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Bremen, Bremen, Germany
Coral reef development is influenced by a wide variety of factors, including

temperature, salinity, nutrient concentrations, and carbonate chemistry. Studies

focusing on physicochemical drivers of coral reef distribution and composition in

the Eastern Tropical Pacific (ETP) are scarce, and carbonate chemistry and

nutrient data for this region are limited. This study measured coral reef

composition and physicochemical parameters along the Pacific coast of Costa

Rica, over a one-year period at three locations: Santa Elena and Matapalo in the

north, and Parque Nacional Marino Ballena in the south. Our results show high

seasonal and spatial variability of physicochemical conditions with significant

differences mainly explained by inorganic nutrient concentrations, with driving

processes also having a strong influence on the variability of carbonate chemistry

parameters. Coastal upwelling is the main driver of the seasonal variability in

Santa Elena. Comparison of seasonal dissimilarity within locations confirms the

presence of a geographical gradient, with stronger influence of the upwelling in

Santa Elena relative to Matapalo, where several parameters displayed a lower

seasonality and a carbonate system that supports reef development throughout

the year. Conversely, in Marino Ballena the river discharges during rainy season

exerted a strong control on the seasonal variability. The integrated analysis of

coral reef composition and physicochemical parameters suggests that in

addition to inorganic nutrients carbonate chemistry also plays a key role in

coral distribution. Analyzing the spatial distribution of the main reef builders

provides insights into the species-specific tolerance to varying conditions.

Pavona clavus is widely distributed in both the northern and southern

locations, suggesting that this massive coral is very tolerant to the high

variability of physicochemical conditions. The dominant corals in the north

(Pavona gigantea and Pocillopora spp.) are highly tolerant to nutrient-enriched

cold waters with low aragonite saturation, while one of the main reef-builders in
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southern locations (Porites cf. lobata) cope better with low salinity, low aragonite

saturation and low light intensity caused by river discharges. Understanding the

preferences of individual coral species at our study locations can shed light on

the environmental factors driving coral reef distribution in other locations of

the ETP.
KEYWORDS
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1 Introduction

Eastern Tropical Pacific (ETP) coral reefs extend from Mexico

to northern Peru and are characterized by their small size and

simple structure with discontinuous distribution. The relatively low

diversity of corals in the ETP was increasingly attributed to the

prevalence of extreme physical conditions along this coast (Dana,

1975; Cortés, 1997; Glynn et al., 2017a). Eastern boundary

upwelling systems limit expansion of coral reefs in the north

(California Upwelling system) and towards the south (Humboldt

upwelling system). In between, major local wind-driven upwellings

occur off Mexico in the Gulf of Tehuantepec, at the border between

Nicaragua and Costa Rica in the Gulf of Papagayo (Papagayo

upwelling) and in the Gulf of Panama (Panama upwelling). These

wind-driven upwelling systems have a strong influence on the local

physicochemical conditions in the ETP, particularly by lowering

seawater temperature and increasing the availability of chlorophyll

and inorganic nutrients (Fiedler and Talley, 2006; Lavıń et al.,

2006). Although less studied, it is also known that they drive

changes in carbonate chemistry parameters. For example, during

dry season the Panama upwelling produces a significant increase in

total alkalinity (TA) and total dissolved inorganic carbon (DIC) of

coastal waters in the Gulf of Panama, with the subsequent

significant decrease in pH and aragonite saturation state (Wa)

(Manzello et al., 2008; Manzello, 2010b). Only one study carried

out over a 29-hour period in 2009 has measured carbonate

chemistry parameters within the Gulf of Papagayo, reporting a

sharp decrease in DIC, pH and Wa during the development of an

upwelling event (Rixen et al., 2012). Additionally, the climate

anomaly El Niño Southern-Oscillation (ENSO) strongly

influences the upwelling conditions in the ETP (Fiedler and

Lavıń, 2017; Glynn et al., 2017b). During negative ENSO episodes

known as El Niño, upwelling weakens, causing seawater

temperatures to increase above the average. In the past, ENSO-

induced warming events have caused bleaching and significant coral

mortality in the Gulf of Papagayo (Jiménez et al., 2001). Conversely,

positive ENSO episodes referred to as La Niña intensify local

upwelling conditions.

Along the Pacific coast of Costa Rica, coral reef formations are

restricted to northern and southern locations (Cortés and Jiménez,
02
2003; Cortés et al., 2010; Cortés, 2016), while in the middle sections

of the littoral scleractinian corals appear as single colonies or in

sparse coral communities. Near the coastline, branching corals of

the genus Pocillopora built important reef structures in northern

locations within the Gulf of Santa Elena and Gulf of Papagayo

(Jiménez, 1997, 2001a; Jiménez et al., 2010; Méndez-Venegas et al.,

2021), and smaller patch reefs in southern locations near Corcovado

and Golfo Dulce (Guzmán and Cortés, 1989; Cortés, 1990; Cortés

and Jiménez, 1996). The presence of massive species varies from

north to south, with Pavona gigantea, Pavona clavus and

Gardineroseris planulata as the main reef builders in the north,

while Porites cf. lobata is the main reef-building coral in the south

(Cortés, 1990; Jiménez, 2001a; Alvarado et al., 2005).

This observed longitudinal coral distribution (summarized by

Cortés and Jiménez, 2003; Glynn et al., 2017a) raises the question of

which environmental driver(s) regulate the reef development along

this gradient. To address this question, we measured total alkalinity

(TA), dissolved inorganic carbon (DIC), temperature, salinity and

inorganic nutrient concentrations at three locations along the coast

during the dry and rainy season. The selection of these

physicochemical parameters responds to their natural variability

along this coast due to different processes. For instance, seawater

temperature, nutrients and carbonate chemistry are influenced by

the Papagayo upwelling, which strongly affects northern locations

(Alfaro et al., 2012; Fernández-Garcıá et al., 2012; Rixen et al.,

2012). In contrast, seasonal changes in river runoff, which impact

the southernmost locations, are likely to have a greater effect on

nutrient concentrations and salinity (Alvarado and Aguilar, 2009;

Alvarado et al., 2009), and likely in the carbonate chemistry during

rainy season. In addition to the five physicochemical parameters

measured during the study, percentages of benthic community

composition were quantified in coral reefs at each location. The

main goal of this study was to identify the key physicochemical

factors controlling coral reef distribution and species composition

at the local scale. Moreover, the specific objective of characterizing

seawater carbonate chemistry will enhance baseline information

within the ETP. The compiled data allowed the spatial and seasonal

comparison of physicochemical conditions and coral reef status, to

elucidate which factors can be controlling the differences of the

benthic community structure along the Costa Rican Pacific coast.
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2 Materials and methods

2.1 Study locations

To answer our research question about the environmental

drivers controlling coral reef development and distribution along

the Costa Rican Pacific coast, three study locations were chosen

based on the presence of coral reefs, which are restricted to northern

and southern locations (Cortés and Jiménez, 2003; Cortés et al.,

2010; Cortés, 2016): Santa Elena and Matapalo in the north and

Parque Nacional Marino Ballena in the south (also referred to as

Marino Ballena in this paper) (Figure 1). The number of sampling

sites in each location was determined by the presence of coral reef

formations. A total of four reefs were selected in Santa Elena (Bajo

Rojo: 10.95769, -85.73400; Matapalito: 10.93633, -85.79385;

Pochote: 10.93151, -85.80002; Cabros: 10.942267, -85.81363), one

in Matapalo (10.53922, -85.76553) and three in Marino Ballena
Frontiers in Marine Science 03
(Tómbolo: 9.14481, -83.75819; Bajo Mauren: 9.11258, -83.74092;

Tres Hermanas: 9.10408, -83.70686) (Table 1).

Most coral reefs in northern locations are directly exposed to

the seasonal upwelling of Papagayo and are built by branching

species (Pocillopora spp.), although there are also reefs that consist

of massive corals (Pavona spp.) (Cortés, 1997; Jiménez, 1997, 2001a;

Cortés et al., 2010). Two of the study locations selected for this

project are located within the Gulf of Papagayo, as both display

important reef formations built by different coral species. In

southern locations, where the seasonal upwelling is absent,

Marino Ballena features several coral communities and coral reefs

built by Porites cf. lobata and P. clavus (Alvarado et al., 2005, 2006;

Cortés et al., 2010). Golfo Dulce, which is also located in the south

and has coral reefs primarily built by Porites cf. lobata (Cortés,

1990), was intentionally excluded from this study. The reason relies

on the fact that Golfo Dulce is a tectonic basin with an anoxic layer

(Vargas-Zamora et al., 2021), therefore this unique oceanographic
FIGURE 1

Study areas. Studied locations along the north (Santa Elena, Matapalo) and south (Marino Ballena) Pacific coast of Costa Rica. Circles indicate the
sampling reefs in each location (close = water sampling + benthic survey, open = only water sampling).
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condition would have made challenging its comparison with the

other locations.

The climate on the Pacific coast of Costa Rica features two well

defined seasons, although their timing shows slight variations by

location. In the north Pacific, the dry season runs from December to

March while the rainy season occurs from May to November

(Cambronero-Solano et al., 2021). In contrast, the dry season in the

south Pacific is somewhat shorter, lasting from January to March,

with the rainy season extending from May to December (Instituto

Metereológico Nacional (IMN), 2008). In both regions April serves as

a transition period between seasons. In the Gulf of Papagayo, major

changes in seawater temperature, nutrient concentration and other

physicochemical parameters occur mostly in pulses during the

development of the upwelling events over the dry season (Alfaro

et al., 2012; Fernández-Garcıá et al., 2012; Stuhldreier et al., 2015;

Cambronero-Solano et al., 2021). Santa Elena is located in the

northernmost section of this gulf and is thought to experience a

strongest influence from the seasonal upwelling compared to

Matapalo, which is located in the southernmost section of

Papagayo. A previous study compared the seasonal changes of

physicochemical parameters between these locations, reporting that

the upwelling intensity is greater in Santa Elena than in Matapalo,

characterized by a decrease in seawater temperature and increase in

inorganic nutrient concentrations during the dry season (Stuhldreier

et al., 2015). Conversely, during the dry season in Marino Ballena,

seawater temperature and salinity increase, while the rainy season

leads to higher sedimentation and nutrient levels, along with

decreased seawater temperature and salinity (Alvarado and Aguilar,

2009; Alvarado et al., 2009).

Fieldwork for this research was conducted under the research

permits No. 028-2013-SINAC and No. SINAC-SE-GASP-PI-R-
Frontiers in Marine Science 04
096-2013, issued by the Sistema Nacional de Áreas de

Conservación (SINAC), Ministry of the Environment, Costa Rica.
2.2 Water sampling

The seawater sampling was designed to capture the variability of

physicochemical parameters in each location, not within reefs. At

each location, water samples were collected during rainy (July-

August 2013) and dry (January-February 2014) season (Table 1).

Being aware that the Papagayo upwelling is wind-driven and can

fluctuate significantly on weekly or daily timescales, the season

sampling at each location was conducted during several days in a

row. The sampling period per season ranged between 6–8 days in

each location, depending on logistics, with the number of sampling

days as replicates per season. When possible, samples in each reef

were collected at two different tides and depths per day. Sampling

depth ranged from 0.5 m below the surface to 11 m, based on the

reef depth, tide and sea conditions. Sampling depth was not

consistent across reefs, because water column depth varied with

the tide range and the sampling hour. Samples were collected at

different times of the day, from 05:30 to 16:30, depending on the

tide cycles. The sampling was carried out as close as possible to the

tide’s peak, but there was a variability in the time of sampling due to

the distance between reefs (time required to move from one reef to

the next one) and other logistics. In some specific dates, not all reefs

were sampled in Santa Elena or Marino Ballena, due to restrictive

working conditions such as rough sea or fishing gear deployed near

the reef. Additionally, in particular days, samples were collected

only at one depth (near the surface or bottom indistinctly) or one

tide (low or high indistinctly), due to limited amount of sampling

bottles, the availability of boats for sampling (in Matapalo and

Marino Ballena most sampling was done taking advantage of

touristic trips), the navigation conditions or the distance

between reefs.

Sampling was carried out with a 10 L volume Niskin bottle

following best practices guidelines for ocean CO2 measurements

(Dickson et al., 2007). Discrete water samples for determination of

carbonate chemistry parameters were collected in 250 mL air-tight

borosilicate bottles, fixed immediately after collection with 200 mL
of a 50% saturated HgCl2 solution (35 g L-1 HgCl2) and stored cold

until analysis. Nutrient samples were filtered in the field through a

0.45 ?m pore size filter and frozen until analysis. Samples for salinity

determination were collected in 50 mL plastic bottles and measured

in the laboratory with a WTW probe (Cond3310). Seawater

temperature (SWT) was measured in situ with HOBO®Pendant

Temperature data loggers at Bajo Rojo and Matapalo (10–15 min

intervals in dry season between December 2013 and January 2014

and every 30 min during rainy season). The SWT value used was the

one recorded the closest to the seawater sampling time. In all the

other reefs (Cabros, Matapalito, Pochote, Tómbolo, Tres Hermanas

and Bajo Mauren) SWT was also measured in situ, with a WTW

probe (Cond3310).
TABLE 1 Samples were collected for eight consecutive days in each
location over rainy (July-August 2013) and dry (January-February 2014)
season. The reefs sampled are listed in each location and sampling dates
are displayed in square brackets.

Location/
reefs

Non-upwelling
[rainy season 2013]

Upwelling [dry
season 2014]

Total

Santa Elena
- Bajo Rojo
- Matapalito
- Pochote
- Cabros

[7–14 August]
31
13
15
16

[5–13 February]
31
16
9
7

138

Matapalo
[29 July-5 August]

32

[20-21 & 23–28
January]

28
60

Marino
Ballena (3)
- Tombolo
- Bajo
Mauren
- Tres
Hermanas

[18–25 August]
18
30
28

[10–15 January]
9
9
9

103
Samples were collected for eight consecutive days in each location over rainy (July-August
2013) and dry (January-February 2014) season. The reefs sampled are listed in location and
sampling dates are displayed in square brackets.
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2.3 Reef surveys

To characterize the composition of the benthic community and

the main coral reef builders at each location, percentages of benthic

coverage were quantified across several reefs. Benthic surveys were

carried out at three reefs in Santa Elena (Bajo Rojo, Matapalito,

Cabros), one in Matapalo (Matapalo) and one in Marino Ballena

(Bajo Mauren) (Figure 1). Due to fieldwork logistics and the fact

that we did not intend to study the temporal changes in benthic

community composition, reef surveys were conducted at one time

point during dry season (Table 2). Data from different reefs were

averaged by location. Benthic surveys were conducted following the

chain method (Rogers et al., 1994) with five replicates per transect.

A 10 m length chain with a known number of links (n = 532) was

laid on top of the reef following its contours; nine categories (live

coral at species level, dead coral, bleached coral, macroalgae,

coralline algae, turf algae, substrate, cyanobacteria and others)

were used to quantify the benthic composition under each link.

Afterwards, the corresponding number of links for each category

was converted to relative benthic cover.
2.4 Laboratory measurements

Total alkalinity (TA) and dissolved inorganic carbon (DIC)

were measured with a VINDTA 3C system (Versatile instrument

for the determination of total dissolved inorganic carbon and

titration alkalinity), coupled with a UIC CO2 coulometer (model

CM5015) and a METROHM©Titrino (model 716 DMS).

Instruments were calibrated with Dickson Certified Reference

Material (Batch 127) (Dickson et al., 2003). The pH, aragonite

saturation state (Wa) and fCO2 were calculated with CO2SYS as a

function of measured parameters (TA, DIC, salinity, nutrients and

SWT), with dissociation constants of Mehrbach et al. (1973) for

carbonic acid as refit by Dickson and Millero (1987), and Dickson

(1990) for boric acid.

Five inorganic nutrients (phosphate, PO3−
4 ; silicate, SiO(OH)−3 ;

ammonium, NH+
4 ; nitrite, NO

−
2 and nitrate, NO−

3 ) were measured
Frontiers in Marine Science 05
through a reagent-based method with a Lachat′sQuikChem© 8500

Series 2 Flow Injection Analysis (FIA) System, following the

Standard Operation Procedure from Centro de Investigación en

Ciencias del Mar y Limnologıá (CIMAR) of the University of Costa

Rica (PON Nut-08).
2.5 Meteorological data

Meteorological data (rainfall and wind speed) were provided by

the Instituto Meteorológico Nacional, from two stations located in

the North Pacific (Santa Rosa and Liberia) and two in the South

Pacific (Barú and Damas). Wind speed (m/s) and rainfall (mm) data

used in this study corresponded to the same dates as the seawater

sampling. Wind speed data corresponds to hourly averages and

rainfall to daily values measured at each station. The values of wind

speed used in this study corresponded to hourly averages closest to

the seawater sampling time, and for rainfall values we used the

daily value.
2.6 Data analysis

For a general comparison of the physicochemical and

meteorological conditions during this study, all values were

averaged by location and season (Supplementary Table S1).

General statistical differences of physicochemical and

meteorological parameters between locations (annual scale) and

season were tested by Kruskal-Wallis. For statistical comparisons of

carbonate chemistry, we used the salinity-normalized values (nTA,

nDIC) (Equation 1):

nTA = TA�  
35
S
                                  nDIC = DIC �  

35
S
    (1)

where S is the measured salinity value of the sample.

Spatial and temporal variations in physicochemical parameters,

as well as benthic community composition, were analyzed using the

software programs PRIMER 7, R and PAST. The meteorological

data was excluded from these statistical analyses and we expand on

this at the end of this section. Moreover, to characterize the

variability of the physicochemical conditions of the water column

at each location, samples collected at different depths during the

same tide were averaged together for each reef, as the sampling

depth varied across the reefs. This averaging strategy avoid losing

the seasonal replication of measured (SWT, salinity, phosphate,

nitrate, nitrite, silicate, ammonium, TA, DIC) and calculated (pH,

fCO2, Wa) physicochemical parameters. Prior to analysis, the

physicochemical parameters were log-transformed and

standardized, and resemblance matrices were built using

Euclidean distances. Differences in physicochemical parameters

among locations and seasons were tested with a nested

Pe rmu t a t i on a l Mu l t i v a r i a t e Ana l y s i s o f Va r i a n c e

(PERMANOVA), including season, location and tide as fixed

factors, and reef as a random factor nested within location.

Additionally, when the main test indicated significant differences,
TABLE 2 Surveys were carried out in dry season between January and
February 2014, with 10 m length chain transects and five replicates per
site. The location of each reef is noted in squared brackets; SE = Santa
Elena; MAT = Matapalo; MB = Marino Ballena. See Figure 1 for reference
of study locations.

Reef Sampling period Transects (n)

Bajo Rojo [SE] February 2014 5

Matapalito [SE] February 2014 5

Cabros [SE] February 2014 5

Matapalo [MAT] February 2014 5

Bajo Mauren [MB] January 2014 5
Surveys were carried out in dry season between January and February 2014, with 10 m length
chain transects and five replicates per site. The location of each reef is noted in squared
brackets; SE, Santa Elena; MAT, Matapalo; MB, Marino Ballena. See Figure 1 for reference of
study locations.
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PERMANOVA pairwise comparisons were conducted. A Similarity

Percentage Analysis (SIMPER) was also performed to identify

which parameters contributed the most to the observed

differences between locations and seasons. To visualize patterns in

physicochemical parameters, box-plots and Principal Component

Analysis (PCA) were used.

To estimate the general contribution of the main processes

driving the carbonate chemistry in our study locations on an annual

basis, we did a simple linear regression analysis for each location

and used an approach proposed by other authors (Albright et al.,

2013); considering that net organic carbon production

(photosynthesis-respiration) and net inorganic carbon production

(calcification-dissolution) affect TA and DIC differently (Suzuki and

Kawahata, 2004). According to the theoretical stoichiometric

relationship between these processes and TA and DIC, for every

mole of calcium carbonate (CaCO3) produced, DIC decreases by

two moles and TA decreases by one mole. In contrast, for every

mole of organic carbon produced via photosynthesis, one mole of

DIC is consumed while TA remains unchanged (Albright et al.,

2013). Therefore, the slope of the simple linear regression (nDIC vs.

nTA) indicates the general balance between the net inorganic and

organic carbon production at each location. The ratio between these

processes (inorganic carbon production:organic carbon

production) is given by Equation 2, where m is the slope of the

nDIC-nTA relationship (Albright et al., 2013):

Inorganic  C   production :Organic  C   production

=  
1

(2=m) − 1  
(2)

In Equation 2, a ratio < 1 points out to a system mainly

controlled by organic processes. Conversely, a ratio > 1 indicates

that inorganic processes are the main drivers of the system. Further

data is needed to identify which specific processes (photosynthesis,

respiration, calcification or dissolution) control the overall

carbonate system, but this falls outside the objectives of this study.

For analysis of the benthic community composition, differences

in percentages of benthic coverage between locations were tested

with a nested PERMANOVA, including location as fixed factor and

reef as a random factor nested within location. To reduce the

influence of dominant taxa, benthic coverage data were fourth-root

transformed prior to calculating a Bray-Curtis resemblance matrix.

Average coverage values for each benthic category were calculated

per location, followed by estimations of the Shannon-Wiener

diversity index (H’) and Pielou’s evenness (J’) to evaluate

community diversity and distribution.

Finally, it is important to note that meteorological data were

obtained from the nearest inland stations to our study areas, which

do not measure the exact conditions at our sampling locations.

Santa Rosa meteorological station (10.84111, -85.61944) for

example, is about 20 km southeast from Santa Elena; Liberia

station (10.83889, -85.55222) is about 25 km west from Matapalo;

while Barú station (9.27139, -83.88139, rainfall) and Damas station

(09.49528, -84.21472, wind speed) are located about 18 km and 70

km northwest from Marino Ballena, respectively. For this reason,

we have used wind speed and rainfall data to explain general
Frontiers in Marine Science 06
patterns and tendencies during sampling periods, but not for

direct statistical correlations with the physicochemical parameters.

Statistical differences of meteorological conditions between

locations and season were tested by Kruskal-Wallis.
3 Results

3.1 Environmental parameters

Results of the nested PERMANOVA indicate that physicochemical

conditions are significantly different between locations (Pseudo-F =

45.77, P(perm) = 0.003, perms = 8769) and between seasons (Pseudo-F

= 38.63, P(perm) < 0.001, perms = 9941). Conversely, tide (Pseudo-F =

0.25, P(perm) = 0.779, perms = 9949) and reef (Pseudo-F = 1.28, P

(perm) = 0.201, perms = 9899) did not have a significant effect in these

parameters, suggesting that the tide cycle is not relevant for the changes

in physicochemical conditions and that the variability within each

location is not as important as the variability between locations and

seasons. A comparison of the variability of physicochemical conditions

on the annual scale indicates that within northern locations, Santa

Elena reefs are exposed to a high variation with extreme values either

end (Figure 2, Supplementary Table S1); while the variability in

Matapalo is lower, particularly for salinity, temperature and

carbonate chemistry parameters.

Pairwise tests suggest that the strongest differences in

physicochemical conditions occur between the northernmost and the

southernmost location (Pseudo-t = 9.53, P(perm) = 0.013, perms =

4322). Santa Elena displays the greatest internal variability, whereas

Marino Ballena exhibits the most homogeneous conditions. Seasonal

comparisons indicate significant differences between the rainy and the

dry season (Pseudo-t = 6.22, p < 0.001, perms = 9940), with

physicochemical parameters showing more heterogenous conditions

during the dry season.

Average (± standard deviation) of measured parameters by

location, independent of seasons, showed that in the

northernmost location (Santa Elena) the coastal waters are cooler

(25.3 ± 3.3 °C, H = 45.79, p < 0.001) and more saline (34.3 ± 0.8 psu,

H = 131.03, p < 0.001), whilst at the southernmost location (Marino

Ballena) coastal waters have a lower salinity (29.4 ± 1.7 psu, H =

131.03, p < 0.001) (Supplementary Tables S1, S2). Concentrations of

PO3−
4 (H = 27.18, p < 0.001) and NO−

3 (H = 10.08, p = 0.006) were

highest in Santa Elena, whereas Marino Ballena held the highest

average concentrations of SiO(OH)−3 (H = 66.06, p < 0.001) and

NO−
2    (H = 75.87, p < 0.001) (Supplementary Tables S1, S2). The

average nTA values in Santa Elena and Matapalo (< 2300 mmol kg-

1) were lower than in Marino Ballena (> 2300 mmol kg-1) (H =

109.31, p < 0.001). On the other hand, in Santa Elena and Marino

Ballena annual average nDIC showed concentrations of > 2000

mmol kg-1 whereas nDIC concentrations were lower in Matapalo (<

2000 mmol kg-1) (H = 57.95, p < 0.001) (Supplementary Tables

S1, S2).

According to the PCA (Figure 3), five main water parameters

explained 82.6% of the variance of the physicochemical conditions.

Nitrate (0.663), phosphate (0.583) and ammonium (0.303)
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contributed 57.2% to the variance (PC1); whilst nitrite (-0.829),

phosphate (0.381) and silicate (-0.375) explained a further 25.4%

(PC2). These findings were supported by SIMPER analysis, which

identified the same five inorganic nutrients as the primary

contributors to the observed differences between locations and

seasons. According to the comparison between locations, the

highest dissimilarity was found between the northernmost (Santa

Elena) and the southernmost (Marino Ballena) location (average

squared distance = 0.98), primarily driven by phosphate (28.23%),

nitrite (27.94%) and nitrate (24.64%), with Santa Elena showing

elevated phosphate and nitrate concentrations, whereas Marino

Ballena exhibited higher nitrite levels. Meanwhile, there was a

moderate dissimilarity (average squared distance = 0.83) between

northern locations (Santa Elena and Matapalo), with nitrate

(33.02%), phosphate (30.59%) and nitrite (16.17%) contributing

nearly to 80% of the observed differences. Nutrient concentrations

were generally higher at Santa Elena, except for nitrite, which was

slightly greater at Matapalo. In contrast, Matapalo and Marino

Ballena showed the lowest dissimilarity (average squared distance =

0.37), mainly due to differences in nitrite (38.32%), silicate (20.14)

and ammonium (17.22%), all of which had higher concentrations at

Marino Ballena. The SIMPER analysis between seasons indicated

that three inorganic nutrients - nitrate (28.19%), phosphate

(26.74%) and nitrite (21.56%) – are the primary contributors to

the observed seasonal differences. Together, they accounted for over
Frontiers in Marine Science 07
76% of the dissimilarity between seasons, with notably higher

concentrations during the dry season.

The PERMANOVA results also revealed a significant interaction

between location and season (Pseudo-F = 54.86, P(perm) < 0.001,

perms = 9960), indicating that the effect of the season on the

physicochemical conditions is not equal in all locations. Pairwise test

confirms this result, with the higher variability taking place during dry

season in Santa Elena (Pseudo-t = 11.77, P(perm) = 0.026, perms =

7446) and Matapalo (Pseudo-t = 5.91, p < 0.001, perms = 9961). In

Marino Ballena, the Pseudo-t value (8.95) also indicates a strong

separation in physicochemical conditions between seasons. This

difference is statistically significant based on the Monte Carlo p-value

(P(MC) < 0.001, perms = 360), although permutation testing (P(perm)

= 0.084, perms = 360) offers contradictory results, likely due to the

limited permutation count which might affect robustness. SIMPER

analysis revealed that seasonal dissimilarity within each location

followed a decreasing gradient from north to south, with values of

1.69 for Santa Elena, 0.40 for Matapalo, and 0.31 for Marino Ballena.

During the dry season Santa Elena experienced an increase in

salinity (H = 44.38, p < 0.001), nTA (H = 17.83, p < 0.001) and nDIC (H

= 48.21, p < 0.001) as well as a sharp drop in SWT (H = 65.34, p <

0.001). At Marino Ballena the increase of nTA (H = 35.781, p < 0.001)

and nDIC (H = 33.12, p < 0.001) during the rainy season was

accompanied by a slight decrease of salinity (H = 17.31, p < 0.001)

and SWT (H = 48.26, p < 0.001). Conversely, salinity (H = 0.17, p =
FIGURE 2

Variability of physicochemical conditions along the Pacific coast of Costa Rica. Annual mean values of physicochemical parameters from the study
locations indicate a high spatial variability in seawater conditions, related to the distance from the upwelling of Papagayo. SE = Santa Elena; MAT =
Matapalo; MB = Marino Ballena. See Figure 1 for the study locations.
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0.677), nTA (H = 0.76, p = 0.382) and nDIC (H = 0.68, p = 0.409)

remained similar during both seasons in Matapalo (Supplementary

Tables S1, S3).

The simple linear regression analysis of salinity-normalized

values (nDIC vs. nTA) (Figure 4) indicates that Marino Ballena

had higher nTA than the other locations, with a steep increase in

nTA and nDIC during the rainy season. Santa Elena was the

location with the highest nDIC values occurring specifically

during the dry season. Measured parameters in Matapalo were

the lowest and had similar values during both seasons, overlapping

with values measured in Santa Elena during the rainy season. The

estimated ratios between inorganic and organic carbon production

(Equation 2) were lower in the northern locations, with values of

0.04 in Santa Elena and 0.18 in Matapalo. The estimated inorganic:

organic production ratio in Marino Ballena was 0.88.

Meteorological parameters measured nearMarino Ballena during

the sampling period indicate that this was the location with the lowest

wind speeds on the annual scale (1.3 ± 0.7 m s-1, H = 56.33, p < 0.001)

and highest rainfall during the rainy season (24.9 ± 12.9 mm day-1, H

= 49.28, p < 0.001) (Supplementary Tables S1-S3). The data obtained

from the Liberia meteorological station show that Matapalo was the

other extreme, with highest wind speeds during the dry season (7.1 ±

3.2 m s-1, H = 6.74, p = 0.009) and lowest rainfall during the rainy

season (1.1 ± 1.9 mm day-1, H = 6.77, p = 0.009) (Supplementary
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Tables S1-S3). Near to Santa Elena, the annual average values of wind

speeds and rain were 2.3 ± 1.3 m s-1 and 1.8 ± 3.6 mm day-1,

respectively (Supplementary Tables S1, S2).
3.2 Benthic community composition

In all locations, the category “Bleached” accounted for less than

0.2% of benthic coverage, and was excluded from the graphical

representation of the percentages of benthic cover (Figure 5). Results

from the nested PERMANOVA revealed no significant differences in

benthic coverage between locations (Pseudo-F = 0.313, P(perm) =

1.000, perms = 10). In contrast, comparisons within each location

indicated significant variation in benthic composition among reefs

(Pseudo-F = 19.654, P(perm) = 0.000, perms = 9953). However,

findings from within-location comparisons will not be discussed

further, as Santa Elena was the only location where more than one

reef was surveyed. Regarding benthic composition categories, richness

(S) was consistent across all locations. Diversity (H’) showed similar

values in northern locations, with slightly higher levels in Marino

Ballena. Evenness (J’) was comparable between Matapalo and Marino

Ballena, but somewhat lower in Santa Elena (Table 3). Reefs in Santa

Elena were mainly composed of live coral (43.37 ± 38.11%), turf (27.67

± 27.53%), coralline algae (17.24 ± 14.41%) and substrate (11.37 ±
FIGURE 3

Spatial and temporal variation of physicochemical parameters. Seasonal sampling data from rainy season 2013 (July-August) and dry season 2014
(January-February) were analyzed by location and season based on Principal Component Analysis (PCA). The distance between data points indicates
their similarity in seawater conditions. PC1 correlates positively to nitrate (0.663), phosphate (0.583) and ammonium (0.303). PC2 correlates
positively to phosphate (0.381) and negatively nitrite (-0.829) and silicate (-0.375).
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14.96%). Matapalo reef had three dominant categories, live coral (41.39

± 15.67%), coralline algae (31.50 ± 5.43%) and turf (20.94 ± 6.10%). In

the reef evaluated in Marino Ballena the three dominant categories of

the benthic composition were coralline algae (44.02 ± 20.19%), live

coral (25.71 ± 10.44%) and substrate (13.80 ± 29.29%). Macroalgae

were only observed in Santa Elena (0.08 ± 0.21%) andMatapalo (4.92 ±

9.99%). Cyanobacteria were present in all locations but had a very low

coverage; with the highest quantified value in Marino Ballena (3.20 ±

2.08%) (Figure 5A). Regarding scleractinian corals, all locations showed

low diversity indexes (H’) with values < 1.0, suggesting that these coral

reefs are built by few species (Table 3). The reefs in the north were

mainly built by P. gigantea and Pocillopora spp., whereas southern reefs

are built by P. clavus and P. cf. lobata with minor contribution of

Porites panamensis and Psammocora stellata (Figure 5B).Matapalo was

the location with lower coral diversity (Table 3), with Pocillopora sp. as

the dominant reef builder (Figure 5B).
4 Discussion

4.1 Evidence of geographical and seasonal
variability in the physicochemical conditions
along the Pacific coast of Costa Rica

This study shows high spatial variability in the physicochemical

parameters on coral reefs along the Costa Rican Pacific coast (Figure 2),

and their seasonality seems to be controlled by different processes in
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each location. The Papagayo upwelling is the main driver of seasonal

variability in water parameters in the north, while the rainfall during

rainy season controls the variability in the south (Figure 3).

Complementing previous studies that described the physical

conditions caused by this coastal upwelling (Jiménez, 2001b;

Fernández-Garcıá et al., 2012), our results show that the changes

extend beyond a decrease in SWT and an increase in nutrient

concentrations. The Papagayo coastal upwelling is also marked by an

increase in nDIC, with the corresponding decline in pH and aragonite

saturation state (Wa) (Figure 4, Supplementary Table S1). Data from

this study furthermore confirms the findings of a parallel survey

conducted within the same research project which found a

geographical gradient in the upwelling intensity between Santa Elena

and Matapalo (Stuhldreier et al., 2015), with a greater range in the

variability of physicochemical parameters in Santa Elena and a

relatively low seasonality in Matapalo (Figures 2, 3, Supplementary

Table S1). Therefore, we can affirm that in northern locations the

variability in physicochemical parameters depends on the distance

from the coastal upwelling. Our results allow comparisons not only

within northern locations but also with southern reefs. In the following

sections we will discuss the individual environmental parameters and

their spatial and seasonal variability in more detail.

4.1.1 Seawater temperature and salinity
The SWT exhibits a reverse seasonality between northern

(Santa Elena and Matapalo) and southern (Marino Ballena)

locations. Coastal waters in the north are colder from December
FIGURE 4

Seasonal variation of carbonate chemistry in three locations at the Pacific coast of Costa Rica. Total alkalinity (TA) and dissolved inorganic carbon
(DIC) were normalized to a salinity of 35 (Equation 1). The slope of the nDIC-nTA relationship indicates the balance between the inorganic
(calcification-dissolution) and organic processes (photosynthesis-respiration). The ratio between inorganic carbon production:organic carbon
production is given by Equation 2.
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to April due to the occurrence of the Papagayo upwelling and start

to get warmer around May (Alfaro and Cortés, 2012; Alfaro et al.,

2012) during the transition to the rainy season. The range of SWT

fluctuations in Santa Elena is very high during upwelling season

(Cortés et al., 2014; Stuhldreier et al., 2015) and although the lowest

value measured during our study was 18 °C, previous studies

indicated that SWT in this area can drop to values below 14.0 °C

for a few hours during strong upwelling events (Jiménez, 2001b).

Conversely, in southern reefs the coastal waters experience a slight

cooling during the second half of the year, as the rainy

season develops.
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This cooling in the south during the rainy season is related to

greater freshwater input from numerous rivers near Marino

Ballena. The Grande de Térraba River, for example, is located

about 10 km southwest of Marino Ballena and drains one of the

largest basins in the country (Krishnaswamy et al., 2001). Mean

annual precipitation and flow discharge are significantly higher

than in any other basin in the north (Waylen and Laporte, 1999).

The average water temperature of this river is 25 °C (Umaña-

Villalobos and Springer, 2006) and the river discharge is enhanced

between the months of May and November (Rojas and Rodrıǵuez,

2008), producing the cooling of the surface waters and a decrease in
FIGURE 5

Benthic cover along the Pacific coast of Costa Rica. (A) Percentages of benthic cover reveal the dominant organisms in coral reefs from three
locations, Cyanob. = cyanobacteria. (B) Contribution (%) of scleractinian coral species to coral coverage in the study locations.
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salinity to values of 26.0 psu (this study and Alvarado and

Aguilar, 2009).

4.1.2 Nutrients
This study revealed that inorganic nutrients are the main

contributors to the observed differences between locations and

seasons in coastal waters along the Costa Rican Pacific. Our

results confirm that the high variability of nutrient concentrations

in Santa Elena during the dry season is driven by the Papagayo

upwelling, with a significant increase of the mean values by 69% in

phosphate, 80% in nitrate and 65% in ammonium, as compared to

the non-upwelling rainy season. In contrast, most of the inorganic

nutrient concentrations in Marino Ballena increased during the

rainy season. In these southern reefs, agricultures, land erosion and

runoff strongly contribute to the nutrient input carried by the

Grande de Térraba River discharge (Alvarado et al., 2009) and

other rivers in the area. Consequently, the average concentration of

silicate in Marino Ballena during the rainy season was 48% higher as

compared to the dry season (Figure 3), and phosphate and nitrate

also had a significant increase in their concentrations during the

rainy season of up to 125% and 74%, respectively.

4.1.3 Carbonate chemistry parameters
The spatial and temporal analysis of our data supports two

major assumptions: 1) the northern Pacific coast of Costa Rica

experiences an upwelling-driven geographic gradient in alkalinity,

dissolved inorganic carbon and pH, and 2) seasonal variability in

seawater carbonate chemistry is mainly driven by the Papagayo

upwelling during the dry season in northern locations and by river

discharges during the rainy season in the south. Dynamics of Wa

and pH in coastal areas are driven by several processes: i) upwelling

of high-CO2 waters (Feely et al., 2008; Rixen et al., 2012; Harris

et al., 2013; Sánchez-Noguera et al., 2018b), ii) metabolic processes

controlled by planktonic communities and coral reefs (inorganic:

organic carbon production ratios) (Gray et al., 2012; Albright et al.,

2013, 2015) and iii) inputs from land (Vargas et al., 2016; Dong

et al., 2017; Carstensen and Duarte, 2019). In this study, the

northernmost location (Santa Elena) and southern location

(Marino Ballena) experienced low Wa values; however, the source

of these reduced values and their variability differed between the

two locations. In Santa Elena, the lower pH andWa was linked to the

upwelling of waters with high-CO2 concentrations (Rixen et al.,

2012). In contrast, in Marino Ballena the dilution effect by
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freshwater input was likely responsible for the observed decrease

inWa values, due to river discharges and increased runoff during the

rainy season (Chierici and Fransson, 2009; Harris et al., 2013).

By analyzing the coupled changes of salinity-normalized

alkalinity and dissolved inorganic carbon (Figure 4) in

combination with the estimated inorganic:organic carbon

production ratios, we can shed light on which processes are

exerting a major control over the carbonate system in our study

locations. In Santa Elena, the observed high variability of nDIC

between seasons confirms that the upwelling of CO2-enriched

waters is partially responsible for the seasonal fluctuation in

seawater carbonate chemistry. This result agrees with other

studies (Rixen et al., 2012; Sánchez-Noguera et al., 2018b),

showing that in the Papagayo upwelling system deep waters

hauled to the surface are enriched in CO2. Additionally, the

estimated inorganic:organic carbon production ratio in Santa

Elena (< 1) suggests that organic carbon production and

respiration also play a role in the seasonal variability of carbonate

chemistry. The linear regression analysis of nDIC vs. nTA

(Figure 4) suggests that organic carbon production via

photosynthesis was enhanced during the rainy season and

respiration during the dry season. In line with our findings, other

authors have indicated that enhanced primary production can be

responsible for decreasing the concentrations of dissolved inorganic

carbon, nitrite and nitrate (He et al., 2025), as occurred in Santa

Elena during the rainy season. In terms of the enhanced respiration

during the dry season, previous studies reported that the abundance

of zooplankton in the Gulf of Papagayo is higher during the dry

season (Bednarski and Morales-Ramıŕez, 2004; Rodrıǵuez-Sáenz

and Morales-Ramı ́rez, 2012). Therefore, upwelled nutrient-

enriched waters can boost the respiration of zooplankton

communities, partially contributing to the observed increase in

dissolved inorganic carbon during the upwelling season. Similarly,

in the California Current System the high concentration of

dissolved inorganic carbon is mostly attributed to respiration-

derived CO2 (Hauri et al., 2009). On the other hand, the slight

enrichment of alkalinity measured in Santa Elena during the dry

season could be attributed to the dissolution of CaCO3 in deep

waters. Similar to Santa Elena, the estimated inorganic:organic

carbon production ratio in Matapalo was also < 1, highlighting

the importance of organic production and respiration processes in

the carbonate system of northern locations. Moreover, the small

seasonal variability in alkalinity and dissolved inorganic carbon

measured in Matapalo, in combination with higher pH (> 8.0) and

Wa (> 3.4) values, suggests that CaCO3 is precipitated all year round

in this location.

Moving southward to Marino Ballena, the coupled increase of

nDIC and nTA (Figure 4) suggest that inorganic processes (i.e.

carbonate production or dissolution) could play a key role in the

seawater chemistry of this location. However, the estimated

inorganic:organic carbon production ratio (0.88) challenges this

assumption, indicating that organic processes also play a dominant

role in driving the seasonal variability of the carbonate system in

this location. Nevertheless, the carbon production ratio in Marino

Ballena is considerably higher than in northern locations (Santa
TABLE 3 Richness (S), diversity (H’) and evenness (J’) of benthic
categories and scleractinian coral species in coral reefs at three
locations in the Pacific coast of Costa Rica.

Location
Categories Coral species

S H’ J’ S H’ J’

Santa Elena 7 1.29 0.52 2 0.69 1.00

Matapalo 6 1.26 0.59 2 0.05 0.53

Marino
Ballena

7 1.41 0.58 4 0.84 0.58
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Elena = 0.04, Matapalo = 0.18) and closer to a value of 1, implying

that the inorganic processes may have a relatively stronger influence

on the dynamics of the carbonate system, potentially linked to

CaCO3 formation, which is somehow promoted during the dry

season. Considering that the Grande de Térraba River drains the

largest karstic region in Costa Rica (about 185 km2 of extension)

(Ulloa et al., 2011, 2024; Bolz and Calvo, 2018), is very likely that

surface and groundwater discharges supply dissolved carbonates to

the reefs in this area (Krishnaswamy et al., 2001; Tamsě et al., 2014;

Kapsenberg et al., 2017; He et al., 2025). This could help explain the

slightly elevated nTA observed in Marino Ballena during the dry

season, in comparison to Matapalo, a northern location where

seasonal upwelling exerts a less pronounced influence on the

variability of the carbonate system parameters. A thorough

analysis of other carbonate system parameters showed that the

fluctuations of nDIC and nTA in Marino Ballena did not

correspond with seasonal variations in pH values. The pH levels

in Marino Ballena remained consistent across both seasons, with

values of about 8.0, which might be caused by the enhanced

outwelling of carbonates from nearby mangroves (i.e. Térraba-

Sierpe National Wetland) during the rainy season. This is

consistent with conclusions from another study, suggesting that

mangroves can contribute to buffer coastal acidification (Sippo

et al., 2016).
4.2 Environmental conditions shape coral
reef composition in the Costa Rican Pacific
coast

Even though all study locations displayed a similar benthic

richness and diversity; the main reef-building corals are different

along the Costa Rican Pacific coast (Figure 5B). Reefs from northern

locations are dominated by massive and branching species, whereas

reefs from the southern part of this coast are mostly dominated by

massive species (this study and Glynn et al., 2017a). A few and small
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patch reefs of branching-corals have been reported in southern

locations (Guzmán and Cortés, 1989; Cortés and Jiménez, 1996),

but they are surpassed in number by massive-coral reefs and mostly

found in Caño Island, 16 km northwest from the coast. The coral

distribution patterns described above (Figure 5B) raise two key

questions: 1) Why are the massive reef-building species in the north

different from the massive reef-building species in the south? 2)

Why are branching corals not among the main reef-builders in

the south?

The measured physicochemical parameters revealed spatial and

seasonal differences in the conditions along the Costa Rican Pacific

coast (Figures 2, 3). However, changes of physicochemical

parameters seem to be insufficient to explain why the main reef-

building species differ between locations (Figure 5). To find a

possible explanation for the observed coral distribution patterns,

we also compared our local values with the established global

environmental ranges suitable for potential coral reef habitats

(Table 4) (Guan et al., 2015). These global values were used to

update the ReefHab model (Kleypas, 1995, 1997), originally

developed to predict the potential distribution of coral reefs

according to the available environmental data. Kleypas’ work was

a milestone that stated for the first time the environmental tolerance

limits for coral reefs, contributing to understanding and predicting

their global distribution. Comparing the physicochemical

conditions on the Pacific coast of Costa Rica (this study) with the

global thresholds established by the updated ReefHab model (Guan

et al., 2015) helps to explain the presence of coral reefs in our study

locations, but does not necessarily capture the variability in species

composition. Nevertheless, given the limited information available

on the environmental tolerance ranges for individual coral genera,

we also used these global thresholds as a proxy to understand the

differences in the dominant coral species observed at our three

study locations. This combined analysis suggests that the

composition of the dominant coral species in this study can be

mainly explained by phosphate and Wa, as these parameters divert

from the global tolerance thresholds in different ways (Table 4).
TABLE 4 Comparison of local conditions in reefs from the Pacific coast of Costa Rica using as reference values the global suitable environmental
ranges for potential coral reef habitats, as previously defined by other authors (Guan et al., 2015). The data shown for this study correspond to the
extreme average values measured in different seasons (d = dry season, r = rainy season).

Parameter Global (Guan et al., 2015)
Santa elena Matapalo Marino ballena

[Extreme mean seasonal values; this study]

Temperature (°C)
(range)

21.7-29.6 22.0-28.1 28.0-28.8 27.5-29.0

Salinity
(range)

28.7-40.4 33.9-34.9 34.0-34.0 29.1-34.0

NO−
3 (μmol l-1)

(maximum)
4.51 1.47 0.52 0.64

PO3−
4 (μmol l-1)

(maximum)
0.63 1.14 d 0.40d 0.39r

Omega - Wa

(minimun)
2.82 2.38 d 3.44d 2.93r
Comparison of local conditions in reefs from the Pacific coast of Costa Rica using as reference values the global suitable environmental ranges for potential coral reef habitats, as previously
defined by other authors (Guan et al., 2015). The data shown for this study correspond to the extreme average values measured in different seasons (d, dry season; r,= rainy season).
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In the following paragraphs, we will use the presence of coral

reefs as an indicator of the success of those coral species to cope

with the combination of the measured physicochemical parameters,

therefore a proxy of the suitability of local conditions for the reef

development along this coast. To address the first question

regarding the observed differences in massive coral species

building reefs along this coast (Figure 5B), it is important to

mention that even though P. clavus was not present in the reefs

surveyed in Santa Elena and Matapalo, this massive coral was

reported in the past as the main reef-builder (Jiménez, 1997) or

among the most ubiquitous massive species (Palmer et al., 2022) in

other northern location. We excluded that P. clavus reef from this

study because it experienced a mass mortality several years before,

thus the benthic coverage at the time of our study was mainly

dominated by turf algae (Sánchez-Noguera et al., 2018a). By

considering the historical record of coral reefs in the north Pacific

of Costa Rica in addition to our data, we can say that P. clavus

succeeds to build reefs in both northern and southern locations.

This indicates that this massive coral is highly tolerant to the wide

range of physicochemical conditions measured along this coast.

Nevertheless, it is likely that they were already living near their

physiological tolerance limits in northern locations, which might

explain their historical mortality in those areas (Mena et al., 2025).

Now we will focus our attention on the massive coral species that

are building reefs exclusively in northern or southern locations and

are not widely distributed as P. clavus. Our data suggests that P.

gigantea, one of the main massive reef-builders in the north Pacific

coast of Costa Rica, is highly tolerant to the episodic exposition to

low- Wa cool waters and eutrophic conditions occurring in pulses

during upwelling season. This agrees with results from the Pacific

coast of Panama, where corals from the genus Pavona exhibited a

high tolerance to the combination of thermal stress (lower SWT)

and acidification in the coastal upwelling impacted Gulf of Panama

(Manzello, 2010a). In contrast, P. cf. lobata building reefs in Marino

Ballena indicates that this massive coral thrives in constant

conditions of lower Wa (< 3.0) and lower salinity, and copes very

well with low light intensity due to the influx of terrigenous

materials occurring predominantly during the rainy season

(Alvarado et al., 2009). Despite the mechanisms by which

inorganic nutrients affect coral reefs are subject to debate, there is

a consensus that unbalanced nutrient enrichment from

anthropogenic sources poses negative effects for coral reef

functioning (D’Angelo and Wiedenmann, 2014). For example,

high nutrient loads have the potential to affect corals indirectly by

favoring primary producers, which can outcompete stony corals

(Fernández-Garcıá et al., 2012), and increasing bioerosion by

facilitating shifts to larger and more effective bioeroders

(Wizemann et al., 2018). Furthermore, a study from Galapagos

concerning reefs affected by different upwelling levels suggested that

the skeletal density of P. lobata was diminished due to exposure to

elevated phosphate conditions (Manzello et al., 2014). This can

contribute to explaining why P. cf. lobata was one of the main reef

builders in Marino Ballena. The average seasonal phosphate levels

in Marino Ballena were lower than those in Santa Elena, which

likely promotes stronger skeletons in Marino Ballena and allows
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their persistence over time. This suggests that the lower phosphate

levels enable P. cf. lobata to build reefs in Marino Ballena, despite

the steady Wa values < 3.0 measured in southern locations.

Moreover, other studies involving corals from the genus Porites

support our assumption that changes driven by river discharges

significantly shape the structure of local coral reefs. For instance,

Porites corals in Biscayne Bay, Florida show a high tolerance to

changes in salinity (Manzello and Lirman, 2003), while those in

Golfo Dulce, Costa Rica, are particularly resilient to high

sedimentation (Cortés, 1990). In consequence, this species

contributes the most to the reef building under riverine

impacted locations.

Now we will move forward to our second question, regarding

the minor contribution of branching corals in southern locations. In

Costa Rica, most reefs built by Pocillopora spp. have experienced

severe mortalities, frequently attributed to warming during ENSO

events and to recurrent occurrence of harmful algal blooms

(Guzmán et al., 1987, 1990; Glynn et al., 2017a; Sánchez-Noguera

et al., 2018a; Palmer et al., 2022). Nevertheless, the current

distribution of branching corals and the remaining structures of

former reefs can be used as a proxy to identify the most favorable

conditions for the success of this genus along the Costa Rican coast.

For example, the precipitation of CaCO3 over the whole year at

Matapalo, along with its sheltered location, helps explain the

presence of a reef built by branching species. This combination of

factors contributes to the branching species’ prevalence and

relatively high contribution to coral coverage compared to other

coral reefs in the same area, which have experienced significant

degradation over the last decade (Mena et al., 2025). While

branching corals are not entirely absent from southern locations

(Guzmán and Cortés, 1989; Cortés and Jiménez, 1996), they

contribute much less to the benthic coverage than massive corals

in Marino Ballena. This is likely due to the reduced light availability

caused by river discharge. Grande de Térraba River, located near

Marino Ballena, is the second largest catchment of the country

(Granados-Bolaños et al., 2024). Other authors (Alvarado et al.,

2005) have previously discussed that the limited presence of

Pocillopora spp. in Marino Ballena may be linked to low light

penetration in the water column, due to high concentrations of

suspended matter derived from river discharge (Alvarado et al.,

2009). This hypothesis is confirmed by another study from the

Great Barrier Reefs, which showed that the genus Pocillopora is very

sensitive to reduced light resulting from high turbidity (Jones et al.,

2020). Therefore, we can infer that reduced light availability is one

of the main factors limiting reef development by branching corals in

southern locations, while high tolerance to salinity fluctuations

promotes the prevalence of reefs built by massive corals such as

Porites sp.

The results presented in this study provide insights into

adaptation limits of individual coral species to local

physicochemical conditions. For example, Pavona spp. and

Pocillopora spp. reefs from Santa Elena indicate that these species

have adapted to the episodic exposition to low- Wa conditions

occurring during upwelling season (2.38, Table 4), when Wa values

are lower than the proposed local (Sánchez-Noguera et al., 2018b)
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and global thresholds (2.82, Table 4) (Guan et al., 2015) for reef

development. Even though the success of the massive and

branching species to build coral reefs along the Pacific coast is a

good example of adaptation to high local variability, it does not

guarantee their survival under climate change scenarios, when the

rate of changes will be enhanced (Howes et al., 2015). Costa Rican

coral reefs have suffered several ENSO-induced bleaching events

over the last decades (Guzmán et al., 1987; Guzmán and Cortés,

1992, 2001; Jiménez and Cortés, 2001, 2003; Jiménez et al., 2001;

Cortés et al., 2010; Alvarado et al., 2018), while the current lapse

between global bleaching events is shortening the temporal window

for reef recovery after associated mass mortality (Hughes et al.,

2018). This implies that physicochemical conditions in the ETP are

close to the limits that warm water reef ecosystems can tolerate.
4.3 Outlook

The results from our study demonstrate that seawater chemistry

properties of coastal waters along the Costa Rican Pacific coast

display a high spatial and temporal variability, which is driven by

the Papagayo upwelling system during the dry season in the north

and river discharge during the rainy season in the south. Matapalo

reef, located between the northernmost (Santa Elena) and the
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southernmost location (Marino Ballena), reveals a relatively low

seasonality of physicochemical conditions. This confirms that the

seasonal upwelling has a stronger influence further north, in Santa

Elena relative to Matapalo. Although carbonate chemistry plays a

significant role in determining the composition of coral reefs along

the Pacific coast of Costa Rica, it is not the only controlling factor, as

inorganic nutrients explain a higher percentage of the observed

variability. Our findings indicate that carbonate chemistry is key for

promoting favorable physicochemical conditions for reef

development in northern locations like Matapalo. However, the

sensitivity of coral species to other physicochemical conditions,

such as lower salinity and lower light intensity, are responsible for

shaping the reef composition in Marino Ballena (Figure 6).

Corals from the Pacific coast of Costa Rica have adapted to the

local variability in physicochemical parameters. Nevertheless, their

tolerance to this variability appears to be species-specific, and does

not imply that they can withstand external disturbances that push

physicochemical conditions beyond the limits for reef development.

Regarding future conservation efforts and reef protection, Matapalo

and Marino Ballena seem to be very promising locations. This is

mainly to the relatively stable carbonate chemistry conditions in

Matapalo and the buffering effect against ocean acidification in

Marino Ballena, which is most probably caused by the dissolved

carbonates entering from land. However, this calls for integrated
FIGURE 6

Graphic summary of main findings. Drivers of spatial and seasonal variability in nutrient concentrations and carbonate chemistry, and main factors
controlling coral reef composition along the Pacific coast of Costa Rica.
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coastal management actions to reduce the pressures of local

stressors such as siltation, pollution, fishing and tourism.
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Conservancy), 51–68.
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Cortés, J., and Jiménez, C. (2003). “Corals and Coral Reefs of the Pacific of Costa
Rica: History, Research and Status,” in Latin American Coral Reefs. Ed. J. Cortés
(Elsevier Science B.V, Amsterdan, The Netherlands), 361–385.
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