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• The Tempisque River supplies high
levels of allochthonous material to the
inner part of the Gulf of Nicoya.

• Based on flow cytometry characteristics,
six microbial assemblages were
distinguished.

• The microbial abundance and single-cell
properties shift along the estuary and by
season.

• Microbial assemblages presented more
interconnections during the dry season.
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A B S T R A C T

The change in the community structure of phytoplankton and bacterioplankton, and in the degree of coupling
between them as well as the environmental conditions, have substantial impacts on the transfer of energy to
higher trophic levels and finally on the fate of organic matter. The microbial community structure, usually
described only by the abundance of the different taxonomic or functional groups, can be extended to include
other levels of descriptors, like physiological state and single-cell properties. These features play a role in the
ecological regulation of microbial communities but are not generally studied as additional descriptors of the
community structure. Here, we show the changes in abundance and single-cell characteristics based on flow
cytometry measurements of picocyanobacteria, photoautotrophic pico- and nanoeukaryotes, and heterotrophic
bacteria during the rainy and dry seasons along the estuarine gradient of the inner Gulf of Nicoya. The spatio-
temporal distribution of these microbial assemblages showed different patterns in surface and bottom waters
along the estuarine gradient and seasonally, both in their abundances and single-cell traits, which suggest dif-
ferences in their ecological regulation. The changes in the structure of the microbial community along the estuary
correlated most significantly with the changes in environmental variables during the dry season. This seems to
occur due to changes in salinity, concentration and lability of DOC, concentration of DIN and PO43− and net
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community production, largely affected by the differences in the river flow. In addition, during the dry season,
small-size phytoplankton and bacterioplankton assemblages, characterised by abundance and single-cell traits,
presented a higher level of coupling, leading to a more complex ecological network with respect to the rainy
season.

1. Introduction

Phytoplankton and heterotrophic bacteria form the base of the
pelagic food webs. The changes in the structure of their communities
and the degree of coupling between the different microbial assemblages
has a strong impact on the transfer of energy to higher trophic levels and
finally on the fate of organic matter (Azam et al., 1983; Piwosz et al.,
2020). The covariation in space and time between different biotic and
abiotic descriptors of ecosystems (coupling), like abundance, physio-
logical properties, nutrient uptake rates, biogeochemical properties,
etc., has been considered an expression of the functional relationships
among the ecosystem components (Ochoa-Hueso et al., 2021; Saint-Béat
et al., 2015; Schindler and Scheuerell, 2002; Schlesinger et al., 2011).
The number of statistically clear pairwise correlations between the
different variables used to characterise a particular community or
ecosystem in space and time, can be used to estimate the degree of
coupling within the system (Ochoa-Hueso et al., 2019; Risch et al.,
2018). More tightly coupled ecosystems, displaying higher levels of in-
ternal order, are characterised by amore efficient capture and transfer of
energy and matter, and more stability and resilience (for a review see
Ochoa-Hueso et al., 2021).

Phytoplankton and heterotrophic bacterial production, respiration
rates, biomass, and growth rates often covary in different degrees in
both freshwater and marine systems (Morán et al., 2002; Paver et al.,
2013). In addition, microbial communities are characterised by a
multilevel structure that includes taxonomic composition, functional
groups, physiological state, and single-cell characteristics (del Giorgio
and Gasol, 2008; Fauteux et al., 2015). This multilevel structure, the
relationship among the different levels, and the dependence on envi-
ronmental variables, have been rarely studied, and mainly at large
spatial scales (Comte and del Giorgio, 2009; Kuang et al., 2013; Niño-
García et al., 2016a, 2016b; Schiaffino et al., 2013; Soria-Píriz et al.,
2024). Single-cell properties are highly dynamic in space and time and
can provide insight into processes or environmental factors driving
microbial community structure (Comte and del Giorgio, 2009; Horner-
Devine et al., 2007; Van Wambeke et al., 2011). For example, cell size
can reveal ecological niche differentiation between microbial groups
since it is a critical feature for pelagic microalgae and prokaryotes and it
changes as a function of their physiological state (Marañón, 2009).
Quantitative and relative changes in pigments content of phytoplankton
can indicate photoacclimation or taxonomic community shift (Campbell
and Vaulot, 1993). Finally, the level of metabolic activity for hetero-
trophic microbial groups covaries with nucleic acid cell content (Gasol
et al., 1995).

These aspects of the phytoplankton and bacterial communities can
be characterised by flow cytometry (FC) measurements, using the in-
formation of the light scatter (SSC) - a property proportional to the cell
size and granularity- and fluorescence (FL) - a property providing in-
formation on the photosynthetic pigment composition of phytoplankton
and the nucleic acid content of heterotrophic prokaryotes (Gasol and del
Giorgio, 2000). These properties have been shown to change in space
and time in different aquatic ecosystems in response to changes to
environmental factors (Bonato et al., 2015; Bouvier et al., 2007; Corzo
et al., 2005; Schiaffino et al., 2013; Soria-Píriz et al., 2024; Van Wam-
beke et al., 2011). In this study, we explore the use of these single-cell
properties, as additional descriptors of the multilevel structure of the
microbial community, in addition to abundance, and we explore how
the changes in the multilevel community structure are related to the
variation in environmental factors along a tropical estuarine gradient.

Finally, we investigate the degree of coupling between the abundances
and single-cell characteristics of the different microbial groups, and with
the environmental factors along the estuarine gradient.

Estuaries are highly dynamic environments characterised by pro-
nounced biogeochemical and physical gradients whose strength and
extent change on daily to seasonal basis. Consequently, they are excel-
lent systems to examine the relationships among different microbial
phototrophic and heterotrophic assemblages, the changes in these in-
teractions in response to environmental changes in space and time, and
the way that river transport of allochthonous microorganisms might
potentially affect the microbial community within the estuary
(Hauptmann et al., 2016; Marín-Vindas et al., 2023; Stadler and del
Giorgio, 2022; Zhang et al., 2023). Microbial ecology and biogeo-
chemical characteristics of tropical estuaries are understudied compared
with their temperate counterparts (Cloern et al., 2014). Tropical estu-
aries have some singular characteristics: temperature and incident
irradiance remain at high levels year-round, but they withstand large
river runoff differences between the two-contrasting rainy and dry
seasons. These characteristics make tropical estuaries some of the most
productive estuaries in the world (Carrasco Navas-Parejo et al., 2020;
Cloern et al., 2014; Soria-Píriz et al., 2017) The relationships between
biomass of phytoplankton and bacterioplankton and their corresponding
production rates were weaker during the rainy season compared with
those observed in the dry season in the few ecosystems of this type
studied, for instance, the Mandovi-Zuari estuary in the southwest coast
of India (Pradeep Ram et al., 2003) and the Estuarine–Lagoon System of
Cananeia–Iguape in the Brazilian Atlantic coast (Barrera-Alba et al.,
2008, 2009). These differences were attributed to the higher allochth-
onous organic carbon (OC) inputs and scarcer light availability in the
water column due to high turbidity during the rainy season compared to
the dry season. In contrast, a stronger coupling occurs during the dry
season, a period characterised by higher nutrients and light availability
and an increase of autochthonous OC production supporting bacterial
production (Barrera-Alba et al., 2009, 2008; Pradeep Ram et al., 2003).
Other studies explored the changes in space and time of different fea-
tures of the microbial community like size structure, pigments, nucleic
acid contents, taxonomy and their relationships along the estuarine
gradient with environmental variables (Marín-Vindas et al., 2023;
Mukherjee et al., 2020; Seguro et al., 2015). However, these studies did
not explore the multilevel structure of the microbial communities, nor
did they apply the concept of coupling among the different microbial
groups, based on abundance and single-cell properties, as a proxy for
ecosystem complexity and connectivity.

The aim of the present study was to determine the spatial distribution
and some ecologically relevant single-cell properties of different func-
tional assemblages of the phytoplankton and bacterioplankton com-
munities, and their relationship along a river to sea environmental
gradient in a tropical estuary during the rainy and dry seasons. We hy-
pothesized a higher coupling between the different microbial assem-
blages based on cytometric properties during the dry season due to the
strong differences in the river flow and the corresponding changes in the
environmental conditions. The study was conducted along the riverine-
marine gradient of the inner section of the Gulf of Nicoya (northwest
Pacific coast of Costa Rica), one of the most productive estuaries in the
world representing a model system for the estuaries of Central America
(Cloern et al., 2014; Soria-Píriz et al., 2017). To achieve this aim, we
analysed the variability in space and time of the abundance and single-
cell properties (SSC and FL) of six different microbial assemblages
including picocyanobacteria, photoautotrophic pico- and
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nanoeukaryotes and heterotrophic bacterial assemblages. These varia-
tions were then linked to observed changes in relevant environmental
variables along the estuarine gradient. Finally, we investigated the
possible similarity among the spatiotemporal distributions of the
different microbial assemblages to examine their degree of coupling.
The results show differences in the response of microbial assemblages in
terms of their abundances and single-cell properties to the environ-
mental changes along the estuarine gradient, and a higher coupling
among the photoautotrophic and heterotrophic components of the
pelagic microbial community during the dry season.

2. Materials and methods

2.1. Study site and sampling

The inner basin of the Gulf of Nicoya (northwest Pacific coast of
Costa Rica) extends from the Tempisque River mouth down to the
Puntarenas channel (Fig. 1). This section is strongly influenced by sea-
sonal changes in the Tempisque River freshwater discharges, being the
estuary partially stratified during the rainy season and fully mixed
during the dry season (Kress et al., 2002; Seguro et al., 2015; Soria-Píriz
et al., 2017). It is a shallow area (< 25 m) with extensive tidal flats
surrounded mainly by mangroves. Tides are semidiurnal with mean
amplitude of 2.5 m (MIO-CIMAR 2012).

Five stations were sampled, one per day, as required by in situ bottles
incubations for measurement of net primary production and respiration,
along a transect spanning the salinity gradient during both rainy (31st
July - 4h August 2011) and dry seasons (14th - 18th April 2012) in flood
tide conditions. The innermost station (Sta. 1) was located close to the
Tempisque River mouth and the most marine station (Sta. 5) close to
Caballo Island (Fig. 1). Water column salinity, temperature (T, ◦C), and
fluorescence (r.u.) were measured in situ using a multiparameter probe
(YSI 6600). Photosynthetically active radiation profiles (PAR, μmol
photons m− 2 s− 1) were measured by a LI-COR (Li-250A) radiometer.

Profiles were used to calculate the light attenuation coefficient (k) as the
slope of decreasing exponential function of PAR with depth (Kirk, 1994)
in both seasons (Table S1). Water samples were collected with a 10 L
Niskin bottle from the surface layer (0.5 m depth) and 1 m below the
halocline during the rainy season or 1 m above the bottom during the
dry season. Dissolved organic carbon (DOC) was measured in water
samples (approximately 20 mL) during the dry season only, filtered
through nylon filters (Nylon Syringe filters, 0.2 μm, 30 mm, Thermo
Scientific™) in acid washed glass vials and stored at 4 ◦C. DOC contents
were determined on a Shimadzu TOC-5050 analyzer on acidified sam-
ples (1 mL of phosphoric acid 1:3) (ICMAN-CSIC external services).
Detailed information on inorganic nutrients, chromophoric dissolved
organic matter (CDOM) and chlorophyll a (Chl a) concentrations from
the same cruises have been reported elsewhere (Seguro et al., 2015;
Soria-Píriz et al., 2017).

2.2. Net community production

During the dry season, volumetric net planktonic community pro-
duction rates (Pn, mmol O2 m− 3 h− 1) and volumetric dark respiration
rates (R, mmol O2 m− 3 h− 1) were determined in situ for selected depths
along the estuarine gradient using the light and dark bottle incubation
technique detailed in Soria-Píriz et al. (2017). In situ incubations lasted
between 1 and 3 h and were conducted between 10 and 17 h, local time.
Hourly rates were transformed to integrated daily rates considering the
duration of local day and night periods, assuming a photosynthetic
quotient (PQ) of 1.2 and a respiration quotient (RQ) of 0.8, and the
photic layer to calculate the net daily depth-integrated plankton com-
munity production (NCP, g C m− 2 d− 1) as described in Soria-Píriz et al.
(2017). Unfortunately, during the rainy season, in situ measurements of
Pn failed. In this case, Pn for the rainy season was estimated by the
empirical model of (Cole and Cloern, 1987, 1984) and using the
experimental linear correlation (Eq. (1)) obtained for the dry season
data between Pn and the product of Chl a (mg m− 3) by the ratio between

Fig. 1. Map of the Gulf of Nicoya, Costa Rica. The longitudinal transect spanned the entire length of the inner part of the Gulf of Nicoya from the most riverine station
(Sta.1) to the most marine station (Sta.5).
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incident irradiance at the surface (Io, μmol photons m− 2 s− 1) and k (m− 1)
(Table S1):

Pn = 0.0016 [Chl a [Io/k] ]–9.1623, r = 0.51, p = 0.021, n = 18 (1)

Pn rates were also transformed to NCP for the rainy season as
described previously for the dry season.

2.3. Flow cytometry analyses

Water samples (two replicates per sample) were preserved in cryo-
tubes (4.5 mL) with glutaraldehyde (1 % final concentration) (Vaulot
et al., 1989) and frozen at − 80 ◦C until analysis. Samples were thawed at
room temperature prior to the FC analysis. Photoautotrophic groups
were identified based on their autofluorescence, while for bacter-
ioplankton groups, 10 μL of SYBR® Green-I (Molecular Probes #S7563)
were added to 1 mL water sample (2.5 μM final concentration) and
incubated for 10 min at room temperature in darkness before analysis
(Corzo et al., 2005; Lebaron et al., 2001). A known amount of auto-
fluorescent beads (1.1 μm diameter, Ex/Em: 430/465 nm, FluoSpheres®
Molecular Probes Inc.™) were added to each sample as an internal
standard. Samples were analysed on a Dako CyAnTM ADP (Beckman
Coulter™) flow cytometer at low flow rate, and were run until at least
30,000 counts were recorded. Cells were excited at 488 nm and 635 nm
and the different populations were distinguished according to 90◦ light
scatter (SSC) and several fluorescence bands (red and orange fluores-
cence for the photoautotrophic pico- and nanoplankton cells and green
fluorescence for the stained bacterial cells). Photoautotrophic pico- and
nanoplankton cells were classified in four assemblages based on their
orange (phycoerythrin) or red (chlorophyll) fluorescence signals when
excited by 488 nm laser, the red fluorescence signal (phycocyanin) when
excited by the 635 nm laser and SSC signals (Calvo-Díaz and Morán,
2006; Liu et al., 2014; Marie et al., 2005). Two populations of the
picocyanobacterial Synechococcus, one containing only phycocyanin
(Syn-PC) and another one with both phycocyanin and phycoerythrin
(Syn-PE) were distinguished according to their differences in the
phycocyanin fluorescence signal (Liu et al., 2014; Rajaneesh and Mit-
bavkar, 2013). Soria-Píriz et al. (2017) suggested the presence of Pro-
chlorococcus spp in the inner part of the Gulf of Nicoya. However, the cell
population identified previously as Prochlorococcus spp are considered to
be Syn-PC cells, which have a FC signature similar to that of Pro-
chlorococcus sp. when they are analysed only with a single laser (488
nm). Prochlorococcus spp. was not detected in the metagenomic analysis
of samples collected at the same stations (Joe Taylor, unpublished data)
nor in nearby sampling sites (see Fig. S4 in Marín-Vindas et al. (2023)).
Therefore, we assumed that in the inner part of the Gulf of Nicoya the
picocyanobacterial community was dominated by at least two different
lineages of Synechococcus (Fig. S1a). Two photoautotrophic eukaryotes
populations, picoeukaryotes (PEuk) and nanoeukaryotes (NEuk), were
distinguished as well according to the differences in their chlorophyll
and phycoerythrin fluorescence signals and SSC (Fig. S1b-c) (Gérikas
Ribeiro et al., 2016; Marie et al., 2000; Simon et al., 1994). Two bac-
terioplankton populations were classified and quantified by their green
fluorescence and SSC signals as high nucleic acid content (HNA) and low
nucleic acid content bacteria (LNA) (Fig. S1d) (Gasol and del Giorgio,
2000). Since we were interested in analysing the differences between
groups, but not the individual cell differences within each group, the
average of both fluorescence and SSC values of each microbial group
were standardized to those of the reference beads to account for po-
tential differences in measurement conditions. We were able to distin-
guish photosynthetic picoplankton (cyanobacteria) from non-
photosynthetic picoplankton (heterotrophic bacteria) by inspecting the
green fluorescence versus orange or red fluorescence cytograms. Events
corresponding to cyanobacteria were removed to avoid the overlapping
between different populations. SSC was used as a proxy of cell size
(Echevarria et al., 2009; Gasol and del Giorgio, 2000; Morán et al.,
2007). Red fluorescence-to-SSC ratio by cell (FL/SSC) was used here as a

proxy for cellular chlorophyll content normalized to cell size for
photoautotrophic populations. In the case of heterotrophic bacteria, the
green fluorescence-to-SSC ratio by cell (FL/SSC) is used as a proxy of
cellular nucleic acid content normalized to cell size (Balfoort et al.,
1992; Gasol and del Giorgio, 2000). The bottom sample at Sta. 5 from
the rainy season was lost.

2.4. Statistical analyses

Environmental and cytometric variables were normalized (0 to 1) to
remove differences in scales prior to multivariate statistical analyses.
Non-metric multidimensional scaling (nMDS) ordination analysis of
Euclidean distances of environmental gradients, and three different
combinations of the microbial descriptors, i.e. the abundances, the
single-cell characteristics, and the abundances plus single-cell charac-
teristics of the six phototrophic and heterotrophic assemblages in each
season (rainy and dry) was performed using the metaMDS function (R
package vegan version 2.5–4) (Oksanen et al., 2019). Spearman corre-
lations were determined to assess relationships between the environ-
mental variables and the axes of the ordination plots of the three
different combinations of the microbial descriptors mentioned previ-
ously. The envfit function (R package vegan version 2.5–6) (Oksanen
et al., 2019) (10,000 permutations) was used for fitting the environ-
mental variables and the three different combinations of the descriptor,
where the length and the direction of the arrow is proportional to the
correlation between the ordination and the variables. Dissimilarity
matrices of the environmental variables and the three different combi-
nations of the microbial descriptors in each season were calculated
based on ρ (Spearman rank correlation) values of all pairwise compar-
isons using vegdist function (R package vegan version 2.5–6) (Oksanen
et al., 2019) and rcorr function (R package Hmisc version 5.1–3). A
permutational analysis of variance (PERMANOVA) was carried out on
the Euclidean distance matrix of the microbial assemblages with depth
as a factor using the adonis2 function (R package vegan version 2.5–6)
(Oksanen et al., 2019). Spearman correlation matrix of every microbial
subgroup based on their abundances, their single-cell characteristics and
the environmental variables were determined by season using the rcorr
function (R package Hmisc version 5.1–3) and represented with the
ggcorrplot function (R package ggcorrplot version). The resulting cor-
relation matrix of the microbial assemblages was transformed in an
undirected graph object using graph.adjacency and get.edgelist func-
tions (R package igraph version 1.5.1) (Csárdi et al., 2023). The resulting
igraph object was represented in a network plot using the ggraph
function (R package ggraph version 2.1.0) (Pedersen, 2024). Every node
of the network represents the abundance and the single-cell character-
istics of every microbial group. The width and color of the lines (edges)
is proportional to the strength of the absolute value of the correlation.
Only correlations with p-value <0.05 were represented.

3. Results and discussion

3.1. Environmental gradients and net metabolism along the estuary

Strong contrasting physicochemical gradients recorded along the
inner part of the Gulf of Nicoya (Fig. 2 and Fig. S2) show the important
role of the Tempisque River as the main source of allochthonous nutri-
ents and organic matter for the estuarine microbial community. Part of
this general information on the oceanography of the Gulf of Nicoya has
been previously reported in more detail in previous studies from the
same sampling cruises (Gómez-Ramírez et al., 2019; Seguro et al., 2015;
Soria-Píriz et al., 2017). Briefly, during the rainy period, the higher
discharges from the Tempisque River resulted in more gradual salinity
increase seawards as compared to the dry season (Fig. 2a). Temperature
values ranged between 26 and 31 ◦C, being generally higher from the
middle of the estuary seaward during the dry season. The lowest tem-
perature values were reached in the bottom layer during the rainy
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season (Fig. 2b). Total dissolved inorganic nitrogen (DIN=NH4++NO3− +

NO2− ) decreased seawards (Fig. 2c). Seguro et al. (2015) showed that
NO3− was the dominant form of inorganic nitrogen in most sections of the
estuary. PO43− concentrations decreased seaward and showed higher
values during the dry season (Fig. 2d). On the contrary, silicate
decreased seaward as well, but it was higher during the rainy season
(results not shown, see Seguro et al. (2015)). CDOM and DOC concen-
trations decreased along the estuary (Fig. 2e, Fig. S2), showing the
progressive dilution of the river income with seawater (Seguro et al.,
2015; Soria-Píriz et al., 2017). DOC, measured only in the dry season,
correlated linearly with CDOM (Fig. S2a, b). The higher concentration of
CDOM during the rainy season suggests a strong contribution of
allochthonous OM from the watershed soils. The higher input of
allochthonous OM during the rainy season was paralleled by a higher
contribution of refractory organic compounds, characteristic of terres-
trial soils, as suggested by the lower slope of the CDOM absorption
spectrum during this season (Fig. S2c). This slope is considered a proxy
of the degree of OM lability (Abril et al., 2002; Bianchi et al., 1997).
Large inputs of allochthonous DOM associated with higher river flow
into estuaries are known to promote bacterial production, allowing its
decoupling from autochthonous primary production (Andersson et al.,
2018). During the dry season, in contrast, the CDOM spectral slope
indicated a higher lability of CDOM with respect to the rainy season,
particularly near the estuary head, probably caused by a higher pro-
portion of in situ produced photoautotrophic plankton OM (autoch-
thonous origin). As expected, the importance of the refractory material
probably from terrestrial and mangrove sources decreased seawards in
both seasons, as suggested by the increase in CDOM spectral slope
(Fig. S2c) (Galgani et al., 2011; Stedmon and Markager, 2003).

Integrated daily net community production (NCP) for the photic
layer was calculated from the net primary production rates (Pn)
measured in situ during the dry season (Fig. 7a in Soria-Píriz et al.
(2017)). Pn rates during the rainy season were estimated according to
the empirical model of Cole and Cloern (1984, 1987), being lower than
those measured during the dry season, while Chl a was slightly higher
during the rainy season (Table S1). NCP was higher during the dry
season (Fig. 2f). Although inorganic nutrients concentrations were

similar in both seasons, during the dry season the irradiance was higher
(Table S1). Thus, higher light availability and lower turbidity due to
reduced river flow likely enhanced primary production rates along the
estuary, as previously shown in other estuaries (Cloern, 1999; Gameiro
et al., 2011). NCP showed a marked zonation along the estuarine
gradient with positive values only in the middle of the estuary in both
seasons, as observed in other estuarine ecosystems (Barrera-Alba et al.,
2008; Cole and Cloern, 1987). Nutrient and light availability, water
column stability, and residence time, were the main environmental
factors explaining the NCP spatial pattern (Cole and Cloern, 1987, 1984;
Soria-Píriz et al., 2017). The seasonal changes in river flow determined
the inputs of allochthonous terrestrial OC and inorganic nutrients in the
inner part of the Gulf of Nicoya. These changes, together with differ-
ences in light availability due to turbidity, affected autochthonous OC
primary production along the estuary and the different components of
the pelagic community as well. Similar results have been reported in
other estuaries (Andersson et al., 2018; Hitchcock et al., 2010; Hitch-
cock and Mitrovic, 2015). The change in the proportion between
allochthonous and autochthonous OC is likely to be a major driver for
the microbial assemblages, affecting the degree of coupling between the
different components of the microbial community and with the envi-
ronmental conditions along this tropical estuarine gradient.

The nMDS ordination of the stations based on the environmental
variables confirmed the existence of strong gradients (salinity, CDOM,
PO43− and DIN) and the separation between the riverine (Sta. 1) and the
moremarine stations (Sta. 4 and 5) during both seasons, especially in the
surface layer during the rainy season on the horizontal axis (Fig. 2g).
Seasonal differences were evident among the rainy and dry environ-
mental datasets on the vertical axis up to Sta. 3, being Sta. 4 and 5 more
similar in both seasons. This could influence the distribution of the
microbial assemblages, as reported in other studies focused on other
aspects of the microbial community in the inner part of the Gulf of
Nicoya (Marín-Vindas et al., 2023; Seguro et al., 2015). Differences in
the vertical axis were correlated with changes in T and NCP. Overall, the
multivariate analysis showed the prevalent seasonal effect of the Tem-
pisque River in the formation of biogeochemical gradients particularly
in the surface layer along the estuarine gradient.

Fig. 2. Longitudinal distribution of (a) salinity, (b) temperature (T), (c) dissolved inorganic nitrogen (DIN), (d) dissolved phosphate (PO43− ), (e) chromophoric dis-
solved organic matter (CDOM), (f) daily net depth-integrated planktonic community production (NCP) and (g) two-dimensional nMDS ordination based on the
dissimilarity matrix (Euclidean distances) of normalized environmental variables (0 to 1) at the surface and bottom layers of the five stations sampled along the inner
part of the Gulf of Nicoya during July 2011 (rainy) and April 2012 (dry). Notice that in both surface rainy and bottom dry Station 5 falls behind Station 4 in the 2D
plot (g), so these two stations are indicated separately. Part of these data have been redrawn from Seguro et al. (2015), Soria-Píriz et al. (2017) and Gómez-Ramírez
et al. (2019).
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3.2. Photoautotrophic assemblages abundance and single-cell
characteristics

Abundances of the photoautotrophic pico- and nanoplankton as-
semblages recorded in the inner part of the Gulf of Nicoya were similar
to those reported in other tropical and subtropical estuaries (Liu et al.,
2014; Rajaneesh et al., 2018). The four assemblages, Syn-PE, Syn-PC,
PEuk and NEuk, showed very distinct temporal distributions in terms of
both abundance and single-cell characteristics along the estuary, which
indicates their different niche preferences in response to the prevailing
environmental gradients. Syn-PE was the most abundant photoauto-
trophic assemblage increasing seawards and reaching very high values
in the surface layer during the rainy season (Fig. 3a). Syn-PC abundance
was highest in the bottom layer of Sta. 1 and showed an inverse spatial
distribution to Syn-PE, decreasing seawards, except in the surface layer
during the rainy season (Fig. 3b). Abundance and diversity of Synecho-
coccus have been shown to be affected by nutrient availability (nitrate
and phosphate) and salinity (Rajaneesh and Mitbavkar, 2013; Xia et al.,
2017, 2015). Our results confirm these observations and a clear niche-
zonation in both layers and seasons (Fig. 3a, b, Fig. 6a-d, Fig. S3a).
Syn-PC proliferated near the estuary head in nutrient-rich highly turbid
waters caused by the high amount of suspended solids in the river dis-
charges. These conditions result in the prevalence of underwater red
light which Syn-PC can absorb efficiently with the pigment phycocyanin
(Kirk, 1994; Stomp et al., 2007). In contrast, Syn-PE was more abundant
at the estuary mouth, in more oligotrophic transparent waters, as
observed in other estuaries and bays (Xia et al., 2017, 2015). The in-
crease of Syn-PC abundance in surface waters of Sta. 4 and Sta. 5 in the
rainy season, on the other hand, is indicative of the extent and impact of
the river plume seawards in the inner part of the Gulf of Nicoya during
this season (Rajaneesh et al., 2018). Nonetheless, the Syn-PE to Syn-PC
abundance ratio showed Syn-PE was the dominant cyanobacterial group
seawards in both rainy and dry seasons especially in the surface layer
(Fig.S3a). Overall, water column light spectral properties could poten-
tially have a selective force on Synechococcus assemblages along the
estuarine gradient of the Gulf of Nicoya.

The changes in the abundance of picoeukaryotes (PEuk) and

nanoeukaryotes (NEuk) along the estuarine gradient were lower than in
the Synechococcus populations. PEuk abundance presented maximum
values in the middle of the estuary, while NEuk abundance mostly
decreased seaward in both seasons (Fig. 3c, d). PEuk and NEuk assem-
blages are characterised by a high functional and phylogenetic diversity
(Hug et al., 2016; Worden and Not, 2008), which implies large differ-
ences within each group in niche preferences, including light and
nutrient availability. The highest abundance of PEuk during both the
rainy and the dry seasons was measured at or after the salt wedge
(Fig. 2a, 4), where light availability and Chl a increased considerably
(Seguro et al., 2015; Soria-Píriz et al., 2017), and NCP began to shift to
positive values (Fig. 2f and Soria-Píriz et al., 2017). This is consistent
with similar nutrient-rich ecosystems where both the relative and ab-
solute importance of PEuk increases with increasing total Chl a due to
their growth rates being higher than those of picocyanobacteria (Bec
et al., 2005; Fowler et al., 2020; Raven, 1986; Weisse, 1993). NEuk, on
the other hand, showed a general trend to decrease seawards (Fig. 3d).
Interestingly, the PEuk to NEuk abundance ratio increased seawards in
both seasons from very low values at the estuary head to 10–13 times
higher at the estuary mouth, suggesting that NEuk dominated turbid
waters and PEuk dominated clear waters (Fig. S3b). The only exception
was the bottom layer during the rainy season where values were low
along the entire estuary. In terms of biomass, NEuk was the dominant
fraction in the Gulf of Nicoya contributing 80–90 % of the total photo-
autotrophic plankton biomass, with microplankton (Micro) being the
second most important fraction in terms of biomass (9.4–16.9 %) (see
Table 2 in Seguro et al. (2015)). The relative importance of these two
size ranges of primary producers changed along the estuary and with
season, NEuk decreased seaward from Sta. 3, while microplankton
increased seaward except in the bottom layer during the dry season
(Fig. S4a), resulting in a strong decrease of the NEuk/Micro abundance
ratio along the estuary (Fig. S4b). In addition, NEuk represented a
substantial fraction of the Chl a concentration contributing to NCP rates
at Sta. 3 as well (Soria-Píriz et al., 2017). A similar quantitative
importance of NEuk has been found in other coastal systems, including
tropical estuaries (Madhu et al., 2017; Piwosz et al., 2015). Moreover,
although picocyanobacteria (Syn-PE + Syn-PC) were always more

Fig. 3. Longitudinal distribution of the abundance and the single-cell characteristics i.e. Side scatter (SSC) and the Fluorescence-to-Side Scatter ratio (FL/SSC) of the
photoautotrophic groups: (a, e, i) Synechococcus phycoerythrin-rich cells (Syn-PE), (b, f, j) Synechococcus- phycocyanin-rich cells (Syn-PC), (c, g, k) picoeukaryotes
(PEuk) and (d, h, l) nanoeukaryotes (NEuk) at the surface and bottom layers of the five stations sampled along the inner part of the Gulf of Nicoya during July 2011
(rainy) and April 2012 (dry).
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abundant than the eukaryotes (PEuk+NEuk+Micro), the eukaryotes to
picocyanobacteria abundance ratio was generally higher at the head and
the middle of the estuary, decreasing seaward from Sta. 3 (Fig. S3c),
confirming the relative importance of eukaryotes in the middle of the
estuary. These shifts in the taxonomic and size structures of the micro-
bial community along the estuarine gradient are known to have deep
impact on the transfer of energy and matter to higher trophic levels
(Marañón, 2015).

Single-cell characteristics (SSC and FL/SSC) of photoautotrophic
assemblages also changed along the estuarine gradient (Fig. 3). In gen-
eral, mean SSC decreased along the estuary for the cyanobacterial
populations suggesting a decrease in mean cell size, whereas the inverse
trend was recorded for the two photoautotrophic eukaryotic pop-
ulations, i.e. increasing seaward or presenting a maximum in the middle
of the estuary (Fig. 3e-h). Microorganism size is an important charac-
teristic determining the ecological interactions with other species and
ultimately the transfer of mass and energy along the trophic web
(Marañón, 2015; Blanchard et al., 2017). Our results cannot provide a
conclusive explanation for the changes in cell size of the different as-
semblages, since photoautotrophic plankton cell size can be affected by
a number of both bottom-up and top-down processes (Ward et al., 2012;
Marañón, 2015). These processes could include constraints that cell
organization and mean cell size impose on metabolism and growth in
response to nutrient and light availability (DeLong et al., 2010;
Marañón, 2015). Moreover, different grazing strategies (specialists vs
generalists) could also appear along the estuarine gradient depending on
the nutrient conditions, affecting the phytoplankton cell size (To et al.,
2024). However, these potential explanations related to the size struc-
ture of the phytoplankton assemblages along the estuary cannot be
assessed with the present dataset.

The FL/SSC in the four groups of primary producers, a proxy of the
relative chlorophyll cell content, increased seaward or presented the

maximum values in the middle of the estuary, around Sta. 3 and 4. In
general, FL/SSC was high in the surface layer, particularly in PEuk and
NEuk during the rainy season (Fig. 2i-l). These differences could be
explained by shifts in both taxonomic composition and physiology
allowing to increase the assemblage's fitness to the changing conditions
in nutrient and light availability (Campbell and Vaulot, 1993). Overall,
the different pattern of variability of the four photosynthetic assem-
blages in terms of abundance, FL/SSC, and SSC suggests differences in
their ecological regulation along the estuarine gradient and by season.

3.3. Heterotrophic bacterial assemblage abundance and single-cell
characteristics

The range of abundance of the free-living heterotrophic bacterial
assemblages recorded in the inner part of the Gulf of Nicoya (1–12× 109

cell L− 1) were similar to those of other tropical areas (Barrera-Alba et al.,
2008; Li et al., 2017; Pradeep Ram et al., 2003) as was the %HNA
compared to other estuarine systems (Bouvier et al., 2007; del Giorgio
and Bouvier, 2002; Liu et al., 2016). The abundance of both HNA and
LNA bacterial assemblages clearly increased seawards (Fig. 4a, b) -
except for HNA in the bottom layer during the rainy season- a pattern
previously observed in some temperate estuaries in the transition zone
where fresh andmarine water mix (Cottrell and David, 2003; del Giorgio
and Bouvier, 2002). In the inner part of the Gulf of Nicoya, the increase
of HNA and LNA bacteria seaward occurred in parallel to the decrease in
CDOM and DOC (Fig. S2). Therefore, the increase in bacterial numbers
along the estuary could be explained by a potential higher coupling
between autochthonous primary production and bacterial production
due to a higher lability of DOM seawards, as indicated by the increase of
the CDOM spectral slope (Fig. S2a). This higher DOM lability likely
favoured higher growth rate and abundance of HNA and LNA cells in the
most marine stations.

Fig. 4. Longitudinal distribution of the abundance and the single-cell characteristics i.e. Side scatter (SSC) and the Fluorescence-to-Side Scatter ratio (FL/SSC) of the of
the bacterial groups: (a, c, e) high nucleic acid bacterial (HNA), (b, d, f) low nucleic acid bacterial (LNA) and (g) percentage of HNA (%) at the surface and bottom
layers of the five stations sampled along the inner part of the Gulf of Nicoya during July 2011 (rainy) and April 2012 (dry).
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The percentage of HNA along the estuary was generally higher
during the rainy season and tended to decrease seaward except for a
peak observed at Sta. 3 in the surface layer during the rainy season
(Fig. 4g). The %HNA has been considered an index of bacterial activity
and as a tracker of the system's productivity, often being highly corre-
lated to chlorophyll stocks (Corzo et al., 2005; Morán et al., 2007).
However, other studies have shown that LNA bacteria are metabolically
active, with similar specific growth rates or even higher than HNA cells
(Bouvier et al., 2007), and might be different taxonomically (Vila-Costa
et al., 2012). The lack of an explicit characterization of the HNA and
LNA subpopulations hinders a straightforward explanation of the
observed pattern, being probably result of the bacterial community's
changes in physiology, cell size and taxonomy along the estuarine
gradient, as shown in previous studies (Bouvier et al., 2007; del Giorgio
and Bouvier, 2002; Doherty et al., 2017). The lower concentrations of
organic substrates seaward (CDOM and DOC) (Fig. 2, Fig. S2) could
cause the decrease in %HNA. Nonetheless, this interpretation contra-
dicts the observed absolute increase in the abundances and the FL/SSC
for HNA and LNA assemblages seawards (Fig. 6e, f). Therefore, %HNA
might not be an appropriate indicator of bacterioplankton activity since
it is likely to be affected by taxonomy and by bottom-up and top-down
ecological regulation (Bouvier et al., 2007; Van Wambeke et al., 2011;
Vila-Costa et al., 2012). Although such data are not available for the Gulf
of Nicoya, differences in grazing and viral lysis rates upon HNA and LNA
assemblages along the estuary, can also significantly affect the pro-
portions of HNA and LNA cells (Campbell and Kirchman, 2012). In
addition, the transport by the river of allochthonous microbial taxa,
terrestrial or riverine, and their potential inactivation in more marine
conditions might affect the HNA and LNA spatial patterns along the
estuary (Marín-Vindas et al., 2023; Ruiz-González et al., 2015; Stadler
and del Giorgio, 2022).

Single-cell characteristics, like cell size (SSC) and the content of
nucleic acid normalized to cell size (FL/SSC), showed a different pattern
in both bacterial subgroups (Fig. 4e, f). SSC changed little along the
estuary, being the maximum observed for HNA bacteria in the surface of
Sta. 3 during the rainy season, coinciding with the maximum in NCP
(Fig. 2f). SSC maximum for LNA bacteria was observed at Sta. 1 during
the rainy season, where the inputs of allochthonous material from the
river were higher (Seguro et al., 2015; Soria-Píriz et al., 2017). The
relatively little changes in SSC contrast to what was reported for the
temperate Haihe River estuary (China) where SSC varied more than FL
(Liu et al., 2016). On the contrary in the Tempisque Estuary, FL/SSC
increased along the estuary for both HNA and LNA bacteria subgroups
(Fig. 4e, f). FL/SSC in heterotrophic bacteria is an estimator of the size-
specific content of nucleic acids per bacterial cell, changing in response
to differences in metabolic activity and growth rate (Gasol et al., 1995;
Vadia et al., 2017). Therefore, the increase in labile carbon substrates
seawards as a result of autochthonous phytoplankton production likely
stimulate bacterial production and growth as suggested by the increase
of FL/SSC. However, with our dataset we can rule out that the observed
increase in FL/SSC along the estuarine gradient might be partially due to
taxonomic changes in the bacterial community as well (Campbell and
Kirchman, 2012; Jeffries et al., 2016).

Overall, our data clearly indicate that the different components of
the bacterial community (HNA and LNA cells) seem to show a distinct
distribution in terms of abundance and acid nucleic contents per cell
size, which likely is due to differences in their ecological drivers along
the estuary, although we cannot at this stage identify such drivers or
their mechanism of action. Changes in abundance and single-cell
properties of small phytoplankton and bacteria assemblages are likely
to result in cascading changes in higher size planktonic organisms and
macroorganisms in the Gulf of Nicoya.

3.4. Changes in the microbial community structure and correspondence
with environmental gradients along the estuary

To analyse the potential changes of the microbial community as a
whole in the inner part of the Nicoya Gulf, an nMDS ordination analysis
of the sampling stations along the estuarine gradient was carried out.
Sampling stations were ordered using three levels of complexity to
describe the microbial communities formed by the different photo-
trophic and heterotrophic assemblages, 1) abundances, 2) only single-
cell characteristics, and 3) abundances and single-cell characteristics
(Fig. 5). Since the environmental based n-MDS analysis clearly differ-
entiated the surface and bottom transects done during the rainy and dry
seasons (Fig. 2g), here we explored the overall changes of the microbial
community in each season (Fig. 5). The horizontal axis in all microbial
community based ordinations was associated with the estuarine
gradient, both in the rainy and dry seasons. Changes in salinity, CDOM,
DIN and PO43− along the estuary showed the highest correlations with
the horizontal axis in the microbial community based ordination plots
(Fig. 5). Surface and bottom samples tended to separate in the vertical
axis during both the rainy and dry seasons as well, but the differences
were generally higher during the rainy season. The higher difference in
the microbial community during the rainy season is likely associated
with a higher stability of the upper water column due to higher input of
fresh water, which tends to float over the denser bottom sea water
(Fig. 2). This higher hydrodynamic separation between the surface and
bottom layers during the rainy season likely favoured the occurrence of
significantly different microbial communities along the estuary in both
surface and bottom water layers (Fig. 5, Table S2). It is interesting to
notice that the inclusion of single-cell characteristics like FS and SSC of
the different microbial groups as additional descriptors of the commu-
nity resulted in a higher separation between surface and bottom samples
during the rainy season (Fig. 5a, c, e). The differences between the
surface and bottom microbial communities were statistically clear only
when single-cell characteristics were included as community descriptors
(PERMANOVA, Table S2). Therefore, changes in single-cell character-
istics of the pelagic microbial community seems to be a complementary
descriptor, which is apparently more sensitive to changes in environ-
mental conditions than changes in abundances.

The overall congruence between the changes in the pelagic microbial
community structure, characterised by 1) abundances, 2) single-cell
characteristics and 3) abundances plus single-cell characteristics of the
different phototrophic and heterotrophic assemblages (Fig. 5), and the
differences in the environmental variables along the estuarine gradients
(Fig. 3) was tested using spearman rank correlations of the dissimilarity
matrices. These analyses showed that 1) the description of the microbial
community in term of abundances, single-cell characteristics and
abundances plus single-cell characteristic was statistically clearly
correlated in both seasons and, 2) the ordinations in terms of the mi-
crobial community structure and the environmental variables were only
clearly correlated for the dry season, independently of the level of
description of the microbial community (Table S3). This suggests a
higher degree of ecosystem coupling along the estuary between the
community structure and environmental gradients during the dry
respect to the rainy season.

During the dry season, the higher differences in ordination of sam-
pling stations along the estuarine gradient and between surface and
bottom layers in the water column were observed at the head of the
estuary (Sta. 1). The structures of microbial communities along the other
stations (Sta. 2 - Sta. 5) were very similar as suggested by their proximity
in the nMDS plots. Nonetheless, despite this higher homogeneity with
respect to the rainy season, differences between surface and bottom
layers were consistent and more evident when single-cell characteristics
were included as additional descriptors of the microbial community
structure (Fig. 5b, d, f, Table S2). The separation between Sta. 1 and the
rest of the estuary observed in the ordination of the environmental
variables (Figs. 2, 3), suggested the presence of an ecotone between
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Fig. 5. nMDS ordinations of the five stations sampled along the inner part of the Gulf of Nicoya during July 2011 (rainy) and April 2012 (dry) based on the
dissimilarity matrix (Euclidean distances) of the normalized cytometric variables (0 to 1) of different microbial assemblages at the surface and bottom water layers.
The nMDS analyses was repeated with three levels of complexity in the description of the microbial community: 1) using exclusively cell abundances as descriptors
(a, b), 2) only single-cell characteristics (c, d) and 3) abundance and single-cell characteristics (e, f). Abundance (Ab), single-cell characteristics (SSC and FL/SSC
abbreviated in the graph as S and FS respectively) of the microbial groups i.e. Synechococcus phycoerythrin-rich cells (SynPE), Synechococcus- phycocyanin-rich cells
(SynPC), picoeukaryotes (PEuk) and nanoeukaryotes (NEuk), high nucleic acid bacterial cells (HNA) and low nucleic acid bacterial cells (LNA).
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Sta.1 and Sta. 2, associated to steepest salinity gradient, which might
affect to the microbial community. Previous results showed that this
ecotone affected the microplankton community in both seasons (Seguro
et al., 2015). However, the result presented here indicates that the small
size fractions microbial assemblages were only clearly affected by this
ecotone during the dry season (Fig. 5). It is unclear whether this is a real
ecological difference between different pelagic microbial size fractions
or is due to a methodological bias. Seguro et al. (2015) used optical
microscopy to identify microplankton and therefore the ‘species’ vari-
ables resolution was higher than that allowed by the FC analysis used
here. In addition, biotic factors such as competition and grazing could
affect the distributions of microbial groups along the estuarine gradient
(Chen et al., 2009).

3.5. Coupling between microbial assemblages along the estuarine gradient

Coupling, defined as the degree of covariation in space and time
between the descriptors of communities or ecosystems, is a natural
feature that emerges from the functional relationships among their
components (Ochoa-Hueso et al., 2021). Here we analysed the level of
coupling between the different microbial assemblages using the values
of the Spearman correlation coefficient (r) estimated from the pairwise
spatiotemporal distributions of abundances and single-cell characteris-
tics (Ochoa-Hueso et al., 2021; Rastetter, 2011; Risch et al., 2018). The
simple visual comparison of the Spearman correlation matrix and
network plots for both seasons shows an evident higher number of sta-
tistically clear r values during the dry season compared to the rainy
season (Fig. S5, Fig. 6), suggesting a higher functional connectivity be-
tween the microbial groups during this season. Coupling can also be
quantified by the average value of r, its median value, or by the number
of significant r values with respect to the total possible pairwise re-
lationships (Ochoa-Hueso et al., 2019; Ochoa-Hueso et al., 2021; Risch
et al., 2018). All these measurements were clearly higher during the dry
season, indicating a higher degree of coupling among the pelagic mi-
crobial assemblages during the dry season respect to the rainy period in
the inner part of the Nicoya Gulf (Table 1, Fig. 6).

The higher degree of coupling observed during the dry season in-
dicates a system shift to a more complex network of energy and matter
exchange in the pelagic environment during this season in comparison
to the rainy period (Ochoa-Hueso et al., 2021; Risch et al., 2018;
Schlesinger et al., 2011; Yuan and Chen, 2015). While this is a clear
result emerging from our dataset, it is less clear why and how this oc-
curs. The answers to these questions are beyond our present, very
limited, knowledge on the ecology and biogeochemistry of the Tem-
pisque Estuary (Gómez-Ramírez et al., 2019; Kress et al., 2002; Marín-
Vindas et al., 2023; Seguro et al., 2015; Soria-Píriz et al., 2017). With the
information available, we can hypothesize that the seasonal changes in
the river discharge, which affects the water column structure and resi-
dence time within the estuary, in addition to the differences in the
amount of suspended solid, organic matter and inorganic nutrients
entering the estuary with the freshwater input in every season, are key
factors explaining the differences observed in the coupling between
abiotic variables and biotic interactions. These changes likely trigger
several interconnected bottom-up and top-down processes that are
responsible for the observed change in the pelagic microbial community
along the estuary and with season (Fig. 6). The higher uncoupling be-
tween bacterial and photosynthetic assemblages during the rainy season

Fig. 6. Network diagram of absolute correlations among the abundance (Ab) and the single-cell characteristics (SSC and FL/SSC abbreviated in the graph as S and FS
respectively) of the microbial groups i.e. Synechococcus phycoerythrin-rich cells (SynPE), Synechococcus- phycocyanin-rich cells (SynPC), picoeukaryotes (PEuk) and
nanoeukaryotes (NEuk), high nucleic acid bacterial cells (HNA) and low nucleic acid bacterial cells (LNA) during July 2011 (rainy) and April 2012 (dry). The width
and the color of the lines (edges) is proportional to the strength of the absolute value of the correlation. Only correlations with p-value <0.05 were represented.

Table 1
Measures of coupling between the microbial groups characterised by abundance
and single-cell properties (size and fluorescence) during the rainy and dry sea-
sons. Average Spearman correlation coefficient (r) ± standard deviation (sd),
median value of r (rmedian) and number of statistically significant r values respect
to total number of possible significant r (rsig/rtotal

)
. rtotal can be calculated from

the correlation matrix (Fig. S5) as (n(n-1))/2. Kruskal-Wallis and Wilcoxon tests
were carried out to test the significance of the mean and median of the absolute
values of the coefficient of correlations respectively. Both tests were significant
at * p < 0.05.

Rainy Dry

r ± SD 0.36 ± 0.28 0.44 ± 0.25 (Kruskal-Wallis,*)
rmedian 0.30 0.39 (Wilcoxon,*)
rsig/rtotal 0.42 0.65
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can be explained by the higher allochthonous OC discharges from the
Tempisque River with lower CDOM slope and the lower autochthonous
NCP due to the higher turbidity and reduced light availability
(Andersson et al., 2018; Barrera-Alba et al., 2008). Under non-limiting
DOC conditions, heterotrophic bacterioplankton outcompetes phyto-
plankton for N and P, taking advantage of their lower surface/volume
ratio (Hitchcock et al., 2010). Therefore, during the rainy season, the
high DOC inflow to the Gulf of Nicoya could potentially change the
system to an allochthonous C dominated system, with enhanced
importance of bacterioplankton in the transfer of C to higher trophic
levels, via the detrital food chain (Barrera-Alba et al., 2009; Sherr and
Sherr, 2000). By contrast, during the dry season the lower allochthonous
DOC inflow from the river discharge and the higher availability of fresh
labile DOC from autochthonous phytoplankton primary production
likely increased the coupling between phytoplankton and heterotrophic
bacteria (Fig. 6 and 7). Therefore, the spatiotemporal changes in the
relative contribution of allochthonous and autochthonous C along the
estuarine gradient is most likely a strong determinant for the degree of
coupling between different components of the photoautotrophic and
heterotrophic microbial communities (Fig. 6). Thus, the changes in the
amount and lability of organic compounds along the estuary could
trigger the observed shift in the taxonomic composition of the bacter-
ioplankton community with season (Marín-Vindas et al., 2023) and their
degree of coupling.

4. Conclusions

Based on their flow cytometry characteristics, six different microbial
assemblages were distinguished in the inner Gulf of Nicoya, four
photoautotrophic assemblages (phycocyanin and phycoerythrin Syn-
echococcus, picoeukaryotes and nanoeukaryotes) and two bacterial as-
semblages (HNA and LNA cells). The spatiotemporal distribution of
these microbial assemblages changed along the estuarine gradient, be-
tween surface and bottom waters and between the rainy and dry sea-
sons. Changes in salinity, concentration and lability of DOC,
concentration of DIN and PO43− and NCP, which can directly affect the
growth of the microbial assemblages, were the main potential ecological
drivers of these changes. However, each microbial assemblage along the
estuary showed different responses to environmental changes, suggest-
ing different ecological regulation, which needs to be further investi-
gated. The multidimensional ordinations, based on the structure of the
microbial community at three levels of complexity: abundance, single-
cell characteristics, and by abundance plus single-cell characteristics,
correlated statistically clearly with the ordination based on environ-
mental variables only during the dry season. This suggests a higher-level
coupling between the structure of the microbial community and the
environmental conditions during this season. Moreover, coupling, as a
proxy of the community and ecosystem network complexity and deter-
mined as the number of statistically clear correlation coefficients and
their absolute values, was clearly higher during the dry season. There-
fore, microbial assemblages presented a larger number of in-
terconnections, and of higher intensity, among their abundances and
single-cell properties along the estuarine gradient during this season.
This occurred between the phytoplankton and bacterioplankton func-
tional groups as a whole, but also among specific microbial assemblages
within each of these functional groups. Further experimental work is
needed to uncover the specific mechanisms involved in these changes
between the rainy and dry seasons. However, by analogy with other
studies and in accordance with the data presented here, the seasonal
changes in the river flow and the associated environmental changes, in
particular the proportion between allochthonous and autochthonous
dissolved organic carbon might play an important role, at least in the
higher degree of coupling between phytoplankton and bacterioplankton
groups during the dry season. Overall, the results presented here support
1) the use of single-cell properties, derived from flow cytometry mea-
surements, as relevant descriptors of the structure of microbial

communities in addition to abundance; 2) the usefulness of quantifying
the degree of coupling to compare aquatic microbial communities and
ecosystems among them, as well as with terrestrial ones within the same
unified conceptual framework to derive more general conclusions on
coupling and functioning of ecosystems.
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