Sin et al. 2000; Thomas et al. 2005; Madhu et al. 2010). 507 

Surprisingly, nanoplanktonic POC was only about 25 % of total POC, being POC 508 

largely abundant in the picoplankton size fraction (72.9 ± 13.1 %), which likely suggest 509 

a higher relative contribution of either detritus or heterotrophs to the pico-particle size 510 

class.  The cell carbon content of bacterioplankton (3 x 105 – 2 x 106 cell mL-1, V. 511 

Aguilar, unpubl.data) might explain the important contribution of picoplankton size 512 

fraction to total POC but not to total Chl a and total autotrophic C. Moreover, Chl a 513 

content in the picoplankton fraction might have been underestimated in our study since 514 

the complete extraction of Chl a from picocyanobacteria is usually difficult, typically 515 

requiring mechanical disruption of cells (Stauffer et al. 1979, Joint and Pomeroy 1986, 516 
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Howard and Joint 1989). An estimation of Chl a content in picoplankton of our samples 517 

can be made based on Prochlorococcus and Synechococcus abundances measured by 518 

flow cytometry during the same cruise (V. Aguilar, unpubl.). Assuming a Chl a content 519 

per Synechococcus cell of 1.9 x 10-11 mg Chl a cell-1 (Collier et al. 1994) and the same 520 

amount of divinyl Chl a per Prochlorococcus cell, Chl a concentration in the 521 

picoplankton fraction would be between 2.5 and 4.4 times higher than that one extracted 522 

and measured spectrophotometrically here.   523 

    524 

The concentration of Chl a in larger size fractions in marine and freshwater 525 

systems has been shown to be related to the trophic state of the system, which increased 526 

as the total Chl a increases both in space and seasonally (Chisholm 1992; Iriarte and 527 

Purdie 1994; Bell and Kalff 2001). In addition, high nutrient concentrations seem to 528 

also favor the increase in biomass and primary production of larger phytoplankton 529 

(Chisholm 1992; Agawin et al. 2000). In the inner part of the gulf, total Chl a increased 530 

as the fraction of microplankton Chl a increased ([Chl a total] = 1.112 Chl a micro + 4.076, 531 

r = 0.463, p = 0.0263, n = 15) (Fig. 6). Our results thus mean that the patterns frequently 532 

observed in temperate estuaries also apply to tropical estuaries such as the Gulf of 533 

Nicoya, i.e. an increase in autotrophic biomass is  accompanied by an increase in the 534 

relative concentration of microphytoplankton in terms of both biomass and Chl a. 535 

The observed changes in the size structure of phytoplankton community along 536 

the estuarine gradient most likely have strong functional implications at the estuary 537 

scale. Large-sized phytoplankton are more likely to transfer organic matter to higher 538 

trophic levels through short, herbivore-based food chains, whereas communities 539 

dominated by small-sized phytoplankton are characterized by complex microbial food 540 

webs that favor the recycling of organic matter within the system (Ryther 1969, Cushing 541 
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1989). The change in the relative importance of pico-, nano-, and microplankton along 542 

the estuarine gradient is probably driven by a combination of bottom-up or top-down 543 

mechanisms such as light availability, residence time, nutrients, and grazing (Chisholm 544 

1992; Geider et al. 1997; Irwing et al. 2006; Lancelot and Muylaert 2011; Banse 1982; 545 

Kiørboe 1993). The relatively small biomass of picophytoplankton in the inner basin of 546 

the Gulf of Nicoya and other estuarine systems (Iriarte and Purdie 1994; Pinckney et al. 547 

1998; Sin et al. 2000; Thomas et al. 2005) suggests that heterotrophic protists 548 

(microzooplankton) would consume a lower proportion of total primary production than 549 

in the open ocean and would therefore graze mainly on heterotrophic bacteria 550 

(Thingstad and Rassoulzadegan 1999; Landry and Calbet 2004). In addition, the 551 

abundance of nanophytoplankton in the inner part of the Gulf of Nicoya suggests that a 552 

higher percentage of phytoplankton biomass is consumed by large metazoans grazers 553 

(Thingstad and Rassoulzadegan 1999), with copepods being the dominant group of 554 

phytoplankton metazoan grazers in the Gulf of Nicoya (Brugnoli-Olivera and Morales-555 

Ramírez 2008). 556 

 557 

Zonation of net metabolism along the estuary 558 

Seasonal changes in the water column stability due to differences in river flow 559 

are a common feature of many tropical estuaries and are known to affect phytoplankton 560 

abundance and primary production (Ram et al. 2003; Costa et al. 2009; Burford et al. 561 

2012).  The spatial distribution of Pn matches well the observed pattern in 562 

phytoplankton abundance in the inner basin of the Gulf of Nicoya (Figs. 4A and 7A). 563 

𝑃𝑔𝑑  along the inner gulf ranged from 120 to 580 mg C m-2 h-1, being in general higher 564 

than those measured in previous studies (Gocke et al. 1990; Córdoba-Muñoz 1998; 565 

Gocke et al. 2001a, b). Our results confirm that the inner Gulf of Nicoya is one of the 566 



24 
 

most productive estuaries worldwide (Cloern et al. 2014). Primary production in this 567 

estuarine gradient seems to be limited by light availability due to high turbidity as 568 

suggested by the relation between Pn and Io/k (Cole and Cloern 1984, 1987) and the 569 

existence of a mixed layer deeper that than the photic layer (Fig. 2A, Fig 4A). However 570 

light availability explained less than half of the variation in Pn in the inner gulf and the 571 

inclusion of nutrients in a stepwise multiple regression analysis did not increase the % 572 

of variance explained. This result confirms the small importance nutrients have as 573 

drivers of primary production variability in the inner basin of the Gulf of Nicoya, and 574 

point out to the need of identifying other ecological drivers, which together with light 575 

availability, might explain the observed spatial pattern of net primary production in this 576 

inner part. 577 

The inner basin of the Gulf of Nicoya can be divided into three different zones 578 

(Zone 1, Zone 2 and Zone 3) based on daily integrated rates of organic carbon 579 

production and consumption (Fig. 9). In Zone 1 (Stations 1 and 2), the most riverine 580 

area, mixing depth exceeds the euphotic depth. Therefore, cells spend considerable time 581 

in the dark (Grobbelaar 1995; Domingues et al. 2011) and primary production is most 582 

likely limited by light. Allochthonous organic matter (Fig. 4B) contributed to the 583 

observed maximum in planktonic microbial respiration rate (Fig. 7B) and the strong 584 

oxygen undersaturation in the water column in Station 1 (Fig 7C). Therefore net 585 

microbial plankton community production was negative, resulting in a daily net 586 

heterotrophic metabolism (P: R < 1) for the photic layer (Fig. 9). The phytoplankton 587 

community in this zone was clearly dominated by nanoplankton in terms of both Chl a 588 

and C units. However, pico- and microphytoplankton contributed comparatively more 589 

than nanophytoplankton to the net microbial plankton community production. An 590 

uncoupling between primary production and phytoplankton biomass, estimated by Chl 591 
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a, has been reported previously for oceanic waters (Malone et al. 1993; Marañón et al. 592 

2003). This is typically explained either as a consequence of top-down control of 593 

phytoplankton community by grazers (Banse 1995) or by physiological changes that 594 

affect photosynthetic efficiency and  photosynthesis: Chl a ratios in response to 595 

environmental factors (e.g. light availability, temperature,  nutrients) (Chisholm 1992; 596 

Geider et al. 1997; Cermeño et al. 2005). 597 

Zone 2 was located in the middle of the estuarine gradient (Station 3), where 598 

maxima values of primary production, Chl a, and POC were registered (Fig. 4, Fig. 7). 599 

Contrary to Zone 1, and despite the high daily respiration rates, daily integrated net 600 

community production was positive, indicating the existence of a net autotrophic 601 

microbial community (P: R > 1) in the photic layer (Fig. 9). The high photosynthesis 602 

rate in this zone led to a strong O2 oversaturation during the day (Fig. 7C). This high net 603 

primary production is likely due to a combination of factors among which the decrease 604 

in turbidity (Seguro et al. 2015) and the corresponding increase in depth of the euphotic 605 

layer under conditions of high nutrient availability is particularly important (Fig. 2, 4). 606 

Similar effects have been reported in other systems (Cole and Cloern 1984, 1987; 607 

Cloern 1987). NO3
- concentration in the upper water layers was below the theoretical 608 

value calculated by the mixing model suggesting a strong consumption rate in the upper 609 

photic layer and likely an important nutrient contribution from the sediment (Fig. 3) in 610 

this zone. In addition, the stability of the water column was highest at this zone due to a 611 

certain degree of thermohaline stratification located around Station 3 (Fig. 2B). This is 612 

probably due to a decrease in water velocity of the incoming freshwater and a higher 613 

water residence time r in this area (Voorhis et al. 1983). Therefore, it would be expected 614 

phytoplankton also experiences a higher residence time in the well illuminated upper 615 

layer of the water column in this zone of the estuary, leading to an integrated positive 616 
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net production (Sverdrup 1953; Lancelot and Muylaert 2011). In Zone 2, the 617 

nanoplankton size class dominated the phytoplankton community in terms of both 618 

biomass and Chl a, same as in Zone 1 (Fig. 5). However, in Zone 2, nanoplankton was 619 

highly active contributing >40% of net primary production, followed by microplankton 620 

(Fig. 8). In contrast, in Zone 2, the contribution of picoplankton in terms of net primary 621 

production, Chl a and biomass was the lowest throughout the estuarine gradient. High 622 

nutrient concentration, light availability, and residence time have been shown to favor 623 

larger cells and could explain the shift in the size structure of primary production 624 

towards higher cell sizes in the middle section of the inner gulf (Chisholm 1992; Geider 625 

et al. 1997; Agawin et al. 2000; Lancelot and Muylaert 2011). Independently of what 626 

environmental factors are responsible for the change in size structure of primary 627 

production in this area, this probably has wider implications for the planktonic trophic 628 

web in the estuarine gradient. The trophic chain would be expected to be shorter and a 629 

higher proportion of fixed carbon would be consumed directly by large metazoans 630 

grazers (Thingstad and Rassoulzadegan 1999).  631 

Finally, in Zone 3 (Stations 4 & 5), net daily integrated primary production 632 

showed negative values with the microbial pelagic community being again net 633 

heterotrophic (P:R ratio <1) (Fig. 9). In this zone, although the euphotic layer depth was 634 

the highest (Fig. 4A), the thermohaline stratification observed at Station 3 had 635 

disappeared (Fig. 2A) resulting in a mixing layer deeper than the compensation layer. 636 

Thus, phytoplankton most likely received a lower daily irradiance dose compared to 637 

Zone 2. In addition, nutrient limitation in Zone 3 might also contribute to the decrease in 638 

primary production. Concentrations of NO3
-, PO4

3-, and SiO4
4- in Zone 3 were the 639 

lowest along the estuarine gradient and below the theoretical values calculated from the 640 

conservative mixing model (Fig. 3). Although the microbial planktonic community in 641 
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Zone 3 was net heterotrophic with negative daily production rates similar to those of 642 

Zone 1, the relative contribution of allochthonous and autochthonous organic carbon in 643 

each of these zones is likely to be very different. Respiration in Zone 3 is likely 644 

primarily dependent on autochthonous organic carbon production within this inner 645 

basin, whereas the contrary occurs in Zone 1; in the latter,  respiration rate was likely 646 

supported by the input of allochthonous organic matter discharged from the Tempisque 647 

River in the Gulf of Nicoya (Seguro et al. 2015). The contribution of nanoplankton size 648 

class to total Chl a and biomass was the lowest in Zone 3 and seems to decrease 649 

seawards along the estuarine gradient (Fig. 5C) same as in other estuaries (Sin et al. 650 

2000). Similarly, the contribution of nanophytoplankton to net community production 651 

decreased toward the most marine station, being replaced by micro- and 652 

picophytoplankton (Fig. 8A). This shift in the size distribution of both phytoplankton 653 

biomass and primary production would increase further the direct transfer of primary 654 

production from microphytoplankton to even larger herbivorous grazers than in Zone 2.  655 

The size structure of the phytoplankton community changed considerably along 656 

the estuarine gradient in the Gulf of Nicoya, both in terms of standing stock (biomass) 657 

and net metabolism (primary production and respiration). In addition, phytoplankton 658 

biomass and net metabolism size distributions were partially uncoupled along the 659 

estuarine gradient. However, information on what environmental factors, including 660 

bottom-up and top-down drivers, explain the observed patterns in phytoplankton size 661 

structure in the inner part of the Gulf of Nicoya and others tropical estuaries is still 662 

lacking. Bridging this gap of knowledge is critical because such shifts in size 663 

distribution of primary production and phytoplankton biomass along an estuarine 664 

gradient are likely to have major implications for the entire trophic network and 665 

biogeochemical cycling in these highly productive systems.  666 
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 964 

Figure Legends 965 

Fig. 1 The inner basin of the Gulf of Nicoya. Map of the study area and the sampling 966 

stations.  967 

Fig. 2 Vertical distributions of (a) salinity, (b) temperature (ºC); (c) nitrate (NO3
-), (d) 968 

nitrite (NO2
-), (e) ammonium (NH4

+), (f) phosphate (PO4
3-) and (g) silicate (SiO4

4-) 969 

concentrations (µmol L-1), and (h) total Suspended material (TSS) (g m-3) along the 970 

sampled area. Data are means of n = 3 for inorganic nutrients and n = 1 for TSS. 971 

Fig. 3 Observed (     and    ) and calculated (    ) nutrient concentrations from a 972 

mixing model using salinity as a conservative property along the study are. The 973 

concentrations of nutrients were measured at different depth in the water column, the 974 

bottom water samples have been marked with a different symbol (large grey circle). The 975 

calculated nutrient concentrations are presented as the water column mean ± standard 976 

error for simplicity. (a) nitrate (NO3
-), (b) nitrite (NO2

-), (c) ammonium (NH4
+), (d) 977 

phosphate (PO4
3-) and (e) silicate (SiO4

4-) concentrations (µM). 978 

Fig. 4 Vertical distribution of (a) chlorophyll a (Chl a) (mg m-3), and (b) particulate 979 

organic carbon (POC) (g m-3) along the study area. White circles line represent photic 980 

layer depth (m). Data are means of n = 3 for Chl a, and n = 1 for POC. 981 

Fig. 5 Total concentration (  ) of (a) chlorophyll a (Chl a) (mg m-3) (n = 3), (b) 982 

particulate organic carbon (POC) (g m-3) (n = 3), and (c) biomass of phytoplankton (mg 983 
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C m-3) (n = 2), and their relative contribution (%) of pico- (< 2 µm,  ), nano- (2 984 

- 20 µm, ), and microplankton (> 20 µm, ) along the sampling stations. 985 

Fig. 6 Relative contribution (%) of pico- (< 2 µm, ), nano- (2 - 20 µm, ), and 986 

microplankton (> 20 µm, ) in terms of (a) chlorophyll a (Chl a) versus autotrophic 987 

biomass in carbon (C) units, and (b) Chl a versus particulate organic carbon (POC) 988 

along the estuarine gradient. Diagonal lines represent identical contribution to both 989 

variables. S1 to S5 represent the sampling stations.  990 

Fig. 7 Vertical distribution of (a) volumetric net primary production rates (Pn), (b) 991 

volumetric dark respiration rates (R) (mmol O2 m-3 h-1) and (c) % of oxygen (O2) 992 

saturation along the studied transect.  993 

Fig. 8 Relative contribution (%) of pico- (< 2 µm, ), nano- (2 - 20 µm, ), 994 

and microplankton (> 20 µm, ) in terms of (a) volumetric net primary 995 

production rates (Pn) and (b) volumetric dark respiration rates (R).  Data are means of n 996 

= 3. Relative contribution (%) of pico- (< 2 µm, ), nano- (2 - 20 µm, ), and 997 

microplankton (> 20 µm, ) of (c) Pn versus Chlorophyll a (Chl a), and (d) R versus 998 

particulate organic carbon (POC). Diagonal lines represent identical contribution to both 999 

variables. S1 to S5 represent the sampling stations. 1000 

Fig. 9 Daily depth integrated of gross production rates (Pg
d, ) and daily depth 1001 

integrated respiration rates (Rd,   ) (g C m-2 d-1) in the photic layer along the 1002 

estuarine gradient. Grey area represents the region where the microbial community 1003 

production in the photic layer was positive. 1004 


