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ABSTRACT 28 

Tropical tidal flats represent more than half of the global tidal flat area, however 29 

information on the ecological and biogeochemical role of MPB in tropical environments 30 

remains scarce. MPB spatiotemporal dynamics and sediment biogeochemistry are 31 

influenced by physicochemical and biological factors such as emersion time, irradiance, 32 

desiccation, and grazing, which vary along the sea-level (SL) gradient in the intertidal zone. 33 

Sediment biogeochemistry, MPB biomass, community composition and net metabolism 34 

changed along the SL gradient in a tropical tidal flat at Punta Morales, Gulf of Nicoya 35 

(Costa Rica). Proportion of fine particles, organic matter, organic carbon, and total nitrogen 36 

increased with SL, likely due to higher mangrove inputs and local MPB production, greater 37 

deposition of fine particles and higher preservation capacity associated with reduced 38 

oxygen penetration and increased surface area of fine particles. Inorganic nutrients were 39 

partitioned among porewater, intracellular and exchangeable pools. Ammonium, phosphate, 40 

and silicate were mainly associated with intracellular pools, whereas nitrate was primarily 41 

present in porewater. MPB biomass, dominated by diatoms, decreased seaward, while 42 

cyanobacteria were relatively more abundant at higher SL. MPB photosynthesis enhanced 43 

sediment oxygenation and likely stimulated aerobic mineralization landward. Net primary 44 

production and respiration increased with SL, being the main predictor of changes across 45 

the intertidal. These results increase our knowledge on tropical tidal flats, highlighting the 46 

strong ecological and biogeochemical zonation across the intertidal gradient. Considering 47 

this zonation is essential for accurately scaling up site-specific measurements and for 48 

improving estimates of the contribution of intertidal sediments to the overall carbon and 49 

nutrient dynamics of coastal ecosystems. 50 
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Highlights: 55 

- Sediment organic matter, organic carbon and total nitrogen increased with sea level 56 

- MPB abundance, net primary production and respiration increased with sea level 57 

- Diatoms dominate MPB but cyanobacteria proportion increases with sea level 58 

- Ecological and biogeochemical zonation are key factors in tropical intertidal flats  59 
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1. Introduction 68 

Coastal zones, though representing a small fraction of the global ocean, hold a 69 

disproportionate large ecological and socio-economic importance due to the diversity of 70 

habitats they encompass — including mangroves, salt marshes, intertidal mudflats, and 71 

subtidal seagrass meadows. Among these, unvegetated intertidal sediments make a major 72 

contribution to the overall primary production of shallow coastal systems (Underwood & 73 

Kromkamp, 1999; Haro et al., 2020). The high productivity of tidal flats is sustained by the 74 

photosynthetic community of benthic microorganisms known as microphytobenthos (MPB), 75 

composed mainly of diatoms and cyanobacteria. MPB, in addition to carbon production and 76 

storage in intertidal sediments, regulates oxygen and nutrient exchange across the sediment–77 

water interface, thereby influencing local biogeochemical cycles and the mineralization of 78 

organic matter (Hope et al., 2020). MPB also excretes a fraction of its photosynthetically 79 

fixed carbon as extracellular polymeric substances (EPS), (Hofmann et al., 2009), which 80 

enhance sediment stability (Underwood & Paterson, 2003; Ubertini et al., 2015) and 81 

constitute an important carbon and energy source for benthic bacteria, and meio- and 82 

macrofauna (Middelburg et al., 2000; Bohórquez et al., 2017). So far, most studies on MPB 83 

ecological and its biogeochemical roles have been conducted in temperate coastal and 84 

estuarine systems (Brito et al., 2013; Haro et al., 2020; Kwon et al., 2020), whereas 85 

information from tropical intertidal zones remains scarce (Corzo et al 2024; Haro et al 2025, 86 

Benny et al 2021, Oliveira et al 2011, Lin et al., 2020, Salleh & McMinn 2021), even though 87 

these environments represent more than half of the global tidal flat areas (Murray et al., 88 

2019). This lack of knowledge is critical since the ecological functioning and biogeochemical 89 
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role of MPB in tropical tidal flats might differ substantially from those in temperate regions 90 

and represent a large area.  91 

Intertidal sediments are transitional environments exposed to multiple stressors, such as 92 

immersion period, irradiance dose, sediment grain size, and water column turbulence, whose 93 

relative effect depends on the position of the benthic community along the sea level (SL) 94 

range. MPB activity and biomass are largely determined by these factors, as well as 95 

biological interactions such as grazing and competition (Underwood and Kromkamp, 1999; 96 

Brito et al., 2013; Daggers et al., 2020; Haro et al., 2020; Savelli et al., 2021). Changes in 97 

MPB activity along the SL gradient are also likely to affect sediment biogeochemistry. For 98 

example, photosynthetic O2 production by MPB, which is expected to change along SL, 99 

strongly influences sediment oxygen availability in the sediment, and therefore the rates and 100 

pathways of organic matter mineralization. These, in turn, might determine the magnitude 101 

and direction of inorganic nutrient fluxes across the sediment–water interface.  Therefore, 102 

the main objective of this study is to analyze the distribution of MPB biomass, community 103 

composition and net metabolism along the gradient of SL and its effect on sediment 104 

biogeochemistry in Punta Morales (inner Golf of Nicoya) as model of estuarine tropical tidal 105 

flats. 106 

Tropical regions differ markedly from temperate ones in that they experience consistently 107 

high light intensity and temperature throughout the year. In temperate systems, MPB primary 108 

production typically follows seasonal patterns, with production peaks in summer or winter 109 

depending on latitude, due to differences in the optimal combination of light and temperature 110 

during the year (Orvain et al., 2012; García-Robledo et al., 2016). In contrast, in tropical 111 

environments irradiance and temperature are more stable year-round which might influence 112 
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differently the coupling between MPB primary production, biomass, and sediment 113 

biogeochemistry. However, little information is available for such tropical intertidal settings. 114 

The inner Gulf of Nicoya, located on the Pacific coast of Costa Rica, is a tropical estuary 115 

recognized as one of the most productive worldwide (Soria-Píriz et al., 2017, Cloern et al., 116 

2014). Although numerous studies have examined various aspects of its pelagic environment 117 

(Palter et al., 2007; Seguro et al., 2015; Soria-Píriz et al., 2017, 2024) and the benthic–pelagic 118 

coupling with subtidal aphotic sediments along the estuarine gradient (Gómez-Ramírez et 119 

al., 2019), the intertidal sediments of the Gulf have received little scientific attention despite 120 

the extensive tidal flats that fringe the inner estuary. Recently Corzo et al (2024) estimated 121 

that the total daily average contribution of MPB primary production in tidal flats of inner gulf 122 

was comparable to the total input of allochthonous C from the Tempisque River. However, 123 

this estimate did not consider the wide variability in MPB biomass and cover among the 124 

different tidal flats, and more importantly the systematic changes in biomass and cover across 125 

the SL range (Haro et al 2025, Corzo et al 2024). Here we explore specifically the role of SL 126 

in shaping the spatial distribution of MPB biomass, net sediment metabolism and the 127 

biogeochemical characteristics of the sediment, including the content of organic carbon, total 128 

nitrogen and different inorganic nutrients pools within the sediment of tropical estuary.  129 

We hypothesized that MPB primary production and the biogeochemical processing of 130 

organic matter and inorganic nutrients in tropical intertidal sediments would be considerably 131 

affected by SL. To test this, we investigated an unvegetated intertidal mudflat in the inner 132 

part of the Gulf of Nicoya (Punta Morales, Costa Rica) with the following objectives: 1) To 133 

characterize the MPB biomass, abundance and community compositions and its relationship 134 

with physical and chemical sediment properties along the intertidal gradient of SL, 2) To 135 
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quantify MPB primary production and net metabolism at different SL to refine future 136 

estimations of the contribution of MPB to the overall system productivity and C budget and, 137 

3) To measure organic matter mineralization rates and evaluate the contribution of different 138 

inorganic nutrient pools to total sediment content along the SL gradient. These data can help 139 

refine available C and N budget for this and other tropical estuaries, improving the knowledge 140 

of the global contribution of MPB and tropical tidal flats to earth system net metabolism. 141 

 142 

2. Material and methods 143 

2.1. Study site and sampling 144 

The Gulf of Nicoya located at the Pacific coast of Costa Rica (10ºN and 85ºW) is divided in 145 

two basins. The shallow (20 m maximum depth) inner basing has estuarine characteristics 146 

driven by the Tempisque River (Palter et al 2007; Seguro et al 2015; Soria-Píriz et al 2017) 147 

and extends roughly to Punta Arenas (Fig. 1). The area presents a semi-diurnal and mesotidal 148 

regime with a mean tidal amplitude of 2.28 m (Módulo de Información Oceanográfica-CIMAR 149 

2012, https://miocimar.ucr.ac.cr/). The high tidal amplitude, the low coastline, and the large 150 

sediment input from the riverine discharges produce extensive intertidal unvegetated 151 

mudflats surrounded by mangroves in the inner basin. 152 

Samplings were carried out during the dry season of two consecutive years along two 153 

transects in the intertidal zone from the mangrove edge (Transect A in April 2012 and 154 

Transect B in January 2013) in Punta Morales, on the east coast of the inner basin (Fig. 1). 155 

Three sampling points were established along the tidal range in each transect: low, middle 156 

and high. Every sampling point was georeferenced, and the sea level (SL) with respect to the 157 
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local mean sea level (MSL) determined from a digital bathymetry map prepared as described 158 

below. At each transect point, 6 sediment cores (15 cm long, 5 cm inner diameter) were 159 

collected within one m2 plot. Three additional sediment cores were collected from every plot 160 

in Transect B in 2013 for the determination of total CO2 production rates. All sediment cores 161 

were transported (10 min) to the laboratory at the Estación Nacional de Ciencias Marinas 162 

(http://www.ecmar.una.ac.cr/), Universidad Nacional de Costa Rica (UNA). Cores used for 163 

microsensor measurements were maintained in an aquarium within in situ seawater for 164 

acclimation to laboratory conditions (25o C) under an halogen lamp at 150 µmol m-2 s-1, 165 

whereas the remaining cores for sediment variables determinations were kept on ice until 166 

further processing during the same day. 167 

 168 

2.2. Oxygen microprofiles and rates of primary production and dark respiration   169 

Vertical O2 microprofiles were performed in three of the sediment cores collected at each 170 

transect sampling point with oxygen microelectrodes (tip diameter: 50 µm, UNISENSE®) in 171 

light (1500 µmol photons m-2 s-1, Schott KI-1500) and darkness. The microelectrodes were 172 

mounted on a motor-controlled micromanipulator (MC-232; Unisense®) connected to a PC 173 

laptop. Microelectrode signal was measured by a high-sensitivity picoammeter (PA2000; 174 

Unisense®) and registered in the same laptop via an A/D converter (ACD-816; Unisense®) 175 

and using software SensorTracePRO (Unisense®). Oxygen microelectrodes were calibrated 176 

using the air-bubbled bulk water phase of the core (100% oxygen saturation) and the 177 

sediment anoxic layer (0% saturation). O2 microprofiles were done with a 100 µm vertical 178 

resolution. 179 

http://www.ecmar.una.ac.cr/
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Net primary production (PN) and dark respiration (RD) rates were determined from the 180 

oxygen microprofiles in light and in the dark respectively (Kühl et al. 1996, García de Lomas 181 

et al. 2005, Corzo et al. 2009). Briefly, oxygen fluxes across the sediment-water interface 182 

were calculated using the equation of Fick‘s first law of diffusion. PN was estimated as the 183 

diffusive flux across the benthic boundary layer (DBL) over sediment surface under light 184 

conditions and RD was estimated as the flux of oxygen into the sediment in dark conditions. 185 

PN and RD were initially expressed in mmol O2 m-2 h-1. When needed for comparison they 186 

were expressed in C units as well using a photosynthetic ratio of 1.2 (Oviatt et al., 1986) and 187 

a respiratory coefficient (RQ) of 1.95. This RQ value was obtained as a mean estimate of the 188 

RQ measured for the Gulf of Nicoya in the sub-littoral system (Gómez-Ramírez et al., 2019). 189 

 190 

2.3. Total CO2 production rates 191 

Total sediment CO2 production rates were measured only in Transect B. Three additional 192 

cores were collected at each sampling plot (low, middle and high) brought immediately to 193 

the laboratory and cut into 3 sections (0-1, 1-3 and 3-5 cm depth). The 3 slices of the same 194 

depth were pooled and mixed. Then, this mix was used to fill nine 6 ml Exetainer® vials per 195 

every sediment depth layer. Immediately, 3 Exetainers from each depth (time 0) were 196 

centrifuged (10000 rpm), the pore water supernatant volume quantified and transferred to 197 

another Exetainer, containing 100 µl of saturated ZnCl2 and filled up to 6 ml with Milli-Q 198 

water. These pore water samples were stored in the dark at 4º C for later analysis. The 199 

remaining were incubated in darkness at room temperature and 3 per each depth layer 200 

sacrificed after 8 and 21 days. Porewater was extracted from these samples as described for 201 

time 0 samples and both porewater samples were stored as previously described. Dissolved 202 

total CO2 (TCO2) was measured by a modified version of flow injection analysis method of 203 
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Hall and Aller (1992). The TCO2 production rate (µmol CO2 cm-3 d-1) was determined as the 204 

increase of CO2 concentration in the sediment exetainers incubations over time. 205 

 206 

2.4. Photosynthetic pigments, organic matter, carbon and nitrogen content and 207 

granulometry 208 

The top half centimeter of 3 cores collected from each plot was sliced and independently 209 

homogenized. A portion of each slice was used for the determination of chlorophyll a (Chla) 210 

and pheophytin (Pheo), organic matter (OM), organic carbon (OC) and total nitrogen (TN), 211 

and inorganic nutrients (described in next section). Photosynthetic pigments were extracted 212 

from 0.5 - 1 g of homogenized sediment sample in 100% methanol buffered with MgCO3 213 

overnight at 4 °C (Thompson et al. 1999). The extracts were centrifuged at 6000 rpm for 10 214 

minutes, and the absorbance of each extract measured spectrophotometrically (UNICAM™ 215 

UV / Vis). Chla and Phaeo were quantified according to equations by Ritchie (2008) and Stal 216 

et al. (1984), respectively. Remaining sediment pellets were dried at 60 ºC for 24 h and the 217 

pigment concentrations were normalized to the weight of dried sediment. Organic matter 218 

content was determined by the loss of ignition method on dried sediment (Heiri et al. 2001). 219 

Total carbon, inorganic carbon and total nitrogen contents were quantified by the analysis of 220 

precombusted and untreated samples using a LECO CHNS 932® Elemental Analyzer. 221 

Organic carbon was determined as the difference between precombusted (inorganic carbon, 222 

550 ºC) and untreated (total carbon) samples. 223 

Sediment grain size distribution was measured in the upper 5 cm of the 3 sediment cores used 224 

for the determination of oxygen microprofiles, once these measurements were finished and 225 

subsamples for MPB abundance had been collected (see below). The percentage of fines (<63 226 
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mm) was determined by wet sieving after removing organic matter with hydrogen peroxide 227 

(H2O2) and dispersing the sediment with sodium hexametaphosphate (NaPO3)6 (Buchanan, 228 

1984). Sediment wet density was determined as the fresh weight of a known volume. Porosity 229 

was determined as the loss of water of the same known volume of sediment sample after 230 

drying at 60 ºC for 72 h. 231 

 232 

2.5 MPB abundance 233 

MPB abundance was determined in the same cores used for the measurement O2 234 

microprofiles (2-3 h after collection). Once the O2 microprofiling had finished, the same 235 

cores were subcored with a cut syringe (diameter = 2.5 cm) and the first 5 mm were fixed 236 

with 2.0 mL of glutaraldehyde (2.25% final concentration, diluted in 5 µm filtered seawater) 237 

and stored in the dark at 4 ºC until analysis. The abundance of diatoms and cyanobacteria 238 

was determined by taking 20 µl of a diluted (10×) and homogenized sediment suspension. 239 

The final abundance corresponded to the mean of 8 counts per sample of the outer squares 240 

(1 mm2) of a Neubauer chamber placed on a Zeiss® Axioskop 2 MOT Plus microscope 241 

(model HBO100N). 242 

 243 

2.6. Determination of inorganic nutrient content in the pore water, intracellular and 244 

exchangeable pools 245 

Phosphate, nitrate, nitrite, ammonium and dissolved silica (DSi) contents in the pore water 246 

(PW), intracellular (IC) and exchangeable (EX) pools were measured as follow in a fraction 247 

of homogenized subsamples according to García-Robledo et al. (2014, 2016). In brief, a 248 
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portion of sediment (0.5 g) was centrifuged at 6000 rpm for 10 minutes at 4 °C. The 249 

supernatant was collected and stored for the determination of inorganic nutrient in the PW 250 

pool. The sediment pellet was resuspended in 4 ml artificial sea water with the same salinity 251 

as in situ and freeze-thawed 3 times to ensure the breakdown of cells and the release of 252 

intracellular content. These freeze-thawed extracts were centrifuged and the supernatants 253 

collected and stored for the determination of IC inorganic nutrient contents. To extract the 254 

exchangeable nutrient pool, 2 ml of 2M KCl were added to the sediment pellets after the 255 

complete elimination of any supernatant, resuspended, and incubated at 4 ºC for 30 min. 256 

These suspensions were then centrifuged and the supernatants collected and stored for 257 

determination of inorganic nutrient content in the EX pool later. The concentrations of 258 

inorganic nutrients in the different pools were determined spectrophotometrically (Grasshoff 259 

et al., 1983, García-Robledo et al. 2014) on a microplate reader (BIO TEK™ Power Wave 260 

340). All standard solutions were prepared with artificial seawater with the same salinity as 261 

that of the samples. 262 

 263 

2.7. Cartography of the intertidal area 264 

The methodology for determining the inter-tidal bottom heights relative to the local mean 265 

sea-level (MSL) in Nicoya Bay was similar to that described by Bishop-Taylor et al. (2018). 266 

It is based on the determination of the waterline from satellite multispectral Sentinel-2 images 267 

(ESA, scihub.copernicus.eu), by use of the Normalized Difference Water Index (NDWI), 268 

computed from the green and near-infrared bands (B3 and B8, respectively) as NDWI = (B3 269 

- B8)/(B3 + B8) (McFeeters, 1996). 170 Sentinel-2A and 2B images, from January 2020 to 270 

March 2021, were processed and combined to contemplate the entire study area with a spatial 271 

https://scihub.copernicus.eu/
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resolution of 10 m. The water level height respect to MSL at each time was provided by 5-272 

minutes tide-gauge measures at Puntarenas (N 9° 58’, E -84° 50’), and the time-spatial tidal 273 

phase-lags were inferred from the University of Denmark DTU10 global ocean tide model 274 

(Cheng and Andersen, 2011). The inter-tidal bottom heights contemplated by the processed 275 

Sentinel-2 images ranged from -1.8 to +1.2 m above MSL, so the maximum inter-tidal range 276 

(about ±2 m above MSL) was completed by interpolating data from the 10 m-resolution 277 

digital elevation model (DEM) of the Instituto Geográfico Nacional of Costa Rica 278 

(www.snitcr.go.cr) for the upper areas, and the GEBCO_2020 0.25°-resolution bathymetry 279 

(www.gebco.net) for the lower ones, after referring them to MSL. The final 10 m-resolution 280 

grid was projected into WGS84 UTM 16N coordinate system, covering an area of 281 

approximately 73 × 75 km. 282 

 283 

2.8. Statistical analysis 284 

The differences between stations were studied using an analysis of variance (one-way 285 

ANOVA), followed by a post-hoc analysis (Tukey's honestly significant differences). 286 

Statistical analyses were done using Past™ and R software. In order to investigate which 287 

combinations of environmental variables might explain variations in biomass (Chla), 288 

microphytobenthic primary production in light (PN), or sediment dark respiration (Rd), a 289 

distance-based multivariate linear model (Dist-LM) was used. Variables considered for the 290 

model included Chl (for rates), distance from the shore, sea level, grain size <63 μm, organic 291 

carbon (OC), total nitrogen (TN), C:N ratio, pore water nutrients (NH4
+, NO2

- , NO3
--, PO4

3-292 

, DSi), and MPB variables. Collinearity was assessed with a threshold of >|0.8|; TN was 293 

correlated with OC, porewater NO2
- with PO4

3-, and MPB variables with SL. Only the latter 294 

http://www.snitcr.go.cr/
http://www.gebco.net/
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in each case was maintained. Visual inspections indicated no need for transformation. 295 

Marginal tests were conducted for individual variables, and the BEST procedure was applied 296 

for variable selection, using the Second Order Akaike Information Criterion (AICc) for 297 

model selection. All analyses were performed with the PRIMER 6 +PERMANOVA software 298 

package. 299 

 300 

3. RESULTS 301 

3.1. Transect topography, granulometry, organic carbon and total nitrogen 302 

Transect A and B covered a range of sea levels (SL), from 0 m (Transect A) to -1.13 m 303 

(Transect B), and presented different slopes, transect B being in a steeper shoreline that 304 

transect A (Fig. 1). Differences of sediment grain size were evident along the intertidal 305 

transect, with the finest fraction (<63 µm) ranging between 62.2 - 99.2 %, being highest in 306 

the upper intertidal, close to the mangrove canopy (Fig. 2A, Table 1). Despite differences 307 

among transects there was a clear positive linear relationship between % of fine sediment 308 

fraction and SL (r2= 0.48, p<0.05, n= 18). Organic matter content (OM) ranged between 23.8 309 

and 54.1 mg cm-2 (or 112.4 – 169.1 mg g-1) in transects A and B and increased clearly with 310 

SL (r2= 0.46, p<0.05, n= 18). Organic carbon (OC) ranged between 5.4 to 11.6 mg cm-2 (25.6 311 

- 36.2 mg C g-1) and total nitrogen (TN) between 0.49 to 1.06 mg cm-2 (2.3 – 3.5 mg N g-1) 312 

and as expected were linearly correlated (r2=0.71, p<0.05, n=18). Both increased with SL, 313 

although it was only statistically clear in the case of TN (Fig. 2). In contrast, OC:TN (11.5 - 314 

17.5) tended to increase seaward due to a stronger decrease of TN with respect to OC (Fig. 315 

2). OC:TN correlated significantly with distance to the mangrove fringe (r2=0.36, p<0.05, 316 

n=18) and inversely with % of fine sediment (r2=0.33, p<0.05, n=18). 317 



15 

 

 318 

3.2. Inorganic nutrients 319 

The concentrations of inorganic nutrients (NH4
+, NO2

-, NO3
-, PO4

3-, Dissolved Si) in the three 320 

sediment pools (PW, IC and EX) varied both in order of magnitude and in relative 321 

contributions (Table 2).  The most abundant nutrients were NH4
+ and DSi, 200.7 ± 39.1 and 322 

170.2 ± 57.5 nmol cm-2 respectively, and in both cases the IC pool dominated the total 323 

nutrient content, 75 and 62 % respectively. Total nutrient content of PO4
3- and NO3

- were 324 

similar, 16.8 ± 6.4 and 16.7 ± 13.7 nmol cm-2, respectively, and one order of magnitude 325 

lower. NO3
- was most abundant in the PW pool (67.6%), whereas PO4

3- was highest in the 326 

IC pool (88.1 %), and below detection limit in the EX pool. Total NO2
- concentration was 327 

very low (5.4 ± 3.1), with 83 % of the total in the EX pool(Table 2). 328 

Total NH4
+ and NO2

- increased significantly with SL (r2=0.36, p<0.05, n=18) as did their 329 

main pools in the sediment, NH4
+-IC and NO2

--EX (Fig. 3). Neither total NO3
- nor any other 330 

NO3
- pools correlated clearly with SL. PO4

3--IC presented an inverse trend to SL, increasing 331 

significantly seaward (r2=0.40, p<0.05, n=18). DSi-IC and DSi-EX decreased with SL 332 

(r2=0.41, p<0.05, n=18), while DSi-PW presented a positive relationship with SL, increasing 333 

landward (r2=0.42, p<0.05, n=18) (Fig. 3). 334 

The concentrations of most inorganic nutrients in the different pools did not correlate 335 

significantly with basic biogeochemical features of the sediments like % fine sediment 336 

particles, OM, OC and TN contents (Fig. S1). Exceptions to this general trend were NO3
- and 337 

DSi in the PW pool and NH4
+-IC which correlated positively with % fine sediment particles, 338 

OM, OC and TN contents. Negative correlations were observed between NO3
- and DSi in the 339 

EX pool and the same set of basic sediment characteristics (Fig. S1). The degree of 340 
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covariance between the inorganic nutrients in the different sediment pools was scarce, only 341 

26.3 % of all possible correlations among them were statistically significant which suggest 342 

differences in their biogeochemical dynamics (Fig. S1). 343 

 344 

3.3. Photosynthetic pigments and microphytobenthos abundance 345 

Chlorophyll a (Chla) content ranged between 1.8 to 17.1 µg cm-2 and decreased clearly 346 

seaward (r2=0.39, p<0.05, n=18) (Fig. 4). Pheophytin (Pheo) ranged between 4.5 and 26.9 347 

µg cm-2 and it did not change with SL (result not shown). The Chla:Pheo ratio which can be 348 

used as proxy of active chlorophyll decreased clearly seaward (r2=0.71, p<0.05, n=18). 349 

The cell abundance of microphytobenthos in Punta Morales tidal flats was 0.14 - 1.6 x106 350 

cells cm-3 (0.6 ± 0.5 x106 cell cm-3 for both transects) (Table 1). MPB abundance decreased 351 

statistically clearly seaward (r2=0.78, p<0.05, n=18) (Fig. 4) and was higher in Transect A 352 

than in Transect B (ANOVA, p <0.05), likely due to a higher values of SL in transect A. 353 

MPB abundance significantly correlated with Chla (r2=0.49, p<0.05, n=18) but not with 354 

Pheo. In addition, there was a clear positive correlation between MPB and the Chla/Pheo 355 

ratio (r2=0.71, p<0.05, n=18), which supports the use of Chla:Pheo as proxy of MPB Chla. 356 

The abundance of MPB showed a positive linear correlation with NH4
+ in the PW and IC 357 

pools, and with DSi and NO3
- in the PW pool (Fig. S1). The MPB community in the intertidal 358 

sediments of Punta Morales was mainly comprised of pennate diatoms (47-81 %) and 359 

cyanobacteria (12-52 %), being diatoms generally more abundant particularly in transect B 360 

(Table 1). The % of diatoms decreased significantly with SL (Fig. 4d). 361 

 362 

3.4. Microphytobenthos primary production and community respiration 363 



17 

 

The clear differences between O2 microprofiles in dark and light show the important 364 

photosynthetic activity of MPB in Punta Morales tidal flats (Fig. 5). In darkness, O2 was 365 

quickly consumed within 1.1 to 2.4 mm (zox), whereas in light a subsurface O2 peak was 366 

recorded with zox increasing up to 2.8 mm. MPB net primary production (PN) and community 367 

respiration rates (RD), calculated from the O2 profiles in light and in dark respectively, were 368 

between 0.5 to 5.8 mmol O2 m-2 h-1 and 0.6 to 2.7 mmol O2 m-2 h-1, respectively. PN and RD 369 

clearly correlated with SL (r2=0.40-0.43, p<0.05, n=17), decreasing seaward (Fig. 6). PN 370 

significantly correlated with RD (r2=0.33, p<0.05, n=17) and with the abundance of diatoms, 371 

cyanobacteria, and MPB (r2=0.54, p<0.05, n=17). RD was positively and clearly correlated 372 

with MPB abundance as well, with % of fine sediment particles and NH4
+-IC, but 373 

surprisingly not with the content of OM, OC or TN of the sediment (Fig. S1). 374 

 375 

3.5. Total CO2 production rates 376 

The mineralization of organic matter was measured as TCO2 produced during long term 377 

incubation at three different depths and in three SL positions in Transect B (Fig. 7A). 378 

Volumetric mineralization rates ranged between 0.2 and 0.9 µmol CO2 cm-3 d-1 and they 379 

showed no clear changes with sediment depth up to 4 cm (ANOVA p > 0.05). Our results 380 

showed consistent differences between volumetric and depth-integrated TCO2 production 381 

rates, (areal rates) being highest at the upper SL (Fig. 7B), but differences were not 382 

statistically significant (ANOVA p > 0.05), likely due to large dispersion of some data. 383 

 384 

3.6 Multidimensional analysis 385 
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To determine the environmental variables that would better explain the variability of 386 

sediment metabolism and MPB biomass, we applied a distance-based multivariate linear 387 

modeling (DistLM) on the benthic metabolism (PN and Rd) and Chla data as response 388 

variables. Marginal test results showed that 40% of the variation in all three variables could 389 

be explained by SL. % Diatom contributed between 21-35%. The % fines could explain 390 

approx 25% for Rd and Chla. Finally, Chla could explain 27% only for Rd (Table S1).  391 

The most parsimonious models selected (overall best solutions) included between one and 392 

three variables (Table S2). Most of these models included SL, or a combination with other 393 

variables such as porewater nutrients. For Chla, most of the model explained more variation 394 

by a combination of % fines and porewater nutrients (Table S2). 395 

 396 

4. Discussion 397 

4.1. Biogeochemical characteristics of the sediment across the intertidal 398 

Estuarine environments are highly dynamic systems, characterized by strong spatial and 399 

temporal variability in abiotic factors along the river–sea gradient. This longitudinal gradient 400 

interacts with a transversal gradient across the sedimentary littoral zone. The 401 

physicochemical forcing on the sediment surface across the littoral zone is widely dependent 402 

on the heigh of the sediment respect to mean sea level. Our results highlight the key role of 403 

the SL gradient on the ecological and biogeochemical zonation across tropical intertidal 404 

environments and their similarities with temperate systems. 405 

Sea level range and shoreline slope were different in Transects A and B, with the latter 406 

exhibiting a steeper SL gradient (Fig. 1, Table 1). This topographic variability seems to 407 

explain the spatial heterogeneity in sediment grain size distribution as well (Fig. 2). Fine 408 
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sediment percentage increased with SL (Fig. 2), consistent with stronger hydrodynamic 409 

forcing seaward leading to coarser grains in lower intertidal zones and lower energy in upper 410 

intertidal areas accumulating finer sediments (Friedrichs, 2011). The clear correlation 411 

between % fine sediment and SL observed in Punta Morales tidal flat occurred in other tidal 412 

flats in the Gulf of Nicoya (Corzo et al 2024). In addition to the evident role of SL in the 413 

distribution of sediment grain size across the intertidal, there were clear local differences in 414 

the sediment grain size among different tidal flats in the inner Gulf of Nicoya (Corzo et al 415 

2024). These differences among tidal flats likely depend on local geomorphologic and 416 

hydrodynamic conditions, being fine sediment content in the Punta Morales tidal flats in the 417 

upper range of fine sediment content in other tidal flats from inner Gulf of Nicoya (Corzo et 418 

al., 2024). Sediment grain size is well known to largely affect the content of OM, OC and 419 

TN in sediments (Mayer, 1999). Fines sediments showed a higher preservation of OM likely 420 

due to a higher relative surface area and sorption capacity, enhancing OM preservation 421 

(Hedges & Keil, 1995; Keil et al., 1997) and by reducing aerobic mineralization rates due to 422 

lower oxygen penetration within the sediment (Glud, 2008). Accordingly, all three variables, 423 

OM, OC and TN, increased with SL, following the fines distribution. OM, OC and TN 424 

contents were similar to those reported from other tropical and temperate tidal flats (Corzo 425 

et al., 2024; Haro et al 2020; Kristensen et al., 2008; Sanders et al., 2010; Tang et al., 2023; 426 

Zou et al., 2023). However, although OC increased with SL, only OM and TN showed a 427 

statistically clear correlation with SL in Punta Morales tidal flat (Fig 2). In this aspect, Punta 428 

Morales tidal flat differed from the general trend observed for another 14 different tidal flats 429 

in the Gulf of Nicoya, where OC covariated clearly with SL (Corzo et al 2024).  430 
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The mean OC:TN ratio was 13.2 ± 1.35, similar to those observed in another tidal flats in the 431 

area (Corzo et al 2024) and elsewhere (Haro et al 2020; Kristensen et al., 2008; Sanders et 432 

al., 2010; Tang et al., 2023; Zou et al., 2023). OC:TN in Punta Morales did not change clearly 433 

with SL (Fig. 2), nor in other tidal flats in the gulf (Corzo et al 2024). OC:TN ratios above 434 

10 suggest that both MPB (autochthonous) and mangrove OM (allochthonous) contribute to 435 

sedimentary C and N stocks in the area (Hedges et al., 1997; Hillebrand & Sommer, 1999; 436 

Corzo et al., 2024). In addition, high OC:Chla ratios (>1000) compared to typical MPB 437 

values (10–154, de Jonge 1980) further support an important allochthonous contribution to 438 

the organic to OM in the intertidal sediments. In addition, the observed inverse relationship 439 

between OC:TN ratio and fine sediment content (r² = 0.33, p < 0.05, n=18) suggests that fine-440 

grained sediments might preferentially adsorb N-rich organic compounds or favor microbial 441 

growth, enhancing N retention. Consequently, upper intertidal zones tend to accumulate 442 

higher OM stocks due to increased autochthonous and allochthonous inputs and 443 

comparatively lower degradation rates. 444 

 445 

4.2 Sediment inorganic nutrient pools 446 

In coastal sediments, inorganic nutrient concentrations reflect a dynamic balance between 447 

remineralization of organic matter, microbial uptake, adsorption to sediment particles, and 448 

exchanges with the overlying water column. These nutrients occur in several pools (PW, IC 449 

and EX), which are subject to distinct ecological and biogeochemical controls (García-450 

Robledo et al., 2010, 2016; Stief et al., 2013). Most previous studies have focused on 451 

dissolved inorganic nutrients in the PW (Kristensen et al., 2008; Tay et al., 2013), while 452 

fewer have explored the role of IC and EX pools (García-Robledo et al., 2010, 2016; Stief et 453 
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al., 2013, 2022). In the Gulf of Nicoya intertidal sediments, the relative contributions of the 454 

different pools varied substantially (Table 2). The majority of PO₄³⁻, NH₄⁺, and DSi were 455 

found in the IC pool (88%, 75%, and 62% of their total sediment contents, respectively), 456 

indicating a strong association with microbial biomass. In contrast, NO₃⁻ was mainly present 457 

in the PW pool (67.6%), reflecting a higher potential for exchange with the water column. 458 

Nitrite (NO₂⁻) showed the lowest total concentration (5.4 ± 3.1 nmol cm⁻²) and was largely 459 

associated with the EX pool (83%), likely adsorbed to sediment particles. Given its role as a 460 

transient intermediate in nitrogen cycling, the low NO₂⁻ levels indicate tight coupling among 461 

nitrification and nitrate reduction processes. 462 

In Punta Morales, concentrations of inorganic nutrients in the PW, IC, and EX pools was 463 

within the wide range reported from 14 other tidal flats in the inner Gulf of Nicoya (Corzo et 464 

al., 2024). Despite site-to-site variability related to geomorphological and hydrodynamic 465 

differences, the general distribution patterns among nutrient pools were consistent. 466 

Comparisons with temperate tidal flats are constrained by the limited data available, but 467 

studies in the Bay of Cádiz revealed higher seasonal maxima for NH₄⁺, up to one order of 468 

magnitude greater than in the Gulf of Nicoya, as well as higher NO₃⁻ concentrations in both 469 

PW and EX pools (García-Robledo et al., 2010, 2016). However, PO₄³⁻ concentrations were 470 

similar between tropical and temperate flats in PW, though markedly higher in IC and EX 471 

pools in the temperate system. Sediment nutrients in the PW pool represent a potential source 472 

for the water column supporting pelagic primary production. In Punta Morales tidal flat, 473 

concentrations of NH₄⁺, NO₃⁻ and PO₄³⁻ in the upper 0.5 cm of sediment PW were higher 474 

than in the overlying water column, while the contrary was observed for DSi (Soria-Píriz et 475 

al., 2017). This suggests a potential net efflux of nitrogen and phosphorus from the sediment 476 
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to the water column. However, this pattern may reverse in tidal flats located closer to the 477 

estuary’s head, where nutrient concentrations in the water column are typically higher (Soria-478 

Píriz et al., 2017, 2024). 479 

SL can affect inorganic nutrient cycling and availability within the sediment, through its 480 

effect on the origin of sedimentary OM, the sediment grain size distribution and, therefore, 481 

the OM mineralization rates and pathways. Nutrient concentrations in the three pools did not 482 

change consistently with SL. NH₄⁺, NO₃⁻, and NO₂⁻ in their dominant pools (IC, PW, and 483 

EX, respectively) tended to increase with SL, as did DSi in the PW pool. Conversely, PO₄³⁻-484 

IC and DSi-EX decreased significantly with SL (Fig. 3, Fig. S1). The mechanisms driving 485 

these patterns remain uncertain due to the scarcity of comparable data, especially for IC and 486 

EX pools. In a North Sea sandy intertidal flat, concentrations of DSi, NH₄⁺, and PO₄³⁻ in PW 487 

were an order of magnitude higher at lower SL than at higher SL (Billerbeck et al., 2006), 488 

suggesting that sediment type and local hydrodynamics modulate the magnitude and 489 

direction of nutrient fluxes. DistLM analysis for Punta Morales indicated that PW nutrient 490 

concentrations explained only a small portion of the variability in net primary production 491 

(NPP), respiration (RD), and chlorophyll a (Chla) (Tables S1–S2). Thus, MPB biomass and 492 

productivity in this system appear not to be limited by dissolved nutrients in the pore water. 493 

 494 

4.3 Microphytobenthos abundance and community composition 495 

Chlorophyll a content in Punta Morales tidal flat sediments (6.3 ± 3.9 µg Chla cm⁻²) was 496 

among the highest recorded in the Gulf of Nicoya (Corzo et al., 2024) and within the range 497 

reported for other tropical and temperate tidal flats (MacIntyre et al., 1996; Benny et al 2021; 498 

García-Robledo et al., 2016; Kwon et al., 2020; Haro et al., 2020; Salleh & McMinn, 2021). 499 
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Chla increased with SL, in parallel with MPB abundance (Fig. 4), suggesting that MPB are 500 

the primary contributors to sedimentary Chla in this tropical intertidal system (Fig. S1). This 501 

is also supported by Chla:Pheo ratio, which increased landward, indicating a higher fraction 502 

of photosynthetically active Chla (Sun et al., 1993), and therefore more active MPB 503 

communities at high SL. Conversely, lower Chla:Pheo ratios seaward point to a larger 504 

proportion of degraded or detrital pigments, consistent with reduced MPB abundance and 505 

productivity in the lower intertidal (Fig. 4). The lower daily light availability at low SL and 506 

higher grazing pressure during longer immersion periods likely explain to the increase of 507 

MPB biomass with SL. DistLM analysis identified SL, mud content, and diatom percentage 508 

as the main drivers of Chla variability, while inorganic nutrients played a minor role (Tables 509 

S2–S3). 510 

It must be borne in mind that DistLM analysis was done on a data set that it does not include 511 

seasonal variability or little, since both transects were done during the dry season, although 512 

in two consecutive years. Previous work using remote sensing has shown that MPB biomass 513 

and cover followed a clear seasonal pattern in the Guf of Nicoya despite interannual 514 

variability, with a seasonal peak in late wet and early dry seasons (November–December) 515 

and a clear decrease from December to April (Haro et al 2025). The analysis of the variability 516 

of MPB net primary production, respiration and Chla in 14 different tidal flats, sampled 517 

during dry and wet seasons, showed that in addition to SL, seasonal changes in rainfall and 518 

irradiance were their major seasonal drivers (Corzo et al. 2024).  Higher nutrients availability 519 

during the rainy season and higher level of photo- and thermoinhibition during the emersion 520 

period in the dry season might explained the observed pattern (Savelli et al., 2021; Salleh and 521 

McMinn, 2021; Haro et al., 2020). 522 
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MPB abundance ranged from 1.9 ± 0.4 × 10⁵ cells cm⁻³ (Transect B) to 9.4 ± 4.7 × 10⁵ cells 523 

cm⁻³ (transect A) in the upper 0.5 cm of sediment (Table 1). These values are comparable to 524 

those found in temperate tidal flats and mangrove intertidal sediments (MacIntyre et al., 525 

1996; García-Robledo et al., 2012; Benny et al., 2021). In addition to an increase of MPB 526 

abundance with SL (Fig. 4), MPB abundance was positively correlated with NH₄⁺ and NO₃⁻ 527 

in the IC pool, and with NH₄⁺ and DSi in the PW pool (Table S1). This is consistent with 528 

previous findings that MPB communities and associated microbes can store and utilize 529 

multiple forms of inorganic nutrients (García-Robledo et al., 2010, 2016; Stief et al., 2013; 530 

Kamp et al., 2015; Stief et al., 2022). The strong relationship between MPB abundance and 531 

DSi is expected, as diatoms require silica for frustule formation and primary production 532 

(Leynaert et al., 2011; Bohórquez et al., 2019). However, no statistically clear correlations 533 

were found between MPB abundance and any PO₄³⁻ pool, contrary to results from the Gulf 534 

of Nicoya and Bay of Cádiz, where Chla was correlated with several phosphate pools 535 

(García-Robledo et al., 2016; Corzo et al., 2024). This suggests that, at the time of sampling, 536 

MPB growth in Punta Morales was not limited by phosphate availability. 537 

The MPB community in the Punta Morales tidal flat was dominated by pennate diatoms (47–538 

81%) and cyanobacteria (12–52%). Diatoms were relatively more abundant in transect B and 539 

at low SL, whereas the proportion of cyanobacteria increased landward, leading to a 540 

transition from diatom dominance in the lower intertidal to co-dominance with cyanobacteria 541 

towards the upper intertidal (Fig. 4). This spatial shift in MPB community composition with 542 

respect to SL has been observed in temperate tidal flats as well. Cyanobacteria generally 543 

exhibit greater tolerance to desiccation, temperature fluctuations, and salinity stress, as well 544 

as higher metabolic flexibility (Wieland & Kühl, 2000; García de Lomas et al., 2005). Such 545 
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traits confer competitive advantage to cyanobacteria in the upper intertidal, where abiotic 546 

variability and exposure stress are greatest. In contrast, diatoms are favored at low SL, due 547 

to more stable environmental conditions, including a shorter emersion period, and their 548 

higher resistance to grazing (Fenchel, 1998). Overall, MPB abundance and community 549 

composition, i.e. the contribution of cyanobacteria and diatoms, with respect to SL, does not 550 

differ between temperate and tropical tidal flats. 551 

4.4. Sediment net metabolism 552 

Sediment net metabolism in the Punta Morales tidal flat was quantified from oxygen 553 

microprofiles under light and dark conditions (Fig. 5). Oxygen consumption in sediments 554 

integrates both aerobic mineralization of organic matter and the oxidation of reduced 555 

compounds (Fe²⁺, H₂S, NH₄⁺, CH₄ etc.) produced by anaerobic processes in the underlying 556 

anoxic zone (Glud 2008). The contrasting O2 profiles in light and dark clearly illustrate the 557 

key role of MPB photosynthetic activity in controlling oxygen dynamics, markedly 558 

increasing O2 availability and deepening the oxic layer within the sediment. The depth of the 559 

oxic zone (zₒₓ) increased by 1–2 mm in light, particularly in the middle and lower intertidal 560 

of transect B, where sediments contained a lower proportion of fine particles (Fig. 2, 5). This 561 

deeper oxygen penetration likely results from greater light availability in these coarser 562 

sediments, which allows photosynthesis to occur at deeper layers (MacIntyre et al., 1996; 563 

Cartaxana et al., 2016; Haro et al., 2019, 2024). In the absence of bioturbation, zₒₓ, which 564 

depends on oxygen supply, organic matter content, and sediment porosity, is a critical 565 

determinant of sediment biogeochemistry because it regulates organic matter mineralization 566 

pathways and rates (Glud, 2008). The shape and magnitude of O2 profiles at Punta Morales 567 

resemble those observed in temperate tidal flats with similar grain sizes and organic matter 568 
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levels (Cartaxana et al 2016; Corzo et al., 2009; García-Robledo et al., 2010; Walpersdorf et 569 

al., 2017). 570 

Net primary production and dark respiration rates ranged from 0.5–5.8 mmol O₂ m⁻² h⁻¹ and 571 

0.6–2.7 mmol O₂ m⁻² h⁻¹, respectively. These values are comparable to those reported for 572 

other tidal flats in the Gulf of Nicoya (Corzo et al., 2024), as well as for tropical and temperate 573 

intertidal zones worldwide (Kristensen et al., 2000; Oliveira et al., 2011; Underwood & 574 

Kromkamp, 1999; Kwon et al., 2014; Haro et al., 2020; Pérez-Rodríguez, 2024). Both NPP 575 

and RD increased with SL, although NPP exhibited a steeper slope being the upper intertidal 576 

more net autotrophic. NPP and RD were positively correlated with MPB abundance (total, 577 

diatom, and cyanobacterial fractions; Fig. 6c–d), as well as with the Chla:Pheo ratio, but not 578 

with total Chla (Fig. S1). The lack of correlation with Chla suggests that part of the measured 579 

Chla might not be fully active. The positive relationship between NPP and Chla:Pheo 580 

supports the use of this ratio as an indicator of physiologically active chlorophyll. The clear 581 

positive dependence of NPP and RD on SL was observed including different flats sampled 582 

during the wet and dry season. That survey showed that a substantial fraction of NPP and RD 583 

variability depended on irradiance (negatively) and rainfall (positively), suggesting a clear 584 

seasonal dependence in addition to the spatial dependence respect to MSL (Corzo et al 2024). 585 

Overall, these results suggest that relationships between MPB biomass and metabolic rates 586 

with SL seems to change with season. While further in situ experimental work is needed to 587 

settle this question, the analysis by remote sensing of MPB NDVI and cover variability across 588 

SL during several years clearly showed the existence of seasonal changes in addition to 589 

interannual variability (Haro et al 2025). In Punta Morales tidal flats, Multivariate DistLM 590 

analysis indicated that NPP variability was mainly explained by SL and the percentage of 591 
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diatoms, followed by PW NH₄⁺ and PO₄³⁻ concentrations as secondary predictors. In contrast, 592 

RD variability was best explained by SL, mud content, and Chla, with distance to shoreline, 593 

organic carbon, and NO₃⁻ explaining a lower percentage of variability (Tables S1–S2). In 594 

Punta Morales, RD did not correlate significantly with total organic matter or OC but did 595 

correlate with TN and NH₄⁺-IN, suggesting that respiration is more closely linked to substrate 596 

lability and N-rich organic matter than to total organic carbon, which might include more 597 

refractory fractions (Middelburg et al 1995). 598 

In addition to its assessment by O2 microprofiles, organic matter mineralization was directly 599 

measured as TCO₂ accumulation in long-term incubations of sediment samples from transect 600 

B. Volumetric mineralization rates did not vary significantly with depth (Fig. 7a), differing 601 

from the typical decline with depth observed in many studies (Kristensen et al., 2000). Areal 602 

mineralization rates, however, varied along the SL gradient, with higher values in the upper 603 

intertidal (~1.3 mmol TCO₂ m⁻² h⁻¹) and lower ones in the middle and lower zones (~0.5 604 

mmol TCO₂ m⁻² h⁻¹) (Fig. 7b). This pattern may reflect the higher lability of organic matter 605 

in the upper intertidal, where MPB-derived production with lower C:N ratio represents a 606 

greater fraction of total organic matter. The range of mineralization rates observed at Punta 607 

Morales tidal flat was slightly lower than those reported for subtidal sediments along the Gulf 608 

of Nicoya estuarine gradient (1.2–5.5 mmol TCO₂ m⁻² h⁻¹; Gómez-Ramírez et al., 2019). 609 

However, Gómez-Ramírez et al. (2019) used short-term whole core incubations that likely 610 

resulted in higher rates due to the absence of limiting factors. Nonetheless, mineralization 611 

rates in Punta Morales tidal flats are comparable to those measured in tropical intertidal 612 

sediments of Phuket Island, Thailand (Kristensen et al., 2000), but notably lower than in 613 

temperate intertidal flats such as the Westerschelde Estuary, Netherlands (Middelburg et al., 614 
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1996). In addition, despite the long TCO2 incubation time with respect to the quicker 615 

measurements of O2 consumption with microsensors in dark conditions, the mineralization 616 

rates were comparable, assuming a mineralization stoichiometry in aerobic conditions of 617 

106C:138O2, similar to that of phytoplankton. 618 

 619 

5. Conclusions 620 

This study highlights the pivotal role of SL in shaping the ecological and biogeochemical 621 

characteristics of tropical intertidal sediments in the Punta Morales mudflats in inner basin 622 

of the Gulf of Nicoya. Along the intertidal gradient, sediment granulometry, organic matter 623 

content, inorganic nutrient pools, and MPB abundance, community composition, biomass 624 

and net metabolism all exhibited systematic changes linked to elevation. Sediments at higher 625 

SL positions were characterized by finer grain sizes, while coarser particles dominated the 626 

lower intertidal, reflecting selective sedimentation and resuspension processes driven by 627 

variations in hydrodynamic energy. The contents of OM, OC, and TN increased with SL, 628 

likely due to a combination of factors: greater inputs of allochthonous organic matter from 629 

adjacent mangroves, enhanced autochthonous MPB production, and higher capacity of fine-630 

grained sediments to preserve organic matter. MPB abundance, % cyanobacteria, NPP and 631 

RD rates increased with SL. NPP and RD rates were comparable to those reported for other 632 

tropical and temperate tidal flats. Overall, this study demonstrates that both biological and 633 

biogeochemical properties of tropical intertidal sediments vary markedly over short spatial 634 

scales as a function of elevation within the tidal range. These fine-scale gradients result from 635 

the complex and season dependent interplay between hydrodynamics, sediment texture, 636 
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nutrient availability, and MPB community structure and abundance. Considering this 637 

zonation and its seasonal variability, it is essential for accurately scaling up site-specific 638 

measurements to system level and for improving estimates of the contribution of intertidal 639 

sediments to the overall carbon and nutrient dynamics of coastal ecosystems. 640 
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Tables 884 

 885 

Table 1. Sea level range, intertidal slope and average (± standard deviation) of main 886 

biogeochemical variables of surface intertidal sediment for transects A and B (n=3), and both 887 

pooled together (Total, n=6). Intertidal slope for each transects is calculated as the slope of 888 

the regression line between sea level and distance to shore expressed in %. 889 

 890 

 891 

 Transect A Transect B Total 

Sea level (m) -0.65 to 0.00   -1.13 to -0.59  -1.13 to 0.00  

Intertidal slope (%) 0.22 0.56 0.39 ± 0.24 

% fine sediment 86.9 ± 11.8 81.2 ± 12.9 84.1 ± 12.4 

OC (mg cm-2) 10.7 ± 0.86 8.4 ± 1.73 9.6 ± 1.75 

TN (mg cm-2) 0.9 ± 0.08 0.7 ± 0.16 0.8 ± 0.16 

OC:TN (mol:mol) 13.3 ± 1.76 13.0 ± 0.82 13.2 ± 1.35 

Chla (µg cm-2) 8.1 ± 4.73 4.4 ± 1.50 6.3 ± 3.9 

Chla:Pheo 0.6 ± 0.09 0.2 ± 0.05 0.4 ± 0.19 

MPB (105 cells cm-3) 9.4 ± 4.7 1.9 ± 0.4 5.9 ± 4.9 

% Diatoms 58.4 ± 11.99 70.5 ± 10.19 64.1 ± 12.39 

PN (mmol O2 m-2 h-1) 2.7 ± 1.74 1.1 ± 0.54 2.0 ± 1.51 

RD (mmol O2 m-2 h-1) 1.7 ± 0.58 1.3 ± 0.30 1.5 ± 0.50 

 892 

  893 
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Table 2. Concentrations of inorganic nutrients (nmol cm-2) ± SD (n = 12-18) integrated in 894 

the upper 0.5 cm sediment layer in pore water (PW) in the intracellular (IC) and in the 895 

exchangeable (EX) pools.  PO4
3- was below detection limit (d. l.) in EX pool.  896 

 NH4
+ NO2

- NO3
- PO4

3- DSi 

PW-pool 10.5 ± 16.6 0.8 ± 1.7 11.3 ± 13.4 4.5 ± 6.6 37.1 ± 9.6 

IC-pool 150.8 ± 40.1 0.4 ± 0.4 4.6 ± 7.9 14.8 ± 5.6 106.3 ± 31.6 

EX-pool 53.0 ± 12.0 4.5 ± 2.6 2.0 ± 3.5 < d. l. 36.8 ± 19.5 

Total 200.7 ± 39.1 5.4 ± 3.1 16.7 ± 13.7 16.8 ± 6.4 170.2 ± 57.5 

 897 

 898 

 899 

 900 

 901 

 902 

 903 

 904 

 905 

 906 

 907 
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Figures  909 

 910 

 911 

Fig 1. Location of transects A and B in the intertidal zones of Punta Morales, Gulf of Nicoya 912 

(Inserted map). Transects A and B presented different slopes as shown at sea level versus 913 

distance plots (inserted graph). 914 
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 916 

 917 

 918 

Fig 2. Percentage of fine sediment (<63 µm) (a), organic matter (mg OM cm-2) (b), organic 919 

carbon (mg OC cm-2), total nitrogen (mg TN cm-2) and OC:TN ratio in transect A and B in 920 

the intertidal zone. Transect A and B are indicated in different colors. Regressions in plots a, 921 

b and d are statistically significant (n=18, p<0.01).  922 

  923 
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 924 

Fig. 3. Content of inorganic nutrients (nmol cm-2) in different sediment pools respect to sea 925 

level (SL, m) in both transects. NH4
+ intracellular (a), NO2

- total (b), NO3
- total (c), PO4

3- 926 

intracellular (d), DSi in pore water (e) and DSi in the exchangeable pool (f). Transect A and 927 

B are indicated in different colors. 928 

  929 
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 930 

 931 

Fig. 4. Changes in chlorophyll a (Chla, µg cm-2), ratio Chlorophyll a: Pheophytin 932 

(Chla:Pheo), abundance of microphytobenthos (MPB, cells cm-3) and percentage of diatoms 933 

(%Diatoms) respect to sea Level (m) in the sediment of Punta Morales (Gulf of Nicoya). 934 

Transect A and B are indicated in different colors. 935 
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 937 

 938 

 939 

Figure 5. Mean oxygen profiles (n=3) in dark and light conditions. Points in the intertidal 940 

area are distinguished as upper, middle and low sea level. Error bars are not presented for the 941 

sake of clarity. 942 
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 944 

Figure 6. Sediment Net primary production in light (PN, mmol O2 m-2 h-1) (a) and community 945 

respiration in dark (RD, mmol O2 m-2 h-1) (b) respect to sea level (m). PN respect to RD (c) 946 

and PN respect to MPB abundance (cells mL-1) (d). Transect A and B are indicated in 947 

different colors. 948 
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 950 

 951 

 952 

 953 

 954 

 955 

Fig. 7.  Vertical CO2 production (A) and integrated CO2 production in the upper 5cm (B) 956 

during laboratory incubations of intertidal sediments of inner Gulf of Nicoya in transect B. 957 

CO2 production was not measured in transect A. 958 
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Graphical abstract 987 
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 991 

 992 

 Figure S1. Correlation matrix between biological and physicochemical variables in the 993 

surface layer of sediment across two intertidal transects at Punta Morales (Nicoya Gulf). The 994 

color and size of each symbol indicate the Spearman correlation coefficient value, as shown 995 

by the bottom color bar, with blue representing negative correlations and brown representing 996 

positive correlations. Non-significant correlations are displayed as blank cells (i.e., p-value 997 

> 0.05; n = 18). 998 

 999 

  1000 



52 

 

Table S1. DistLM regression analysis marginal test results of benthic metabolism and microalgal 1001 

biomass versus single explanatory variables.  1002 

 Variable SS(trace)  Pseudo-F     P     Prop. 

NPP Dist 1.183 0.480 0.510 2.9% 

 SL 16.835 11.326 0.007 41.4% 

 <63um 6.236 2.902 0.102 15.4% 

 C:N 4.765 2.126 0.184 11.7% 

 OC 2.475 1.038 0.356 6.1% 

 Chl-a 4.793 2.141 0.149 11.8% 

 NH4-PW 0.025 0.010 0.936 0.1% 

 NO3-PW 0.669 0.268 0.608 1.6% 

 PO4-PW 0.020 0.008 0.931 0.1% 

 SiO2-PW 3.544 1.530 0.220 8.7% 

 % Diatom 14.070 8.480 0.001 34.6% 

      

Rd Dist 0.278 1.004 0.344 5.9% 

 SL 1.913 10.917 0.007 40.6% 

 Mud 1.240 5.702 0.026 26.3% 

 C:N 0.825 3.389 0.075 17.5% 

 OC 0.366 1.344 0.264 7.7% 

 Chl-a 1.307 6.134 0.019 27.7% 

 NH4-PW 0.211 0.750 0.420 4.5% 

 NO3-PW 0.000 0.000 0.986 0.0% 

 PO4-PW 0.361 1.325 0.269 7.6% 

 SiO2-PW 0.718 2.873 0.114 15.2% 
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 % Diatom 1.126 5.013 0.047 23.9% 

      

Chla Dist 0.317 0.018 0.902 0.1% 

 SL 110.410 10.223 0.006 39.0% 

 Mud 69.331 5.186 0.026 24.5% 

 C:N 5.656 0.326 0.573 2.0% 

 OC 15.569 0.931 0.362 5.5% 

 NH4-PW 58.469 4.162 0.061 20.6% 

 NO3-PW 0.116 0.007 0.935 0.0% 

 PO4-PW 49.641 3.400 0.089 17.5% 

 SiO2-PW 35.933 2.325 0.144 12.7% 

 % Diatom 58.880 4.199 0.050 20.8% 

 1003 

1004 
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Table S2. Non-parametric multiple regression results using the DistLM routine on the overall 1005 

variability of MPB metabolic rates and biomass (PN, RD and Chla) as a function of environmental 1006 

variables using the Best selection procedure and the second order Akaike's information criterion 1007 

(AICc). Results for up to  three explanatory variables and the overall three best solutions 1008 

independently of number of variables with the smallest value of AICc are shown. R2: percentage of 1009 

variance explained by the model. RSS: residual sum of squares. 1010 

Best result for each number of variables 

 AICc R2 RSS Variables 

numbers 

Selection 

PN 9.814 0.414 23.782 1 SL 

 10.588 0.480 21.116 2 SL, NH4-PW 

 11.473 0.547 18.401 3 SL, NO3-PW, PO4-PW 

      

RD -28.667 0.406 2.804 1 SL 

 -27.822 0.470 2.500 2 Dist, SL 

 -28.524 0.577 1.994 3 % mud, OC, NO3-PW 

      

Chla 45.513 0.390 172.81 1 SL 

 42.743 0.555 126.02 2 % mud, PO4-PW 

 44.487 0.593 115.18 3 % mud, C:N, PO4-PW 

 1011 

Overall best solutions 

 AICc R2 RSS Variables 

numbers 

Selection 



55 

 

PN 9.814 0.414 23.782 1 SL 

 10.588 0.480 21.116 2 SL, NH4-PW 

 11.473 0.547 18.401 3 SL, NO3-PW, PO4-PW 

      

RD -28.667 0.406 2.804 1 SL 

 -28.524 0.577 1.994 3 % mud, OC, NO3-PW 

 -27.822 0.470 2.500 2 Dist, SL 

      

Chl-a 42.743 0.555 126.02 2 % mud, PO4-PW 

 44.487 0.593 115.18 3 % mud, C:N, PO4-PW 

 45.436 0.571 121.42 3 % mud, C:N, NO3-PW 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 


