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Photosynthetic production is a key ecosystem service provided by tropical coral reefs,
but knowledge about the contribution of corals and other reef-associated organisms and
the controlling environmental factors is scarce. Locations with occurrence of upwelling
events can serve as in-situ laboratories to investigate the impact of environmental
variability on production rates of reef-associated organisms. This study investigated
individual and reef-wide net (Pn) and gross primary production (Pg) for the dominant
autotrophic benthic organisms (hard coralsPocillopora spp., crustose coralline algae
(CCA), turf algae, and the macroalgaCaulerpa sertularioides) associated with a coral reef
along the Paci�c coast of Costa Rica. Oxygen �uxes by these organisms were measured
at a weekly to monthly resolution over 1 year (May 2013–April2014) viain-situ chamber
incubations. The in�uence of simultaneously measured environmental parameters
(temperature, light, inorganic nutrient concentrations,dissolved and particulate organic
matter concentrations) on Pn of the different taxa were tested via linear model �tting.
Turf algae showed highest individual Pn and Pg rates per organism surface area (35
and 49 mmol O2 m� 2 h� 1), followed byPocilloporaspp. (16 and 25 mmol O2 m� 2 h� 1),
CCA (9 and 15 mmol O2 m� 2 h� 1), and C. sertularioides(8 and 11 mmol O2 m� 2 h� 1).
Under upwelling conditions (February—April 2014), Pn ratesof all algal taxa remained
relatively uniform despite high nutrient availability, Pnof corals increased by 70%. On an
ecosystem level, corals on average contributed 60% of totalPn and Pg per reef area (73
and 98 mmol O2 m� 2 h� 1, respectively), due to high benthic coverage, followed by turf
algae (25%). Under upwelling conditions, reef-wide Pg increased by > 40%, indicating
acclimatization of local reef communities to upwelling conditions.

Keywords: coral reef, benthic primary production, upwelling , Gulf of Papagayo, eastern tropical Paci�c

INTRODUCTION

Photosynthetic production by benthic organisms represents akey ecosystem service provided by
tropical coral reef systems. The conversion of light energy into chemical energy by photosynthesis
creates the base of the food web in most terrestrial and aquatic ecosystems (Valiela, 1995; Chapin
et al., 2002). In coral reefs, primary production is tightly coupled with e�cient utilization and
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regeneration of organic and inorganic nutrients, which allows
an unusually high productivity in a nutrient poor environment
(Muscatine and Porter, 1977; Hallock and Schlager, 1986).
The main benthic primary producers in coral reef systems are
scleractinian corals with their endosymbiotic algae, crustose
coralline algae (CCA), �lamentous turf algae, �eshy macroalgae,
and microphytobenthos in the upper layer of reef sediments
(Odum and Odum, 1955; Hatcher, 1988). The magnitude of
primary production varies greatly within and among coral reefs
due to spatial variation in benthic community composition as
well as spatial and temporal changes in environmental conditions
(Hatcher, 1990; Gattuso et al., 1998). Primary production is
mainly determined by three factors: light intensity (Muscatine
et al., 1984; Hatcher, 1990), seawater temperature (Hatcher,
1990; Wild et al., 2011), and nutrient availability (Delgado
and Lapointe, 1994; Larned, 1998; Scha�elke, 1999). Coral
reefs around the world are subject to changes in temperature,
aragonite saturation state, and nutrient availability in the near
future (Hughes et al., 2003, 2010; Pandol� et al., 2011), but
potential implications for reef primary productivity are rarely
studied. Physiological studies on coral reefs that are naturally
exposed to high variability in environmental conditions can
provide essential information in this context by enabling a
direct correlation of primary production rates to changes in
water quality related parameters. These natural laboratories
furthermore help to assess the acclimatization potential ofreefs
to a highly variable environment.

At locations with upwelling events, coral reefs are subject to
large variations in water chemistry when sub-thermocline water
enters the surface layer. The upwelling usually decreases water
temperature and pH, while concentrations of inorganic nutrients
and dissolved inorganic carbon (DIC) increase (Pennington et al.,
2006; Fassbender et al., 2011; Rixen et al., 2012). Upwelled
nutrients can increase primary production and phytoplankton
concentrations in the water column (D'Croz and O'Dea,
2007), which, in turn, may decrease light availability to the
benthos (Kirk, 1994; Van Duin et al., 2001). Upwelling may
therefore contrarily a�ect benthic primary production: higher
inorganic nutrient availability may increase photosynthetic
activity of benthic algae and coral symbionts, whereas lower
water temperature and light levels may decrease photosynthesis
of benthic �ora. Macroalgal density and production is highly
dependent on light and inorganic nutrient availability (Delgado
and Lapointe, 1994; Van Tussenbroek, 2011) and upwelling
has been shown to increase growth rates of green and brown
macroalgae along the northern Paci�c coast of Costa Rica due
to elevated nutrient concentrations (Fernández-García et al.,
2012; Cortés et al., 2014). Turf algae also are important
primary producers on coral reefs and may bene�t from nutrient
pulses due to rapid nutrient uptake rates (Carpenter, 1990). In
contrast, corals are usually adapted to oligotrophic environments
(Hallock and Schlager, 1986). Although symbiont densities may
increase with increasing nutrient concentration and thereby
enable higher production rates (Szmant, 2002; Roder et al.,
2011), most studies have found that corals are at disadvantage
compared to algae when nutrient concentrations are high (Jompa
and McCook, 2002; Haas et al., 2009; Vermeij et al., 2010).

This disadvantage could be particularly pronounced within the
case of nutrient pulse events that occur as a consequence of
upwelling that might be expected to favor fast growing algal
species. Cold water stress due to upwelling may have further
negative impacts on coral photosynthetic e�ciency and pigment
concentration (Saxby et al., 2003) and can even cause bleaching
of corals (Glynn and D'Croz, 1990; Jiménez, 2001; Saxby et al.,
2003).

Primary production in response to upwelling has been
previously studied in the Colombian Caribbean (Eidens et al.,
2012, 2014) and the Andaman Sea (Jantzen et al., 2013), and
in each instance the introduction of subthermocline water
to shallow reefs increased primary productivity of reef algae.
The temporal resolution of these studies was low, and the
relative importance of driving environmental parameters wasnot
evaluated. In this study, we aimed to investigate if upwelling
along the Paci�c coast of Costa Rica in�uencesin-situ primary
production and respiration rates in eastern tropical Paci�c coral
reefs and which environmental parameters drive the variability in
primary production rates of di�erent benthic primary producers.
To our knowledge, this is the �rst study reporting benthic
reef primary production in Costa Rica and the eastern tropical
Paci�c. The main objectives were to (1) quantify organism-
speci�c primary production and respiration rates with high
temporal resolution over 1 year, (2) calculate total net and gross
primary production of primary producers at the investigated reef
site and quantify the relative contribution of each organismic
group, and (3) analyze the in�uence of simultaneously measured
environmental parameters on productivity parameters of each
organismic group.

MATERIALS AND METHODS

Study Site and Seasonality
The study was carried out from 01 May 2013 to 01 April 2014 in a
shallow fringing reef at Matapalo in the Gulf of Papagayo, Costa
Rica. Matapalo reef extends about 1 km along the northern coast
of the Nicoya Peninsula in the Bay Matapalo (Figure 1) and is
in�uenced by seasonal upwelling. The reef structure is dominated
by the branching coralPocilloporaspp. with alternating patches
of dead and living carbonate structures in 3–8 m water depth. An
area of� 600 m2 in 4–6 m water depth with relatively high live
coral cover compared to the surrounding area was visited weekly
to conduct water samplings and incubation experiments.

The Papagayo region is subject to strong seasonality caused
by the intensi�cation of trade winds during the northern
hemisphere winter (McCreary et al., 1989; Amador et al.,
2006). These northeasterly winds displace sur�cial water away
from the coast and cause upwelling of sub-thermocline cold
and nutrient-rich waters to the surface (Fiedler and Talley,
2006; Pennington et al., 2006). Seasonal upwelling decreases
mean seawater temperatures from around 28� –23� C between
December and April (Jiménez, 2001; Alfaro et al., 2012). Strong
upwelling events are accompanied by drops in pH (from 8.02 to
7.86) and dissolved oxygen concentration (from 228 to 144mmol
L� 1; Rixen et al., 2012) and peaks in nutrient concentrations
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FIGURE 1 | Study site. (A) Location of Matapalo Reef along the northern Paci�c coast of Costa Rica. (B) Incubations and benthic surveys took place at 5 m water
depth (mwd) at the indicated study site (10� 3202100N, 85� 4505900W).

(up to 15.6mmol L� 1 nitrate and 1.5mmol L� 1 phosphate;
Fernández-García et al., 2012).

Environmental Parameters
A range of environmental parameters were measured weekly
at the study site to characterize upwelling conditions and to
investigate the driving factors of primary production on the
reef. Water temperature was determined continuously with
HOBOR
 Pendant Temperature Data loggers and at the time
of incubations using an optical dissolved oxygen (DO) sensor
(FDO R
 925, WTW). Daily temperature range (maximum—
minimum temperature) was calculated from continuous
temperature measurements as a measure of upwelling intensity
for each incubation day (Jantzen et al., 2013). Light availability
during incubations was measured using a self-contained PAR
(photosynthetically active radiation) logger with a planar cosine-
corrected sensor (Odyssey Integrating PAR sensor, Data�ow
Systems PTY Limited). The logger was placed among the
incubation chambers and recorded the incident downwelling
photon irradiance between 400 and 700 nm integrated over
2 min time intervals. The millivolt signal produced by the logger

was converted tommol photons m� 2 s� 1 using an exponential �t
model according toLong et al. (2012):

PARD � 4924.7� e(� ODY=20992.9)C 4929.0

where ODY is the raw output data (mV) of the Odyssey data
logger multiplied by 7.5 to obtain the same integration time as
in the Long et al. (2012)study (15 min). A mean value over each
incubation period was calculated for further statistical analyses.

Water for the determination of inorganic nutrient
concentrations and dissolved organic carbon (DOC) was
sampled in triplicate from directly above the reef structure
within glass jars (500 mL), �ltered immediately through syringe
�lters (pore size 0.45mm) and stored cool for transportation.
Ammonium (NHC

4 ) was determined �uorimetrically
within 24 h after sampling with a TrilogyR
 Laboratory
Fluorometer/Photometer (Turner Designs) according to
Holmes et al. (1999)and Taylor et al. (2007)[detection limit
(LOD) D 0.023mmol L� 1]. Determination of phosphate (PO3�

4 )
was conducted spectrophotometrically with the same device
following the standard protocol ofMurphy and Riley (1962)
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(LOD D 0.033mmol L� 1). Sub-samples were kept dark and
frozen until the end of the study period and were analyzed
for nitrate (NO�

3 ) and nitrite (NO�
2 ) concentrations using a

Thermo Scienti�c UV Evolution 201R
 photometer based on a
method revised byGarcía-Robledo et al. (2014)[LOD(NO�

2 ) D
0.151mmol L� 1; LOD(NOx) D 0.162mmol L� 1]. Concentrations
of NO�

2 were always below the LOD. For DOC analysis, samples
were �ltered through pre-combusted glass micro�ber �lters
(VWR, 25 mm, particle retention 0.7mm) in polycarbonate
syringe-�lter-holders into acid-washed 30 mL high-density
polyethylene (HDPE) wide-neck bottles and frozen at� 20� C
within 3 h after sampling. For analysis, samples were thawed,
acidi�ed with 28mL 33% HCl per 30 mL sample to reach pH
� 2, and analyzed with a Shimadzu TOC-VCPHC ASI-V
elemental analyzer conforming to U.S. EPA Method 415.1 (U.S.
Environmental Protection Agency, 1983; Hansell, 1993; LOD D
8mmol L� 1).

Water for the analysis of chlorophylla (Chl a) and particulate
organic matter (POM) concentrations was sampled in triplicate
from around 20 cm below the sea surface above the reef in
3.8 L plastic containers. Within 2 h after sampling, subsamples
of each container (1 L for chla, 2 L for POM after gentle
agitation of containers) were �ltered onto VWR glass micro�ber
�lters (47 mm, particle retention 1.6mm) with an electric vacuum
pump (max. pressure< 200 mbar). Directly after �ltration, Chla
�lters were homogenized in 7 mL 90% acetone with a glass rod,
and the �lter slurry was incubated overnight at 4� C. Samples
were centrifuged for 10 min at 805 g before an aliquot of the
supernatant was transferred to a glass cuvette. Fluorescence
was measured (TrilogyR
 Laboratory Fluorometer/Photometer)
before and after acidi�cation to 0.003 N HCl with 0.1 N HCl
for 90 s. Procedure and calculations were carried out according
to U.S. EPA Method 445.0 (Arar and Collins, 1997). The pre-
combusted �lters with POM were stored in combusted tinfoil
and frozen at� 20� C until the end of the study period. Filters
were dried for 24 h at 40� C for transport and again for 24 h at
40� C just before analysis. Dried �lters were analyzed for total
carbon (C), nitrogen (N), and organic carbon (Corg) content
in a CHN elemental analyzer (Eurovector Euro EA 3000). A
quarter of the �lter was used for (i) the determination of C and
N in tin-cups and (ii) Corg in silver-cups after acidi�cation with
200mL 1 N HCl. Precision of analyses was calculated from low
soil standard (OAC 187560; C:� 0.032%, N:� 0.004%, Corg: �
0.046%). As Corg was almost identical to total C over the entire
study period, only values for particulate organic carbon (POC)
and particulate organic nitrogen (PON) in the water column
are provided below. Missing values for DOC and POC/PON
at the beginning of the study period (seeFigure 5) resulted
in smaller sample sizes for some of the �tted models (see
Section Correlation of Primary Production and Environmental
Parameters). The temporal variability in abiotic parametersat
Matapalo and another upwelling exposed reef site is described in
more detail inStuhldreier et al. (2015).

Benthic Community and Study Organisms
Cover of benthic organisms and substrates at Matapalo reef was
quanti�ed monthly at 5 m water depth along �ve permanent

transects of 10 m length (marked with iron poles every 5 m),
using the chain method (Rogers et al., 1994). A 10 m iron chain
with 532 links was placed directly on the reef structure, following
its contours, and thereby taking into account the structural
complexity of the reef. Benthic cover was determined under each
link (live coral and macroalgae to species level, dead coral, CCA,
turf algae, cyanobacteria, sand) and the number of links waslater
converted to relative sea�oor cover.

The dominant primary producers in the reef at 5 m water
depth were identi�ed as the scleractinian coralsPocilloporaspp.
(35.4 � 1.3%), turf algae (28.8� 1.4%), CCA (29.2� 1.6%),
and the green algaeCaulerpa sertularioides(4.0 � 0.7%; mean
values� SE over the study period). These organisms together
accounted for 97% of the reef coverage and thus were determined
to be representative of primary producers on the reef. Four
specimen of each organism group were collected for incubation
experiments from the reef or the surrounding sand �at using
SCUBA on each of the 33 incubation days. Small, loose live
coral fragments and dead coral fragments overgrown with CCA
could be found easily on the sand and rubble area bordering the
reef. Therefore, it was not necessary to break coral colonies or
reef structure overgrown with CCA, which would have resulted
unnecessary damage to coral or algal tissue. Care was taken
to use healthy coral and CCA fragments without abrasion and
of similar size to ensure comparable results. Dense turf algae
conglomerates were removed from dead coral rock, andC.
sertularioideswas collected as pieces of stolons with associated
fronds. All organisms were collected at 4.5–5.5 m water depth.

For surface area quanti�cation of incubated organisms, the
average diameter and height of coral fragments, CCA fragments
and turf algae conglomerates were measured with a caliper, and
surface areas were calculated for all three taxa with the best
�tting geometric shape (cylinder;Naumann et al., 2009). In the
case of coral fragments we additionally multiplied the result
with the proposed approximation factor forPocilloporaspp.
(0.94) according toNaumann et al. (2009). Surface area ofC.
sertularioideswas calculated by average length� width of algal
fronds, multiplied by the factor 2 to account for both sides, and
multiplied by the number of fronds.

Incubation Experiments
Every week, four specimens of each organism group were
incubated immediately after collection with surrounding
seawater as medium to quantify individual net primary
production (Pn) under in-situ water and light conditions.
Incubations took place inside 500 mL gas-tight glass jars (J.
WECKR
 , Germany) within 1–2 m distance from the reef
(Figure 2). Incubations started 10:30–11:30 or 13:30–14:30
when light availability was generally high and did not limit
photosynthesis. Time of incubation was not correlated to
primary production rates [F(28;103) D 0.676,p D 0.882],
indicating that di�erent times of incubations did not confound
the e�ects of other parameters. Three incubation chambers
containing only seawater served as controls for incubations,
while one chamber was closed with the others and immediately
brought to the surface to measure the initial concentrationof
dissolved oxygen (DO) and temperature using an optical DO
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FIGURE 2 | Dominant primary producers and incubation set-up. The
upper panel shows the incubated organismsPocilloporaspp., crustose
coralline algae, turf algae andCaulerpa sertularioides(from left to right). The
lower picture shows the incubation set-up in 5 m water depth on the sea�oor.

sensor (FDOR
 925, WTW). After approximately 70 min of
incubation, all glass chambers were transported to the surface,
and the concentration of DO was measured in the incubation
medium of each chamber after gently stirring for 5–10 s untilthe
signal stabilized to ensure homogeneous DO distribution.

Every month, the incubated specimen and four seawater
controls were subsequently incubated for around 70 min in fresh
seawater in a dark cooler on the boat to obtain organism-speci�c
respiration rates (R). All incubations were conducted under no-
�ow conditions, which allowed for comparison with previous
chamber incubation studies (Jantzen et al., 2013; Naumann et al.,
2013; Eidens et al., 2014). As water �ow may enhance O2
�uxes (Mass et al., 2010), the results of the �eld incubations
are conservative estimates ofin-situ O2 �uxes and should be
interpreted accordingly.

Data Analyses and Statistics
Organism-Speci�c Primary Production
Pn and R for each incubated specimen were derived from DO
concentration di�erences in the incubation medium calculated
by subtracting start from end concentrations. These results
were corrected for DO concentration di�erences measured in
seawater controls and normalized to specimen surface area and
incubation period. Gross primary production (Pg) was calculated
by adding R to Pn for each incubated specimen. This estimation
of gross photosynthesis is presumed to be conservative as dark
respiration (which was measured) can be> 10 times lower than
light respiration (Al-Horani et al., 2003; Schrameyer et al., 2014).

Rates from specimens of the same taxa and incubation day
were averaged, resulting in almost weekly organism-speci�cPn
(n D 33) and monthly R and Pg rates (n D 12), given in
mmol O2 m� 2 organism surface area h� 1. The general in�uence

of upwelling on overall and organism-speci�c Pn and R-values
was determined using One-way Analyses of Variance (ANOVA)
comparing values obtained between May 2013 and January 2014
(non-upwelling conditions) against values between February and
April 2014 (upwelling conditions) using the software R 3.1.1
(R Core Team, 2014). Non-upwelling and upwelling conditions
were de�ned based on signi�cant changes in environmental
parameters in the year of observation, mainly temperature and
nutrient concentrations (see Section Upwelling Conditions).

Reef-Wide Primary Production
The contribution of each organismic group to reef-wide Pn and
Pg for each month was estimated as follows (afterEidens et al.,
2014):

ci D Pi bi si

Taxa speci�c ci was thereby calculated from the benthic groups'
individual production rate (Pi), their respective 2D benthic cover
on the reef (bi) and group speci�c mean 2D–3D conversion
factors (si). The 2D–3D conversion factors were obtained from
the literature and were as follows: 6.8 forPocilloporaspp. (Alcala
and Vogt, 1997), 2.1 for CCA (Eidens et al., 2014), 1.5 for turf
algae (Jantzen et al., 2013), and 14 forC. sertularioides(Naumann
et al., 2013). Total reef-wide benthic net (total Pn) and gross
primary production (total Pg) was calculated by summing up
the contributions of individual taxa (ci) and are expressed as
mmol O2 m� 2 reef area h� 1. Total reef-wide Pn should not be
confused with net ecosystem production, which would include
respiration of all heterotrophic organisms within the reef system.
Di�erences in total Pn and Pg between non-upwelling and
upwelling conditions were determined using One-way Analysis
of Variance (ANOVA) in the software R 3.1.1 (R Core Team,
2014).

Correlation of Primary Production and Environmental
Parameters
We used model selection in the software R 3.1.1 (R Core Team,
2014) to determine which combination of the 10 measured
environmental parameters (incubation temperature, daily
temperature range, light, PO3�

4 , NO�
3 , NHC

4 , Chl a, PON, POC,
and DOC) best predicted the measured overall and organism-
speci�c production rates. Parameters werez-transformed
and tested for multicollinearity using scatterplot matrices
and correlation coe�cients based on restricted maximum
likelihood estimates. Removing collinearity is important because
explanatory parameters may mask each other's in�uence on
the response parameter and reduce the explanatory power of
the model. Collinear parameters were removed resulting in six
explanatory variables with pairwise correlation coe�cients� 0.6:
temperature (incubation temperature, daily temperature range),
light (only for Pn and Pg), nutrients (NHC

4 , PO3�
4 , NO�

3 ), POM
(POC, PON, Chl a), and DOC. The factor which represents
their respective group in statistical analyses is indicated in italics.
Linear models were �t to log(xC1)-transformed Pn, Pg, and R
data including all six explanatory variables. Minimum adequate
model selection was then performed using Akaike's Information
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Criterion (AIC) and adjustedR2 (indicating the amount of
variance in the data explained by the respective model) before
being tested for signi�cant in�uences of remaining parameters
using multiple regression with adjusted sum of squares (function
“Anova” in package “car”). The models for overall Pn, Pg, and R
data included taxa and its interactions with the environmental
parameters as explanatory variables, while models for organism-
speci�c Pn rates only tested the in�uence of environmental
parameters. We did not model the in�uence of environmental
parameters on Pg and R data of individual taxa, because monthly
measurements yielded in only 12 data points per taxa, and
assumptions of normality would be violated with this sample
size.

RESULTS

Upwelling Conditions
Water temperatures at Matapalo reef were relatively constant
at 28–29� C from May 2013 to January 2014. Between February

TABLE 1 | Environmental parameters under non-upwelling and up welling
conditions.

Water parameter non-upwelling upwelling ANOVA

May–Jan Feb–Apr p

Water temperature [� C] 28.51 C 0.05 25.80 C 0.23 *< 0.001

Light [mmol photons
m� 2 s� 1]

683.16 C 64.88 595.50 C 97.45 0.497

Phosphate [mmol L� 1] 0.24 C 0.02 0.46 C 0.13 *0.006

Ammonium [mmol L� 1] 0.52 C 0.03 1.13 C 0.22 *< 0.001

Nitrate [mmol L� 1] 0.42 C 0.06 1.87 C 0.73 *0.001

Chlorophylla [mg L� 1] 0.52 C 0.07 1.10 C 0.23 *0.003

Particulate organic
nitrogen [mg L� 1]

25.59 C 2.15 59.63 C 11.52 *< 0.001

Particulate organic
carbon [mg L� 1]

215.52 C 23.75 376.78 C 68.72 *0.007

Dissolved organic
carbon [mmol L� 1]

128.26 C 9.74 168.31 C 14.36 *0.032

Average values were calculated from all available data points between 01.05.2013 and
01.04.2014 and are given as mean� SE. P-Values in the last column derive from
the comparison of non-upwelling and upwelling conditions using One-way Analysis of
Variance in the software R 3.1.1. Asterisks indicate signi�cant differences (p< 0.05).

and April 2014, temperatures dropped repeatedly by 2–7� C to
minimum daily averages of 21� C for several days. Drops in
temperature in February and March 2014 were accompanied by
up to 3-, 4-, and 15-fold increases in phosphate, ammonium,
and nitrate concentrations, respectively. Therefore, the time
between 01 February and 01 April 2014 was de�ned as upwelling
period in the year of observation. Chlorophylla concentrations
peaked several times in February and March 2014, reaching
maximum values of 2.2mg L� 1. POC and nitrogen in the water
increased by 75 and 130% under upwelling compared to non-
upwelling conditions. DOC concentrations had increased already
in December 2013 by around 70% compared to concentrations
between May and December 2013 and stayed elevated until the
end of the study period. Under upwelling conditions, water
temperature was signi�cantly lower, while inorganic nutrients
and all organic matter parameters were signi�cantly elevated
compared to non-upwelling conditions (Table 1). Only light
availability was constant across upwelling and non-upwelling
conditions.

Organism-Speci�c Primary Production
The average background photosynthesis of reef water in control
chambers was 0.02� 0.01 mg O2 L� 1 h� 1 and did not increase
signi�cantly under upwelling conditions (T D 145.000, nUPW D
8, nnoUPW= 25, p D 0.720), despite increased chlorophylla
concentrations in the water column.

Of all investigated functional groups, individual primary
production and respiration rates were highest for turf algae,
followed by Pocillopora spp., CCA, and C. sertularioides
(Table 2). Pn and Pg rates signi�cantly di�ered among taxa
[F(3; 128) D 62.469,p < 0.0001 andF(3; 44) D 44.506,p < 0.0001,
respectively], except when comparing CCA andC. sertularioides.
R rates signi�cantly di�ered among taxa [F(3; 44) D 20.464,p <
0.0001] except when comparingPocilloporaspp. and turf algae.

Pn and Pg rates ofPocilloporaspp. signi�cantly increased
by 71% (Pn) and 54% (Pg)under upwelling compared to
non-upwelling conditions [F(1; 31) D 20.922,p < 0.0001 and
F(1; 10) D 9.600,p D 0.0113, respectively], while rates of all algae
groups stayed constant (Figure 3). Respiration rates increased
under upwelling compared to non-upwelling conditions in both
Pocilloporaspp. and CCA, although these di�erences were not
signi�cant. As a result, R rates ofPocilloporaspp. did exceed
those of turf algae under upwelling conditions (Figure 3).

TABLE 2 | Individual primary production and respiration rate s of the dominant benthic primary producers.

Pn Pg R Pn:R

(mmol O 2 m � 2 organism surface area h � 1)

Turf algae 35.0� 2.9 (33) 49.1 � 4.4 (12) 8.2 � 0.8 (12) 5.6 � 1.2 (12)

Pocilloporaspp. 15.5 � 1.1 (33) 25.2 � 2.2 (12) 7.2 � 0.7 (12) 2.6 � 0.2 (12)

Crustose coralline
algae

8.8 � 0.6 (33) 14.5 � 0.9 (12) 4.4 � 0.7 (12) 3.2 � 0.5 (12)

Caulerpa
sertularioides

7.8 � 0.5 (33) 11.1 � 1.1 (12) 1.8 � 0.2 (12) 6.1 � 0.7 (12)

Values for Pn, Pg, and R as well as Pn:R were calculated from taxa speci�c values over all incubation occasions and are given as mean� SE (number of replicates). Pn, net primary
production; Pg, gross primary production; R, respiration.
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FIGURE 3 | Organism-speci�c oxygen �uxes. Net primary production
(positive) and respiration rates (negative) of the dominant primary producers (in
mmol O2 �ux normalized to organism surface area) under non-upwelling (May
2013–January 2014) and upwelling conditions (February–April 2014).
***p < 0.001.

Individual respiration rates of all taxa were much smaller than
respective net photosynthetic rates, resulting in mean Pn:R ratios
of around 3 (Pocilloporaspp. and CCA) to 6 (turf algae andC.
sertularioides; Table 2). While the ratio was relatively uniform
over the year of observation forPocilloporaspp., ratios of CCA,
turf algae, andC. sertularioidesdecreased under upwelling
(1.7, 4.4, and 4.1, respectively), compared to non-upwelling
conditions (3.6, 6.0, and 6.7, respectively), although noneof
these di�erences was signi�cant. All statistical results can be
found in Supplementary Table 1.

Reef-Wide Primary Production
The combination of organism-speci�c production and
respiration rates with relative benthic coverage and 2D–3D
conversion factors enabled us to calculate total net and gross
primary production of all primary producers on the investigated
reef at a monthly resolution (Figure 4A). Reef-wide total Pn
and Pg were 33 and 43% higher under upwelling compared
to non-upwelling conditions (Figure 4B). The di�erence
was non-signi�cant for Pn [F(1; 10) D 2.874,p D 0.1209],
but signi�cant for Pg [F(1; 10) D 7.9066,p D 0.0184]. The
relative contribution of primary producer groups to total
Pg was highest forPocilloporaspp. over the whole year of
observation (Figure 4D) and signi�cantly increased from 58�
2% under non-upwelling conditions to 73� 3% under upwelling
conditions [F(1;10) D 12.315,p D 0.0056], as their individual
production rates and benthic cover increased (Figure 4C). The
contribution of turf algae to total Pg signi�cantly decreased from
27 � 2% under non-upwelling to 12� 2% under upwelling
conditions [F(1; 10) D 16.040,p D 0.0025], while relative
contributions of CCA and C. sertularioidesdid not di�er
signi�cantly between the two time periods (Figure 4D).

Correlation of Primary Production to
Environmental Parameters
Overall and individual oxygen production rates showed
considerable variability over the study period, potentially related
to the variability in water parameters (Figure 5).

Overall Primary Production and Respiration
The variability in overall Pn data was best explained by a
model including the explanatory variables taxa, temperature,
light, nutrients, DOC, and the interactions between taxa and
the parameters temperature and DOC. These variables together
explained 71% of the variability in the data (adjR2 D 0.71)
and all parameters except DOC and the two interaction terms
signi�cantly in�uenced overall production rates. The variability
in overall Pg data was best explained by the variables taxa,
light, DOC, POC, and the interaction between taxa and POC
(adjR2 D 0.91), from which all except POC were signi�cant. The
variability in overall R data was best explained by the variables
taxa, temperature, POC, and the interaction term of taxa and
temperature (adjR2 D 0.77) from which taxa and temperature
signi�cantly in�uenced overall respiration rates.

Organism-Speci�c Net Primary Production
Net production rates of Pocillopora spp. were best explained
by the variables light, nutrients, and DOC (adjR2 D 0.38)
and signi�cantly increased with increasing light [F(1; 20) D
6.978,p D 0.0157] and DOC levels [F(1; 20) D 6.766,p D
0.0171]. For production rates of CCA, no combination of the
measured parameters could explain the variability in the Pn data.
Production rates of turf algae were best explained by the variables
temperature, light, nutrients, and DOC (adjR2 D 0.33) and
signi�cantly increased with increasing temperature [F(1; 19) D
7.322,p D 0.0140], light [F(1; 19) D 6.971,p D 0.0161],
and nutrients [F(1; 19) D 4.932,p D 0.0387]. Production rates
of C. sertularioideswere best explained by temperature, light,
and nutrients (adjR2 D 0.43) and signi�cantly increased with
increasing temperature [F(1; 28) D 13.684,p D 0.0009], light
[F(1; 28) D 6.838,p D 0.0142], and nutrients [F(1; 19) D 6.953,
p D 0.0135]. See Supplementary Table 2 for further details of
statistical tests.

DISCUSSION

This study represents one of few �eld investigations comparing
primary production rates of di�erent coral reef primary
producers (Wanders, 1976; Eidens et al., 2012, 2014; Naumann
et al., 2013). To our knowledge, it is the �rst study to correlate
in-situ organism-speci�c metabolic rates to seasonal variations
in environmental conditions. Our �ndings characterize the
investigated reef as a net autotrophic benthic environment
dominated by the scleractinian coralsPocilloporaspp. and turf
algae, which due to their high production rates are also the major
contributors to photosynthetic primary production on the reef.
In contrast to previous studies (Eidens et al., 2012, 2014; Jantzen
et al., 2013), increased photosynthetic rates ofPocilloporaspp.
from February to April 2014 suggest a competitive advantage of
corals over algae under upwelling conditions.

Frontiers in Marine Science | www.frontiersin.org 7 December 2015 | Volume 2 | Article 113



Stuhldreier et al. Upwelling Affects Reef Primary Production

FIGURE 4 | Reef-wide primary production. (A) Total reef-wide net (total Pn) and gross primary production(total Pg) from May 2013 to April 2014 at a monthly
temporal resolution and(B) comparing non-upwelling (May 2013–January 2014) and upwelling conditions (February–April 2014).(C) Relative sea�oor cover of
dominant primary producers over the year of observation and(D) their relative contribution to monthly total Pg calculatedfrom (A, C). *p < 0.05.

Organism-Speci�c Primary Production
Individual production and respiration rates of corals and CCA
obtained during this study were very similar to previous reference
studies (Wanders, 1976; Chisholm, 2003; Eidens et al., 2014).
Primary production rates of turf algae in comparable studies
ranged from 7.6 (Eidens et al., 2014) to 40 mmol O2 m� 2 h� 1

(Wanders, 1976). As turf algae are diverse conglomerates of
di�erent �lamentous algae and cyanobacteria, it is not surprising
that rates di�er greatly between studies. In this study, verydense
conglomerates of turf algae communities were used, which may
explain the relatively high production rates.

Under upwelling conditions, net and gross production rates of
Pocilloporaspp. increased, while that of all algae taxa remained
relatively unchanged.Eidens et al. (2014)found an opposite
pattern for the Caribbean with decreased productivity rates
of corals and increased rates for turf algae and CCA during
upwelling, although nutrient concentrations during upwelling
at their study site were lower compared to the present
study (Bayraktarov et al., 2014). The stable or even increased
production rates of investigated organisms under upwelling
conditions suggest that eastern tropical Paci�c primary producers
are acclimatized to pronounced seasonal variations in water
temperature and nutrient availability.

Respiration rates of all taxa increased under upwelling
conditions. While this e�ect was balanced by higher production
rates in the coral, the Pn:R ratios of all algal taxa decreased,
indicating that the investigated algae may have been subjected to

temperature- (Beyers, 1962) or light-stress (Copeland, 1965). The
coralPocilloporaspp. on the other hand strongly bene�tted from
upwelling conditions in terms of productivity. A parallel growth
experiment withPocilloporaspp. revealed that 60% of the annual
linear growth of these corals occurred within only 4 months
including the upwelling period (December 2013–March 2014;
Sánchez-Noguera, unpublished data). This result indicatesthat
the increased production of corals under upwelling conditions
also resulted in increased coral growth.

Environmental Factors Driving Primary
Production
Depending on the sensitivity of di�erent organisms to certain
environmental factors, upwelling can apparently be bene�cial for
some primary producers, while decreasing the performance of
others. Photosynthetic performance of algal turfs increased 2.0-
fold in the Caribbean during the upwelling season (Eidens et al.,
2014) and 1.4-fold in the Andaman Sea on island sides exposed
to large amplitude internal waves (Jantzen et al., 2013), which the
authors related to increased nutrient concentrations and water
currents. Although Pn rates of turf algae andC. sertularioides
in our study were likewise positively correlated to nutrient
concentrations, net and gross primary production of these algal
taxa was unchanged under upwelling conditions when nutrient
concentrations were highest. This lack of organism-response may
be due to changes in other abiotic factors that compensated for
the positive e�ects of nutrients. Our results and previous studies
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FIGURE 5 | Seasonal changes in water parameters and individua l net primary production. (A) Water temperature and light availability in 5 m water depth,(B)
inorganic nutrient concentrations,(C) dissolved and particulate organic matter and(D) net primary production rates of main primary producers on the reef (mean�
SE). Lines in(A–C) display all available data points while scatter points indicate measurements parallel to incubations which were used for linear model �tting. PO4,
phosphate; NH4, ammonium; Chl a, Chlorophylla; NO3, nitrate; DOC, dissolved organic carbon;PON, particulate organic nitrogen;POC, particulate organic carbon;
Pn, net primary production.

showed productivity of turf algae and macroalgae positively
correlated with light availability (Gladfelter, 1985; Adey and
Goertemiller, 1987) and temperature (Hatcher, 1990; Davison,
1991). While average light availability stayed constant, lower
water temperature during upwelling likely reduced the metabolic
activity of turf and �eshy macroalgae (Davison, 1991) and thereby
mitigated the positive e�ects of increased nutrient concentrations
on algal primary production (Szmant, 1997; Carpenter and
Williams, 2007).

In general, most studies showed that corals are at a
disadvantage compared to algae when nutrient levels are high
(Jompa and McCook, 2002; Haas et al., 2009; Vermeij et al., 2010).
The disadvantage of corals was not apparent in the present study,
which is likely due to a combination of factors. High nutrient
availability may not only bene�t algae but also the productivity
of corals by increasing their symbiont density and chlorophyll
a content (Szmant, 2002). However, Pn rates ofPocillopora
spp. in the present study were not correlated to nutrient
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concentrations. This lack of correlation suggests that changes
in other upwelling related parameters were responsible for the
increased productivity rates of corals under upwelling conditions.
In our models, DOC concentrations correlated positively with
coral net primary production rates. It is, however, likely that
the elevated DOC concentrations are rather a result of increased
productivity rates and excess release of organic matter instead
of driving primary production. All photosynthesizing benthic
organisms release part of their �xed carbon into the water column
as DOC, with benthic algae releasing more DOC than corals
(Wild et al., 2010; Haas et al., 2011, 2013). Macroalgal labile
DOC fuels the growth of heterotrophic microbes associated with
corals and algae (Smith et al., 2006; Haas et al., 2013; Nelson
et al., 2013), which may negatively a�ect corals by increasing the
dominance of pathogenic bacteria (Kline et al., 2006; Dinsdale
et al., 2008; Nelson et al., 2013), or by causing local hypoxia
leading to coral tissue mortality (Barott et al., 2009; Wild et al.,
2010; Haas et al., 2011). In contrast to these �ndings, we
found DOC concentrations positively correlated withPocillopora
spp. primary production. AsPocilloporaspp. was the main
contributor to reef-wide benthic net and gross photosynthesis,
it is possible that they produced most of the available DOC
in the reef water. Coral derived DOC is less bioavailable than
algal derived DOC (Haas et al., 2013) and may therefore
stay in the reef water for an extended time without negative
e�ects on corals. Further factors may bene�t coral primary
production during upwelling, such as increased food availability
for heterotrophic feeding. Increased heterotrophy may enhance
rates of photosynthesis by increasing symbiont density and
chlorophylla content in corals (Dubinsky et al., 1990; Titlyanov
et al., 2000; Houlbrèque et al., 2003) and thereby enables
acclimation to low water temperatures (Wellington and Glynn,
1983; Manzello, 2010). The ability to feed heterotrophically may
therefore partly explain the competitive advantage of corals
over benthic algae in terms of primary production during the
upwelling season.

Any variability in production rates of CCA could not
be explained by the combination of measured parameters.
CCA often thrive best in high-energy environments with high
herbivorous pressure (Smith et al., 2010; Williams et al., 2013),
where primary production may be facilitated by reduced shading
from algae and a thin boundary layer which facilitates nutrient
delivery and gas exchange (Chisholm, 2003). Taking into account
such factors may increase the explanatory power of the models
for all taxa and is therefore suggested for future analyses.

Reef-Wide Primary Production
At the studied reef,Pocilloporaspp. contributed most to total
reef-wide Pg in both non-upwelling and upwelling season, due
to high individual primary production rates, a high benthic
coverage, and the coral's structural complexity. Coral coverin
the reef was increasing over time, which was driven by high
linear growth rates and lateral tissue expansion over existing
reef structure (personal observation), while recruitment was
negligible (Roth et al., 2015). Dominant contribution of corals
to reef-wide Pg was also observed in a Caribbean upwelling
system (Eidens et al., 2014). In contrast, turf algae were the

TABLE 3 | Daily total reef primary production in various coral reef
ecosystems.

Reference Total Pg Total Pn Reef type and region

(mmol O 2 m � 2 reef area d � 1)

Present study 667–1652 191–916 Reef 5 m depth, Costa
Rica, eastern Paci�c

Wanders, 1976 1294 531 Reef 0.5–3 m depth,
Curaçao, Caribbean

Kinsey, 1985 333–1665 Reef �at, various
locations

Adey and
Steneck, 1985

626–1275 225–938 Fore reef 6 m depth, St.
Croix, Caribbean

Hatcher, 1988 167–583 –83–425 Fore reef, various
locations

Eidens et al., 2012 250–483 125–272 Reef 10 m depth,
Colombia, Caribbean

Eidens et al., 2014 250–305 103–169 Reef 10 m depth,
Colombia, Caribbean

Minimum and maximum values of total reef-wide gross (total Pg) and net primary
production (total Pn) for different reef locations. If necessary, original units were converted
to O2 estimates assuming a C:O2 metabolic quotient equal to one.

main contributors to reef primary production in areas exposed
to large amplitude internal waves (Jantzen et al., 2013) or
rain-induced nutrient plumes (Den Haan, 2015) due to high
individual photosynthetic rates of turf algae in combination with
high relative substrate cover.

It has been recognized that daily reef primary production
varies dramatically among reefs, sometimes by 1–2 orders of
magnitude (Adey and Steneck, 1985; Hatcher, 1990). Besides
large di�erences in environmental settings, this variationmay
partly be due to di�erent measuring techniques and calculation
methods, especially when extrapolating measured values to daily
production rates. Despite these uncertainties we want to provide
a comparison with reef-wide production rates from di�erent
locations as, until now, no primary production rates have been
published for the eastern tropical Paci�c. If we assume a 12:12h
day/night cycle, as typical for the tropics, and extrapolate our
hourly values to daily estimates of reef-wide Pg (total Pg h� 1

� 12 h sunlight) and Pn (total Pn h� 1 � 12 h sunlight–total
R h� 1 � 12 h night) we end up with magnitudes of total reef
production in the upper range of most comparable studies and
considerably higher than some (Table 3). Because incubations
took place at relatively high light intensities around midday,
realistic daily values are likely lower than calculated by simple
extrapolation to 12 h, but still hint to a highly productive reef
system in the upwelling region of Papagayo. Di�erences to the
studies ofHatcher (1990)and Eidens et al. (2012, 2014)could
be mainly due to water depth e�ects, as those studies were
conducted at around 10 m water depth where the light availability
and therefore primary production is lower. Values from a reef in
6 m depth are very similar to our estimates (Adey and Steneck,
1985). The higher range of total daily Pg and Pn data in our
study compared to studies byHatcher (1990)and Eidens et al.
(2012, 2014)might be attributed to their much smaller sample
size (n D 4 compared ton D 12).
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It has been suggested that Caribbean reefs, in general, are more
productive than Paci�c reefs (Adey and Steneck, 1985; Hatcher,
1990). The present study does not con�rm this hypothesis; in fact,
reef production was higher than in several reef systems in the
Caribbean (Table 3). The relatively high productivity observed at
the study site may be due to the upwelling, which usually supports
very productive ecosystems (Birkeland, 1988). This assumption
is supported by higher total Pn and Pg during upwelling.
Another reason for the high productivity compared to other
ecosystems may be the structural complexity of the dominating
coralPocilloporaspp., as the increased light capturing capabilities
of branching corals facilitate higher production rates compared
to massive or plating growth forms (Smith, 1981).

Compared to prior studies which reported two-fold higher
benthic primary production in summer (Kinsey, 1977, 1985;
Smith, 1981) or during upwelling (Eidens et al., 2012), the
di�erences in total Pn and Pg comparing non-upwelling and
upwelling conditions in the present study were relatively low.
The high and stable reef primary production suggests acclimation
mitigated responses of the benthic community to seasonal
variations in water parameters.

Outlook
Future global change will likely decrease carbonate saturation
and increase the frequency of warming events on coral reefs
worldwide (Hoegh-Guldberg et al., 2007; Pandol� et al., 2011).
A recent study modeling future environmental conditions on
coral reefs demonstrated that marginal reef ecosystems at
high latitudes and in the eastern tropical Paci�c perform well
in climate change scenarios (Freeman, 2015). The positive
projections for marginal reef habitats may partly be due to the fact
that coral populations acclimatized to naturally large variations in
local conditions may be more resilient to future environmental
changes (Brown, 1997; Freeman et al., 2012). The constantly high
total benthic productivity at Matapalo reef suggests a generally
high resilience of local benthic communities against present and
maybe also future environmental �uctuations. The upwelling
could furthermore lower high temperature and radiative stress
during warming events (Wall et al., 2015). It is, however, likely
that interannual variations in conditions a�ect the productivity
of eastern tropical Paci�c coral reefs as it was shown for

the Caribbean (Eidens et al., 2014). This variability should be
investigated by repeated incubation experiments over several
seasons and years. It would be interesting also to investigate
how total reef primary production relates to reef accretion and
erosion, and how multiannual stressors such as El Niño events
or harmful algae blooms a�ect primary production on the reef.
Only reefs with a positive and stable net growth despite strong
�uctuations in environmental parameters may be less susceptible
to future environmental changes.
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