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Abstract

Reef-building corals form the calcium-carbonate frameworks that underpin tropical coral reefs, yet
global coral cover has declined by ~50% in recent decades, due to marine heatwaves and other
stressors. Identifying refugia environments, such as upwelling systems, that buffer stress, promote
recovery, and enhance resilience by promoting physiological plasticity that supports thermotolerance
is therefore critical. Here, we compared benthic community composition, coral percent cover, and
photophysiology between an upwelling location in the Gulf of Papagayo and a non-upwelling
location in Samara on the Pacific coast of Costa Rica. Waters in Papagayo were cooler, more acidic,
and richer in chlorophyll a. Reefs at this location exhibited higher crustose coralline algae, higher sea
urchin cover, and lower macroalgae cover, compared to Samara. Papagayo also showed higher stony
coral cover, driven by Pocillopora spp., while Samara was dominated by massive, heat-tolerant
Porites spp.. When significant, photophysiological measurements showed 9.7 - 44.5% higher
photosynthetic efficiency (Fv//Fw') in Papagayo corals and 19.94 - 42.75 % higher maximum
photosynthetic rates (Pmax) in Samara corals. These results highlight how contrasting environmental
regimes within a relatively small geographic area can shape distinct coral community compositions
and photophysiological strategies, with implications for identifying areas of reef persistence or
refugia.

Keywords: coral reefs; coral photophysiology; benthic community composition; seasonal upwelling;
Eastern Tropical Pacific; thermal refugia

1. Introduction

Tropical coral reefs are among the most biologically diverse and economically valuable
ecosystems on Earth, yet they are increasingly threatened by climate-driven stressors, particularly
ocean warming and ocean acidification [1-3]. The persistence and ecological success of coral reefs
depend on the intracellular symbiosis between corals and dinoflagellates [4]. However,
environmental stress can destabilize this partnership, resulting in the loss of photosymbionts in a
process known as coral bleaching [5]. Elevated sea surface temperatures have driven recurrent mass
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bleaching events worldwide, leading to widespread mortality, structural degradation, and loss of
ecosystem function [2,6]. Concurrently, rising atmospheric CO2 has altered seawater carbonate
chemistry, reducing pH and aragonite saturation state (Qarag), which can impair coral calcification
and skeletal integrity [7,8]. Together, these stressors pose a substantial threat to reef persistence over
the coming decades.

Despite these global trends, coral reef responses to climate change vary markedly across space,
indicating that local environmental conditions can strongly shape coral vulnerability and resilience
[9,10]. This spatial variability has driven growing interest in identifying natural refugia, that is,
locations where physical or biological processes mitigate exposure to extreme thermal stress or
enhance recovery potential [11,12]. Among these, coastal upwelling systems have emerged as
candidate refugia due to their capacity to deliver cooler, nutrient-rich waters to shallow reef
environments, thereby buffering corals from acute thermal extremes [1,13]. However, upwelling also
brings CO:z-rich, lower-pH waters, raising important questions about whether thermal benefits
outweigh the potential costs of chronic or episodic acidification [14,15].

The Pacific coast of Costa Rica provides a valuable natural laboratory for examining these
dynamics. Reefs in this region experience pronounced seasonal and interannual variability driven by
wind-forced upwelling and El Nino-Southern Oscillation (ENSO). The Gulf of Papagayo, located
along the Pacific coast of Costa Rica, is one of the most intense and persistent upwelling centers in
the Eastern Tropical Pacific (ETP), experiencing seasonal upwelling from December through April
[16-18]. In contrast, nearby low upwelling regions are characterized by warmer, more thermally
stable conditions and comparatively benign carbonate chemistry [19]. Few studies have considered
this proximal spatial juxtaposition, which offers a powerful opportunity to disentangle the ecological
and physiological consequences of upwelling exposure for coral reef communities under
contemporary climate conditions. While direct studies of coral refugia in Costa Rican upwelling
zones are lacking, research from the Pacific coast of Panama demonstrates that upwelling can buffer
reefs from thermal stress [13,20]. Recent work further suggests that corals exposed to seasonal
upwelling endure more stressful baseline conditions, potentially contributing to elevated thermal
thresholds, as inferred from host protein profiles [21].

Reef health and functioning emerge from the combined influence of reef structure, benthic cover,
and biological diversity [22]. Structural complexity, generated by the three-dimensional framework
of reef-building corals and other calcifying organisms, shapes habitat availability and ecological
interactions, while metrics such as rugosity quantify this physical template [22,23]. At the same time,
benthic cover and species richness provide complementary information on the biological state of
reefs, reflecting patterns of dominance, functional roles, and demographic processes. Changes in
coral cover, the relative abundance of benthic groups, and the identity and number of coral taxa can
each signal shifts in reef condition, even when other metrics remain relatively stable [24-26]. Beyond
structural and compositional metrics, coral photophysiology, typically assessed through chlorophyll
fluorescence parameters such as the maximum quantum yield of photosystem II (Fv/Fn), provides a
sensitive, sub-lethal indicator of the functional status of the coral-Symbiodiniaceae association, often
detecting stress responses well before visible bleaching or mortality occur [27,28], Considered
together, reef structural complexity, benthic cover, species composition, and coral photophysiology
offer an integrated framework for assessing reef health and resilience, capturing both the physical
foundation of reefs and the ecological and physiological processes that sustain them under
environmental change.

Here, we investigated environmental variability, reef rugosity, benthic community composition,
and coral photophysiological performance across upwelling-influenced reefs on the Pacific coast of
Costa Rica, specifically in the strong upwelling location of the Gulf of Papagayo and a nearby weak
upwelling location at Sdmara. By integrating physical, chemical, ecological, and biological data, this
study evaluates the potential for upwelling systems to function as thermal refugia for coral reefs.

2. Materials and Methods
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2.1. Study Location and Data Collection

The study was conducted at two locations along the Pacific coast of Costa Rica that experience
contrasting seasonal upwelling regimes (Figure 1a). The Gulf of Papagayo (10.608739N 85.703523W)
(Figure 1b) is influenced by frequent and strong upwelling, while Samara Bay (9.864684N 85.51266W)
is characterized by low upwelling conditions (Figure 1c). Strong wind jets that originate from the
intensification of the trade winds and the southwardly intrusion of cold air masses during boreal
winter, funnel through lowland gaps in Central America, resulting in strong offshore winds and
subsequent upwelling [29] enhancing primary productivity and supporting diverse marine life. In
comparison, Samara Bay experiences weak upwelling, resulting in more stable and warmer seawater
conditions throughout the year. Environmental and biological/ecological data were collected
between 1-8 February 2025 and 13-22 February 2026 from 6 sites within the Gulf of Papagayo, from
depths of 7.8- 10.8 m, and 4 sites within Sdmara Bay from depths of 2.5-9.5 m. Fieldwork for this
research was conducted under the research permit No. ACT-OR-DR-111-2024 issued by the Sistema
Nacional de Areas de Conservaciéon (SINAC), Ministry of the Environment, Costa Rica.
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Figure 1. (a) Map of the two locations along the Pacific coast of Costa Rica, namely (b) Gulf of Papagayo,
Guanacaste (10.6087N 85.7035W), and (c) Samara Bay (9.8647N 85.5127W).

2.2. Environmental Conditions

Vertical profiles of temperature (°C), salinity (PSU), and chlorophyll-a (ug/L) were measured on
board the vessel using a cage Sea-Bird SBE-19 Conductivity Temperature and Depth Sensor (CTD)
[CTD; Sea-Bird Scientific, Bellevue, WA, USA]. Vertical profiles of pH were also measured by hand-
lowering a YSI ProDSS Multiparameter Water Quality Meter [YSI Inc., Yellow Springs, OH, USA].
Discrete seawater samples for carbonate chemistry and dissolved inorganic nutrient analyses were
collected by SCUBA using a 5-L Niskin bottle that was filled and closed in subsurface waters just
above the coral communities. Three, 300 ml cleaned and combusted glass Biochemical Oxygen
Demand (BOD) bottles were filled at each site, one for Dissolved Inorganic Carbon concentration
(DIC) and Total Alkalinity (TA), and two for replicate pH measurements. Bottles were fully rinsed
twice with seawater while tapping on the side of the bottle to eliminate any air bubbles before filling
and capping the sample. Samples were then preserved with 0.02% HgCl., sealed, and kept on ice on
the boat and then stored at 4 °C on land. All but one of Sdmara’s set of discrete carbonate chemistry

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1556.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 May 2026 d0i:10.20944/preprints202605.1556.v1

4 of 19

samples were largely lost, while six discrete seawater samples were obtained from Papagayo.
Remaining samples were analyzed for pH and TA/DIC at the University of New Hampshire (USA).
PHT (pH on the Total Scale) was measured at 25 °C with purified meta-cresol purple [30] using 10
cm pathlength cylindrical glass cells and an Agilent Technologies Cary 8454 UV-Vis spectrometer
[21]. DIC was measured using an Apollo SciTech AS-C2 [Apollo SciTech, Newark, DE, USA]
automated analyzer. Certified seawater reference materials were used to determine DIC
concentration by preparing a calibration curve covering the range of DIC from 200 to 2000 pumol kg
[32]. TA was determined utilizing titrations performed by a custom-built titration apparatus,
following the approach of Standard Operating Procedure 3b [33]. Additional carbonate system
parameters, including aragonite saturation state (Qarag), calcite saturation state (Qcic), pCO2, HCO?,
and COs* were calculated using PyCO2SYS [34] with pressure, temperature, salinity, TA, and DIC as
the inputs [35].

Subsurface seawater from the 5-L Niskin bottle was also used to collect dissolved inorganic
nutrient samples at each location as follows: three 50 mL replicates were collected and filtered
through 0.2 um sterile SFCA membrane syringe filters [Corning, Corning, NY, USA] using sterile B-
D 60 mL syringes for Silicate (SiO2) content, and three 50 mL aliquots were collected for nitrate and
phosphate (NO3/PO4). Samples were stored at -20 °C until processing. All labware was acid-washed,
and samples were thawed to 4°C for processing. Calibration curves were generated using certified
reference standards (KANSO Technos), and all samples were analyzed in triplicate with quality
controls and blanks included in each run. Nutrient concentrations were determined using an AQ400
Discrete Analyzer (Seal Analytical) following standard colorimetric methods: nitrate (Method SEA-
122-C Rev. 1), phosphate (Method SEA-156-C Rev. 1), and silicate (Method SEA-124-C Rev. 1).

2.3. Benthic Rugosity

To evaluate the structural complexity of the reef between locations, three-dimensional
photogrammetric models of reef rugosity were generated using 5 x 5 m plots at each site. Images
were collected by SCUBA diving with a GoPro Hero 12 in video mode (5.3K, 25 fps, wide-angle
setting) with Bigblue Tech Dive Lights [36]. In each plot (6 in Sdmara and 6 in Papagayo), targets were
set. In order to ensure ~85% overlap between frames, videos were captured following a lawnmower
pattern 1-2 m above the plot at a slow pace (~0.3-0.4 m/s), minimizing gaps in the resulting 3D
reconstructions. Between 1,800 and 2,200 frames were extracted from each of the videos and
processed in Agisoft Metashape Professional (version 2.2.1) to create digital elevation models
(DEMs). The standard photogrammetric workflow was applied: image alignment, dense point cloud
generation, and model scaling based on known reference marker dimensions [37,38]. Rugosity was
calculated from the digital elevation model (DEM,; .tif). The DEM was imported into R (v4.3.1) using
the ‘rast” function in the terra package, and terrain slope (radians) was derived with ‘terrain’. For
each rast cell, 3D surface area was computed as the cell planar area divided by the cosine of slope,
and rugosity was expressed as the ratio of 3D surface area to 2D planar area (i.e., the product of cell
resolutions) [39]. Because the rast contained a large number of cells, we randomly subsampled up to
1,000,000 rugosity values for statistical analyses using ‘sample’, ensuring a representative dataset
while reducing computational demands.

2.4. Benthic Coverage

To quantify benthic cover, photo-quadrat surveys were conducted along randomly selected 30
m transects. Images were collected approximately every 2 m using a 0.5 m2 PVC quadrat frame (n =
15 quadrats per transect, 6 transects per site, 4 sites in Sdmara and 6 sites in Papagayo). A Canon G7X
Mark III camera in a Nauticam housing, fitted with a Fantasea Line UWL-09 67 mm wide-angle lens
and illuminated with two Sea&Sea YS-D3 strobes, was mounted to the quadrat frame at a fixed height
of 0.5 m above the reef to standardize image scale and lighting across samples/images [40]. Images
were analyzed in CoralNet by annotating 25 randomly distributed points per quadrat. Points were
manually classified to estimate the percent cover of 8 functional groups, including stony corals, soft
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corals, macroalgae, crustose coralline algae (CCA), sea urchins, filter feeders, and other benthic
coverage. [35].

2.5. Photophysiology

In situ photophysiological measurements were taken at each location on Pocillopora spp., Porites
spp., Pavona spp., and Psammocora stellata using a diver-operated Fluorescence Induction and
Relaxation (FIRe) system [28], following protocols outlined by [28,41-43]. The Diving FIRe is
programmed to conduct measurements in dark (when the sample is shaded, even during the
daytime) and under saturating ambient light. The dark measurements provide information about
characteristics that control the photosynthetic performance under low light (i.e., the initial slope of
the photosynthesis-versus-irradiance curve), while measurements under saturating light yield the
maximum photosynthetic rates (Pmax).

For each of these sampling routines, the FIRe protocol comprises two distinct phases. In the first
phase, a brief but intense 100-millisecond single-turnover flash is applied to saturate Photosystem II
(PSII) within a single turnover. This step allows for the determination of key photosynthetic
parameters, including the maximum quantum yield of PSII photochemistry (Fv'/Fn'), the functional
absorption cross-section of PSII (Sigma: oPSII, in A?), and the connectivity parameter (9), which
determines the probability of excitation energy transfer between adjacent PSII units (dimensionless)
[28]. When the measurements are conducted on corals adapted to low or medium in situ irradiance,
as on corals in turbid waters in the Papagayo, the measured F.'/Fx’, yields are very close to the dark-
adapted values Fv/Fm, The second phase employs weak modulated light over a 200-millisecond
period to capture the relaxation kinetics of fluorescence, which reflects the reoxidation kinetics of
QA- used to derived the time constant tau (t), for electron transport on the acceptor side of PSII. To
measure the maximum photosynthetic rate (Pmax), the FIRe protocol is executed under saturating
ambient light, which is automatically adjusted to an optimal level by the instrument computer,
depending on the sample’s photosynthetic properties [28]. The absolute maximum rate (Pmax, in units
of electrons s-1 per PSII) is calculated from the kinetic analysis of the fluorescence relaxation [28].
This kinetic analysis implemented in the FIRe instrument allows for Pmax measurements in absolute
units, so that numbers are not affected by highly variable pigment densities (i.e., “pigment
packaging” effect); in turn, the values of Pmax can be accurately compared between different samples.
Thus, measured Pmax reflects the so-called photosynthetic turnover rate, which is a characteristic of
the overall rate of energy conversion efficiency from PSII to the carbon fixation cycle [44]

To account for intra-colony variability due to differences in ambient light exposure, five
measurements are taken across different regions of each coral. Shaded areas, acclimated to low light,
provide more accurate assessments of dark-adapted parameters (e.g., F'/Fm": photosynthetic
efficiency), while sun-exposed regions of the coral conies offer accurate measurements of Pmax and the
photosynthetic turnover rate.

2.6. Statistics

All datasets were tested for normality and homogeneity of variances by applying the Shapiro-
Wilk test (n < 50) or Kolmogorov—-Smirnov test (n > 50), together with Levene’s test for equality of
variances [45—47]. When assumptions for parametric statistics were met, data between Sdmara and
Papagayo were compared using the parametric Student’s t-test (only for photophysiology data for
Sigma and connectivity parameter for Pavona spp.). When assumptions were not met, a non-
parametric Mann—-Whitney U test [48] was used for temperature, pH, salinity, chlorophyll-a, nitrate,
phosphate, silicate, Fv'/Fn’, Fm, Pmax, T, 0PSII, and o for all other species were non-parametric in Python
3.11 using the SciPy statistical package [49]. Rugosity between sites was compared using Welch’s t-
test, whereas benthic functional groups and cover of individual coral taxa were compared using the
Mann-Whitney Test in R (R Core Team, 2024) using packages including tidyverse [50-52] rstatix [53],
and ggpubr [53].
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3. Results

3.1. Environmental Conditions

Papagayo showed significantly lower temperature and pH and higher salinity and chlorophyll-
a concentration compared to Samara (Mann-Whitney test, p < 0.001, Figure 2, Table S1). While
phosphate and nitrate were not different between locations, silicate was significantly lower in
Papagayo compared to Samara (Mann-Whitney, p <0.001; Figure 2, Table S1). All but one of Sdmara’s
set of discrete carbonate chemistry samples were largely lost, and although discrete data were
obtained from six sites in Papagayo, statistical comparisons between locations were not possible.
Therefore, we report here only qualitative trends. Seawater pH was significantly lower in Papagayo
compared to Samara, and carbonate ion (COs*), aragonite saturation state (Qarag), and calcite
saturation state (Qeic) showed comparable trends between locations, whereas TA, DIC, pCO2, and
bicarbonate (HCO?%*) showed higher values in Papagayo (Table S1).
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Figure 2. Temperature (°C), Salinity (PSU), Chlorophyll-a (ug/L), pH, Nitrate (uM), Phosphate (uM), and Silicate
(uM) in Samara and Papagayo. The boxes limit the 25th and 75th percentiles, and the line within the boxes marks
the medians. Whisker length is equal to 1.5xinterquartile range (IQR). Circles represent outliers. *** p <0.001.

3.2. Benthic Rugosity

Reef structural complexity, quantified as rugosity, did not differ significantly between Papagayo
and Samara (Welch t-test, p < 0.05, Figure 3). Mean rugosity was higher at Papagayo (mean = 2.23)
compared to Sdmara (mean = 1.78). Although this difference did not reach conventional statistical
significance, the effect size was large (Cohen’s d = 1.29), indicating substantial separation between
sites. Variability in rugosity was greater at Papagayo, as reflected by a wider interquartile range and
greater dispersion of observations, whereas values at Samara were more tightly clustered. Overall,
rugosity exhibited a consistent directional trend toward higher structural complexity at Papagayo,
suggesting a potential biologically meaningful difference between sites that may not have reached
statistical significance due to limited sample size.
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Figure 3. Reef rugosity at Papagayo and Samara. The boxes limit the 25th and 75th percentiles, and the line
within the boxes marks the medians. Whisker length is equal to 1.5xinterquartile range (IQR). N = 6 at each
location.

3.3. Benthic Cover

Benthic community structure differed between Papagayo and Sdmara in a taxon- and functional
group-specific manner. Stony coral cover was significantly higher in Papagayo compared to Samara
(Mann-Whitney Test, p <0.001, Figure 4a, Table S3). Crustose coralline algae (CCA) exhibited
significantly higher cover at Papagayo (Mann-Whitney Test, p < 0.001, Figure 4a, Table S3), while
macroalgae were significantly more abundant at Sdmara (Mann-Whitney Test, p < 0.001, Figure 4a,
Table S3). Sea urchin cover was also significantly higher at Papagayo (Mann-Whitney Test, p < 0.001,
Figure 4a, Table S3), while soft corals were significantly higher in Samara (Mann-Whitney Test, p <
0.05, Figure 4a, Table S3). No significant differences were detected in filter feeders and other (i.e.,
gravel, sand, dead coral, rock, unknown) cover between locations (Mann-Whitney Test, p < 0.05,
Figure 4a, Table S3). Analyses at finer taxonomic resolution revealed significant differences among
individual coral taxa. Cover of Pavona spp. and Pocillopora spp. was significantly higher at Papagayo
(Mann-Whitney Test, p < 0.001, Figure 4b, Table S4), whereas Psammocora stellata and Porites spp.
exhibited higher cover at Samara (Mann-Whitney Test, p <0.001, Figure 4b, Table 54).
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Figure 4. Comparison of benthic cover (%) between Papagayo and Samara across functional groups and coral
taxa. (a) Benthic functional groups, including crustose coralline algae (CCA), stony coral, filter feeders,
macroalgae, sea urchins, soft corals, and other (i.e., gravel, sand, dead coral, rock, unknown). (b) Cover of
individual coral taxa, including Pavona spp., Pocillopora spp., Porites spp., and Psammocora stellata. The boxes limit
the 25th and 75th percentiles, and the line within the boxes marks the medians. Whisker length is equal to
1.5xinterquartile range (IQR). Asterisks denote significant differences between sites based on the Mann-Whitney
Test, ** p <0.001, ** p < 0.01, * p < 0.05. NS indicated non-significant differences.
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3.4. Photophysiology

Photophysiology data were grouped by depth (shallow < 8 m, deep > 8 m) at both locations to
account for possible light-driven effects. At shallow depths, Fv'/Fn' values were significantly higher
in Papagayo than in Samara for Pocillopora spp., Porites spp., and Pavona spp. (Mann-Whitney, p <
0.05, Figure 5a; Table S2). At the deeper depths, Fv'//Fn' values were significantly higher in Papagayo
than in Sdmara for Porites spp. and Pavona spp. (Mann-Whitney, p <0.001, Figure 5a, Table S2). There
were no significant differences between locations for Fv'/Fw’ in Psammocora stellata. At shallow depths,
Fm values were significantly lower in Papagayo than in Samara for Porites spp. and Psammocora
stellata (Mann-Whitney, shallow p < 0.001, Figure 5b, Table S2). At deeper depths, Fm values were
significantly lower in Papagayo than in Samara for Pavona spp. and significantly higher in Papagayo
than in Sdmara for Porites spp. (Mann-Whitney, deep p < 0.001, Figure 5b, Table S2). There were no
significant differences between locations for Fm in Pocillopora spp.. At shallow depths, Pmax values
were significantly lower in Papagayo than in Sdmara for Pocillopora spp., Psammocora stellata (Mann-
Whitney, shallow p < 0.001, Figure 5c, Table S2), Porites spp., and Pavona spp. (Mann-Whitney,
shallow p <0.01, Figure 5c, Table S2). At deeper depths. Pmax values were significantly lower in
Papagayo than in Sdmara for Porites spp. (Mann-Whitney, deep p <0.001, Figure 5¢, Table S2) and
Pavona spp. (Mann-Whitney, shallow p <0.01, Figure 5c, Table S2). All other photophysiological
parameters, including t, oPSII, and ¢ showed no significant differences (Figure S1). Overall, corals in
Papagayo exhibited higher photochemical efficiency (Fv'/Fm' )but lower maximum photosynthetic
capacity (Pmax) compared to Sdmara across species.
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Figure 5. Photophysiological data for coral species Pavona ssp., Pocillopora spp., Porites spp., and Psammocora
stellata between shallow (< 8 m) and deep (> 8m) sites in Papagayo and Sdmara. a) Fv'/Fn' is the photosynthetic
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efficiency of photosystem II (PSII). b) Fm is the maximum fluorescence yield. c¢) Pmax is the Maximum Electron
Transport Rate. The boxes limit the 25th and 75th percentiles, and the line within the boxes marks the medians.
Whisker length is equal to 1.5xinterquartile range (IQR). “aa” indicates no significant difference, and “ab”
indicates significant differences between groups in either shallow or deep categories.

4. Discussion

This study examined how environmental conditions, reef structural complexity, benthic
assemblages, and coral photophysiology varied between strong upwelling-influenced reefs in the
Gulf of Papagayo and the weak upwelling reefs in Samara. Average temperatures, salinity, and pH
values (Figure 2, Table S1) in Papagayo are in agreement with data collected in a recent study in the
same area during the upwelling season [54]. Although statistical comparisons were not possible for
carbonate chemistry parameters due to limited sampling at Samara, DIC, TA, pCOz, HCO?*, COs 2,
Qarag, and Qe values in Papagayo followed those of upwelled waters [54]. For instance, the onset of
upwelling in the Gulf of Papagayo can cause drops in pH from 8.04 to 7.86 [54] and declines in
temperature by 10 °C within hours [29,56,512], down to 17 °C in severe upwelling events [52].
Samara’s location is close enough to share regional conditions with Papagayo; however, it is
sufficiently distant to reduce direct upwelling influence, resulting in a 10% higher observed average
temperature, ~4% lower average salinity, and ~1% higher average pH when compared to Papagayo.
While physical and chemical data for Southern Guanacaste are limited, reported average temperature
and salinity values from Sdmara during the non-upwelling season [57] are consistent with our
observations.

The Gulf of Papagayo exhibits strong seasonal variability in nutrient concentrations, with
elevated levels typically occurring during the dry season due to upwelling [58,59]. While our study
showed that nitrate and phosphate were not significantly different between locations, they do trend
higher in the Gulf of Papagayo compared to Sdmara. Notably, our values (0.191 + 0.127 uM PO+,
1.309 + 1.192 uM NOs') are comparably low to what we would expect in a high upwelling scenario
(Figure 2, Table S1) where previous work shows that phosphate, and nitrate concentrations can
increase 3-15 fold during upwelling events, reaching maxima of 1.3 umol PO,* L7, and 9.7 pmol
NOs™ L1 [59] . Upwelling-driven nutrient inputs in this region are known to stimulate phytoplankton
blooms, often reflected by increases in chlorophyll a concentrations up to 1.20 + 0.50 ug L during
upwelling events [59]. The higher chlorophyll a concentrations observed in our study (12.5 + 5.40 ug
L) suggest that upwelling indeed stimulated a substantial phytoplankton bloom. This bloom
development likely resulted in rapid biological uptake and subsequent drawdown of dissolved
nutrients, which may explain the relatively low nutrient concentrations at the time of our
observations. In agreement with this observation, silicate, which is a limiting nutrient required by
diatoms to construct their siliceous frustules [60], was significantly lower in Papagayo (0.538 + 0.623
M) compared to Samara (2.140 + 1.020 uM), likely reflecting silicate drawdown during commonly
occurring diatom-dominated phytoplankton blooms in the region [61]. Overall, our analysis indicates
that despite their close geographic proximity, these sites experience distinct environmental
conditions consistent with the different intensities of upwelling that shape the physicochemical
regimes under which corals grow.

Reef rugosity, known as the variation of amplitude in the height of a surface, is a proxy for
structural complexity [62,63]. While not significant, overall rugosity values trended higher in
Papagayo compared to Samara, suggesting that rugosity may support more coral reef accretion [64].
Our findings are consistent with model predictions that indicate higher reef accretion potential in
ETP upwelling zones (up to 5.5 mm yr-!) compared to weak upwelling regions (0.3 mm yr) [20], and
support the idea that coral growth might be enhanced under upwelling conditions. Furthermore, as
branching corals contribute more surface complexity than mound- or boulder-shaped corals [65], the
greater abundance of Pocillopora spp. in Papagayo compared to Samara, may explain the rugosity
observed at this location. Structural complexity and benthic community composition are tightly
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coupled in coral reef environments: habitat heterogeneity promotes benthic persistence, while the
composition of the benthos, in turn, shapes and maintains the physical structure of the reef [66].

Indeed, benthic cover differed across functional groups when comparing Samara and Papagayo.
The latter exhibited significantly higher stony coral, crustose coralline algae (CCA), and sea urchin
coverage, along with lower macroalgal cover and soft coral coverage compared to Samara.
Macroalgae are well-established competitors of corals, capable of suppressing coral growth and
reducing photosynthetic efficiency through direct interactions [67]. They also compete for benthic
space [68], and once established, can inhibit coral recruitment and persistence, making recovery of
coral-dominated states more difficult [69,70]. In the Gulf of Papagayo, seasonal upwelling and
associated nutrient enrichment are typically expected to promote algal proliferation and influence
benthic succession [71]. However, the lower macroalgal cover observed in Papagayo relative to
Sdmara suggests that additional ecological controls may be limiting macroalgal dominance. Sea
urchins such as Diadema mexicanum have been documented to play a key role in structuring benthic
communities in the ETP through grazing and bioerosion, with disturbances such as El Nino
increasing macroalgal abundance and subsequently eliciting a regulatory response from urchin
populations [72]. The higher abundance of sea urchins in Papagayo, therefore, suggests elevated
herbivory pressure in this area. Additionally, the barren benthic conditions resulting from herbivory
by sea urchins promote CCA-dominated substrates [73]. Notably, CCAs are early colonizers of newly
available benthic substrates, particularly in areas subjected to intense herbivory, as their encrusting
morphology and resistance to grazing allow them to rapidly establish and persist under these
conditions [74,75]. CCAs are known to facilitate coral larval settlement by providing both chemical
and microbial cues that induce attachment and metamorphosis [76,77]. This enhanced settlement
success can increase coral recruitment rates of stony coral populations, which may in part explain the
increasing trend in stony coral cover observed at the upwelling location.

When examining coral community cover, we observed species-specific differences between the
two locations. For instance, Pocillopora spp., and Pavona spp. dominated in Papagayo, while Samara
showed a higher cover in Psammocora stellata and Porites spp.. Our findings align with other studies
where Pocillopora spp. and Pavona spp. are known to dominate Northern regions of the Costa Rican
Pacific coast [54,78,79] whereas Porites spp. and Psammocora spp. are the main reef-forming corals in
the south [54,80,81]. As the most common coral genus in the ETP, Pocillopora spp. are highly flexible
and able to persist across a wide range of environmental conditions [82]. At upwelling-influenced
reefs around Gorgona Island (Colombia) Pocillopora spp. colonies experience environmental
conditions similar to those observed in our study [83]. However, findings indicate reduced metabolic
performance and calcification rates, alongside increased symbiont densities, suggesting that although
these corals persist under upwelling conditions, they may be operating near their physiological
limits. Despite exposure to substantial environmental variability in the Gulf of Papagayo, Pocillopora
spp. and Pavona spp. have been reported to exhibit higher linear extension rates than conspecifics in
non-upwelling regions, indicating a capacity for adaptation or acclimatization to cooler, acidified
upwelled waters [84]. Indeed, the high nutrient input from upwelling may provide conditions for
optimal growth, as reported growth rates from Pocillopora spp., P. clavus, and P. stellata were some of
the highest documented across the ETP [85]. Similarly, a study on P. stellata and P. profundacella across
upwelling and non-upwelling regions of the ETP found that reproductive activity in upwelling
environments is more pronounced during warmer periods, whereas more thermally stable
environments support protracted reproductive activity throughout the year [84]. Such variation in
reproductive timing may represent an adaptive response, enabling persistence under variable
environmental conditions.

Additionally, benthic coverage of Porites spp. increases toward the southern portion of the Costa
Rican Pacific coast [81]. This spatial pattern is consistent with prior work showing that Porites spp.
are well adapted to low salinity, reduced Qarag, and diminished light availability associated with
terrigenous input during the rainy season that characterizes these southern regions [54,86]. Porites
spp. are widely recognized as stress-tolerant corals with greater thermal resilience than branching
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genera such as Pocillopora, owing in part to their thick tissues [87], greater mass transfer rates [88] and
elevated metabolism [89]. Field observations across the ETP initially support this: during the 1983
bleaching event, only ~14% of Porites lobata colonies were affected, compared to 70-88% of Pocillopora
spp- [90]. However, subsequent bleaching events in the ETP have revealed a more nuanced picture.
Pocillopora spp. have exhibited increasing heat resistance over time, likely driven by their capacity to
host the thermotolerant symbiont Durusdinium glynnii [90], combined with high growth rates and
asexual reproduction through fragmentation, which together confer a higher recovery capacity
compared to other scleractinians [90]. In contrast, non-pocilloporid corals in the ETP, including P.
lobata, have either remained highly susceptible to heat stress or shown only moderate tolerance that
diminishes under increasingly extreme bleaching conditions [90]. This disparity may be linked to
symbiont community composition: non-pocilloporid species in the ETP predominantly host
Cladocopium, with thermotolerant genera such as Durusdinium detected only at background densities
[90]. Additionally, work from American Samoa suggests that highly variable thermal environments
may further reduce thermal tolerance in Porites relative to more stable ones [91]. Their skeletal
properties appear to be sensitive to nutrient dynamics; elevated phosphate concentrations associated
with upwelling have been shown to reduce skeletal density in Porites spp. in the Galapagos [92]. The
reduced prevalence of Porites spp. in Papagayo may therefore reflect the challenges posed by the
variable upwelling conditions at this site, where cooler thermal fluctuations, elevated nutrient
concentrations, and the lack of symbiont-mediated thermal advantages available to Pocillopora may
collectively limit the long-term reef-building capacity in this genus.

Beyond these community-level patterns, the photophysiological responses of the coral holobiont
offer further insight into how species respond to the contrasting environmental regimes of Papagayo
and Samara. Photophysiological data collected in situ on the four investigated coral species provide
insight into physiological adaptation mechanisms to upwelling vs. non-upwelling conditions. Fm, the
maximum yields of chlorophyll-a fluorescence measured in a dark-adapted state [93], did not show
a decrease in shallow corals compared to deeper corals, suggesting there are no confounding light
effects when comparing corals between Papagayo and Samara [94]. Therefore, differences in
photochemical properties (Fv'//Fm' and Pmax) between locations, as discussed below, are likely driven
by other environmental factors [42]. Higher F.'/Fn’ values observed in Papagayo across multiple taxa
show enhanced photochemical efficiency in this upwelling-influenced environment [27,43]. While
interspecific comparisons in photophysiology are beyond the scope of this study, it is worth noting
that Fv'/Fn’ values in Papagayo trended slightly higher in Pocillopora spp. compared to Porites spp., a
pattern that could reflect the association of Pocillopora spp. with the thermotolerant symbiont
Durusdinium glynnii [90]. Enhanced photochemical efficiency in the upwelling location is also
consistent with previous findings from the Southern Line Islands, where photophysiological
responses were examined along a natural gradient in inorganic nutrients associated with upwelling
[95]. Findings demonstrate that nutrient stress leads to a decrease in the quantum yield of
photochemistry in Photosystem II (Fv/Fm) [28]. This mechanism may help explain the elevated
F/'/Fn' values observed in Papagayo, where exposure to higher dissolved inorganic nitrogen and
phosphorus levels [96] could enhance the capacity of symbiotic algae to build and maintain functional
photosystem complexes [82]. Pmax, defined as the maximum rate of photosynthesis at saturating
irradiance [98], reflects the photosynthetic turnover rate, i.e., the integrated performance of the
photosynthetic apparatus, which is mechanistically influenced by the number of functional
photosynthetic units and the efficiency of all steps of electron transport down to carbon fixation [99].
In this study, we found that the corals from Samara exhibited higher Pmax values despite lower
F/'/Fm'. As Pmax has been observed to increase across a gradient of temperatures across reefs and then
sharply decline above a thermal optimum [100], our results indicate physiological acclimation to
warm conditions in Samara. The observed plasticity of Pmax [98] suggests that targeted
thermotolerance experiments are needed to further validate this interpretation [42,93].
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5. Conclusions

Overall, our results demonstrate that upwelling and non-upwelling reef environments in the
Pacific coast of Costa Rica are not only distinct across physical, chemical, ecological, and
physiological dimensions, but are structured by fundamentally different environmental pressures
that shape coral persistence strategies. The cooler, more variable, and nutrient-enhanced conditions
in upwelling regions such as the Gulf of Papagayo may promote physiological plasticity and enhance
photochemical performance, potentially increasing coral tolerance to thermal stress, while more
stable, warmer environments like Samara favor persistent taxa. These patterns support the idea that
upwelling systems could function as natural refugia during marine heatwaves, as has been suggested
in other regions [13,101], by buffering extreme temperatures and sustaining coral populations that
may contribute to regional recovery. However, the ecological benefits of these systems likely depend
on minimizing additional local anthropogenic stressors, underscoring the importance of targeted
conservation and management in upwelling-influenced reefs. Future work should directly test these
hypotheses through controlled thermotolerance experiments, alongside gene expression and
microbiome analyses, to better resolve the mechanistic basis of resilience and determine the extent to
which these environments can support coral persistence under continued climate change.
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