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The Gulf of Nicoya is a large tropical estuary located on the Pacific coast of Costa
Rica and accounts for the country’s main fish production. It is increasingly impacted
not only by its fisheries, but also by urbanization, tourism developments, the input
of pollutants from urban centers and agriculture activities in the catchment areas of
large rivers entering the gulf. Similar to other coastal ecosystems, the gulf is particularly
sensitive to short- and long-term changes in the climate, such as the precipitation rate,
Sea Surface Temperature, wind speed and current regimes. While the gulf has been
studied for decades, until now no attempt has been made to combine the analysis of the
impacts of fishing and environmental changes on the ecosystem. By following a holistic
approach that uses fisheries and environmental time series data from collaborative
research and simulation models, this study aims at identifying the main drivers of
the observed changes in the Gulf of Nicoya ecosystem. While the model simulations
indicate that variations in the catch of some target species (e.g., cephalopods and
shrimps) are mainly driven by the fisheries’ exploitation rates, several other species
(e.g., corvina, snook, small pelagics, and crabs) are also substantially affected by
climate variations, particularly during El Niño periods of high Sea Surface Temperature
extremes and increased precipitation. During these periods, phytoplankton productivity
and zooplankton biomass deceases with bottom–up effects on the entire food chain.
Indicators of the environmental state of the system thus have to be considered along
with regulations of the fishing pressure to form the basis for the development of
appropriate management strategies.
Keywords: ecosystem modeling, fisheries management, climate variability, ecopath with ecosim, trophic
interaction

INTRODUCTION
Ecosystem food webs change over time either due to changes in natural predator-prey interactions,
resource limitations and anthropogenic influences, or due to environmental influences that cause
changes in the distribution, growth performance or survival rate of the species. Fishing as a
major anthropogenic impact factor additionally greatly affects the population size of target species,
their prey and predators and may even damage the species habitats (Jennings and Kaiser, 1998;
Frederiksen et al., 2006). Although overfishing is known to have caused the decline and collapse
of many fish stocks around the world, it can also alter the sensitivity of the ecosystem to natural
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(ETP) causes periodic variations in several environmental
parameters, which temporarily change the coastal marine
environment and its species composition (Fiedler, 2002; Tam
et al., 2008; Taylor et al., 2008b; Wolff et al., 2012). In the
southern Humboldt and southern Benguela upwelling systems,
environmental variations and trophic interactions were found
to be more important than the fisheries in causing variations in
species abundance (Shannon et al., 2008). Atmospheric pressure
and Sea Surface Temperature (SST) are the main indicators of El
Niño events (National Oceanic and Atmospheric Administration,
2020a), although rain fall, wind and current patterns may also
change dramatically (Wolff, 2010). On average, the atmospheric
pressure is low in the Western Tropical Pacific and relatively
high in the Eastern Tropical Pacific. Here, sea level Sea
Surface Temperature (SST) greatly rises during El Nino events,
concurrently with changes in other climatic parameters, such as
wind direction, wind speed and precipitation rates (Ji et al., 2015).
In the entire ETP region, climate impacts of the ENSO cycle
are perceptible and in Costa Rica, strong effects of the ENSO
cycle have been observed in the Gulf of Nicoya as well as in the
Golfo Dulce, the second important gulf system of the Costa Rican
Pacific coast (Quesada-Alpízar and Morales-Ramírez, 2004).
During the particularly strong El Niño phase in 1997/98, as
well as during the ENSO phase in 2009, changes in the structure
of the phytoplankton and zooplankton communities have been
observed (Brugnoli-Olivera and Morales-Ramírez, 2008). The
phytoplankton and primary productivity decreased in these years
and lower densities of diatoms and dinoflagellates were reported
in the Gulf of Nicoya (Brugnoli-Olivera and Morales-Ramírez,
2008; Calvo Vargas et al., 2014). This reduction of low trophic
level biomass and productivity is then usually followed by a
reduction in biomass of plankton, fish and seabirds, leading to
severe consequences for the regional fishing sector and coastal
communities (Lizano and Alfaro, 2004; Wolff et al., 2012) as their
catch of pelagic species, coastal demersal species, shrimp, squid
and other marine organisms (FAO) is affected. For an effective
implementation of an ecosystem-based fisheries management
in the region it is crucial to understand the response of the
ecosystem to different fisheries in place and to the environmental
drivers as a whole. This is based on the understanding of the
biomass flows through the food web, starting at the lowest
trophic level (Brugnoli-Olivera and Morales-Ramírez, 2008;
Tam et al., 2008).
Accordingly, we used a routine adapted to specific time series
using fisheries and environmental data for a period from 1995
to 2014 to elucidate the role of the fishing effort and abiotic
factors in explaining observed changes. For this purpose, we
used the open-source software Ecopath with Ecosim (EwE)
and applied a hypothesis-based model fitting procedure, for
which we considered time series of both inter-annual changes
in fishing effort and fleet composition as well as the most
relevant environmental factors (Sea Level Pressure, Sea Surface
Temperature, Chlorophyll-a concentrations, wind direction and
speed, precipitation rates, particulate inorganic and organic
carbon concentrations and photosynthetically active radiation).
A central question examined in our study is whether the observed
system changes were driven by the exploitation patterns of

environmental variations and reduce the ability to buffer the
effects of extreme natural events or future climate change
(Hidalgo et al., 2011). At the same time, the limits overfishing
of sustainability critical threshold for fishing can be affected
by environmental changes (Neira et al., 2009). Fishing induced
changes in the biomass that occur at one trophic level affect the
trophic levels above and below that level, causing trophic cascades
throughout the system (e.g., Duarte and Garcıa, 2004; Andersen
and Pedersen, 2009). Ecosystems are driven by the combined
effect of varied influencing factors, that have to be identified
and examined to understand the dynamics of the system. To
assess the particular role of small-scale and industrial fisheries
within the ecosystem multiple factors need to be evaluated.
The historical development of the operating fishing fleets, the
different gear types and target species, as well as the temporal
distribution of the fishing effort are all important factors that
need to be considered for a holistic assessment of the Gulf of
Nicoya ecosystem and its changes over time. We assume that
the historical and ongoing removal of large numbers of small
pelagic species and the existence of a variety of small demersal
species should have most likely shaped the ecosystem over the
last decades (Alms and Wolff, 2019). This process, together with
the fisheries-induced substantial reduction of shrimp biomass
over the last two decades, might be particularly relevant since
it may have greatly reduced system biomass and productivity
in low and mid trophic levels, reducing the energy basis for
higher trophic levels of the gulf (Duarte and Garcıa, 2004).
Our previous research on the Gulf of Nicoya ecosystem (Wolff
et al., 1998; Alms and Wolff, 2019) allowed us to describe the
energy flow structure and biomass changes that have occurred
in the system over a period of two decades. We attributed an
important role in causing these changes to fisheries and were
able to show that phytoplankton and zooplankton largely control
higher trophic levels groups, such as benthos, shrimps, and small
pelagic fishes, suggesting that bottom–up control mechanisms are
crucial to the system.
Since in such environments changes in abiotic factors due to
climate variations may directly affect the primary productivity,
we further examine these bottom–up effects in this study.
Additionally, we aim at exploring the possibility of mixed
trophic interactions or wasp-waist control mechanisms within
intermediate trophic level species that exercise both bottom–up
control on their predators and top–down control on their prey
(Cury et al., 2000).
According to the Food and Agriculture Organization (FAO),
most inter-annual fluctuations in fish production in the Eastern
Central Pacific Ocean (Fishing Area 77) result from abundance
changes in mid-trophic level pelagic fish. These fish often assume
a central role in marine ecosystems and influence both higher and
lower trophic levels (Frederiksen et al., 2006). Duarte and Garcıa
(2004), however, point out that this “wasp-waist” role of small
pelagic fish that has been proven for temperate and subtropical
upwelling regions may not remain valid for tropical and therefore
less productive upwelling areas, a statement we would like to
analyze for the Gulf of Nicoya.
Previous studies prove that the El Niño-Southern Oscillation
(ENSO) cycle occurring in the Eastern Tropical Pacific Ocean
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several shrimp species, mostly in the outer gulf, however the
capture of bycatch species drastically exceeds the shrimp catches.
Artisanal fisheries landing data of the Gulf of Nicoya on the
one hand was obtained from the Costa Rican national landing
statistics registered by the Instituto Costarricense de Pesca y
Acuicultura (INCOPESCA). The time series data collected from
1994 to 2014 consists of monthly records of the main target
species and groups (fish and invertebrates) fished and landed
inside the Gulf of Nicoya, measured in kg. The catches were
organized by fishing fleet and gear. The monthly catch data
was then converted into tons per square kilometer of the entire
area (1530 km2 ) per year. Fishing effort time series data were
added to the model to realistically simulate changes in the fishing
pressure over the last 20 years (1994–2014). Fishing effort data
(days fishing and number of fishing trips) per fleet is available
for the years prior to 2005. Thereafter, only combined fishing
effort was available for both the artisanal and semi-industrial
fleets. We then divided this effort for the artisanal and semiindustrial fleets using percentages estimated from previous years
and current information about recent developments in the fishing
fleets and fishing zones (INCOPESCA). Biomass estimates of all
target groups were entered for the beginning and for the endpoint
of the simulations (1993 and 2013) from the EwE reference
models presented in Alms and Wolff (2019).

fisheries or/and by environmental changes. The basis for this
analysis was provided by two EwE “snapshot models” of the Gulf
of Nicoya ecosystem for the years 1995 (Wolff et al., 1998) and
2015 (Alms and Wolff, 2019). We consider the identification of
main drivers behind the observed changes as crucial requisites
for the selection of appropriate management and conservation
strategies of the gulf. Therefore, on the basis of the present
research, future measures can be taken to sustainably improve the
habitat of the Gulf of Nicoya.

MATERIALS AND METHODS
Description of the Study Site
The Gulf of Nicoya (10◦ N, 85◦ W) is an estuary influenced by the
tides on the northwest Pacific coast of Costa Rica (Figure 1). The
mangrove-fringed gulf extends from the mouth of the Tempisque
River to the Pacific Ocean, with an area of 1530 km2 . It is
of considerable ecological importance due to its function as a
feeding, reproduction and nursing site for many species, such
as shrimps, sharks, small pelagic fish and seabirds. Due to its
high productivity, the estuary is the country’s principal fishing
ground for the artisanal fishing fleet on the one hand (Vargas,
1995) and for the semi-industrial fishing fleets on the other
hand. In the inner shallow part of the Gulf of Nicoya, the smallscale artisanal fishing sector is of major economic and social
importance (Trujillo et al., 2012; Lozano and Heinen, 2016).
More than 20 coastal communities around the Gulf of Nicoya
depend on the artisanal fishing sector, with rare options for
alternative livelihoods (Proyecto Golfos, 2013).

Environmental Forcing Functions
In order to account for possible environmental impacts on the
different model compartments, time series data derived from
satellite images were used for the simulations. The data was taken
from the Sea-viewing Wide Field-of-view Sensor (SeaWIFS)
project and the Moderate Resolution Imaging Spectroradiometer
(MODIS) provided by the NASA (NASA Ocean Color). As
a first approach to find significant environmental drivers,
the most common marine climate factors were tested, i.e.,
daytime and night-time Sea Surface Temperature (◦ C), sea
surface salinity (ppt), zonal wind speed (m s −1 ) and direction,
tropical easterly trade wind speed (m s−1 ), and precipitation
rates (mm). Additionally, specific ENSO related parameters
were used, i.e., Eastern Equatorial Pacific Sea Level Pressure,
SST in El Niño regions 1 + 2 and 3, 3.4 and 4 (National
Oceanic and Atmospheric Administration, 2020a), as well as
proxies for primary productivity, such as Chlorophyll a (Chla )
concentrations (mg m−3 ), photosynthetically active radiation
(Einstein m−2 day−1 ), dissolved organic matter (mg m−3 ),
particulate organic matter (mg m−3 ) and high colored dissolved
organic matter. The time series data were standardized by scaling
the values to the (0.5,1.5) range, according to the following
formula:


0
0
0
x = max − min ÷ (max − min) · (x − max) + max

Fisheries and Time-Series Data Used
The Gulf of Nicoya is the country’s main fishing ground. The
present research is based on fisheries data of the artisanal and
semi-industrial fishing sector.
Four artisanal fishing fleets with approximately 2000
licensed fishermen operate in the gulf with different boat
sizes and gear types that target a variety of demersal and
coastal species (BIOMARCC-SINAC-GIZ, 2013). Gillnets are
prominently used and its usage further increased in the 2010s
(Sánchez-Jiménez et al., 2019). Fishermen use small motorized
boats (pangas). Catches are diverse but dominated by drums
(Perciformes: Sciaenidae), catfishes (Siluriformes: Ariidae),
snooks (Perciformes:Centropomidae), and different penaeid
shrimp species. The line fleet uses bottom longlines and drifting
longlines and operate bigger motorized boats (lanchas). Target
species are sharks, barracuda, comber and others. Smaller
non-motorized boats fish for drums, croakers and snook, using
handlines in the inner shallow part of the gulf. Manual mollusk
extraction is mostly carried out by the women of the coastal
communities, combined with the manual trap fisheries targeting
different crustaceans. The artisanal fleet provides around 55% of
the total catch in the Gulf of Nicoya (in 2013).
Additionally, two semi-industrial fishing fleets operate in the
gulf: shrimp trawlers and sardine purse-seiners. The purse seine
vessels target small pelagic fish species in the intermediate and
outer zones of the Gulf of Nicoya. The bottom trawl fleet targets
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whereas each time series value x was scaled according to the new
maximum: max’ = 1.5 and new minimum value min’ = 0.5.

Hypothesis Testing and Model Selection
The EwE time series fitting routine was used to identify the model
that matches the variation in the abundance of the functional
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FIGURE 1 | Maps of the study area (Gulf of Nicoya, Costa Rica), modified from Alms and Wolff (2019).

fit model. The routine tested for the most sensitive predator
and predator-prey interactions. The search for vulnerability
parameters set for the predator columns of the model resulted
in better outcomes than by each prey/predator cell, thus only
these results will be presented in the following. For the model
fitting procedure 22 time series were used as a reference, thus a
maximum of 22-1 = 21 vulnerability parameters were estimated.
In the same manner, primary productivity (PP) anomalies can
be estimated by the software. The software searches for an
anomaly PP function to simulate potential bottom–up control
mechanisms on the ecosystem. The time series data contained
19 years, thus 2–19 spline points could be calculated (Scott
et al., 2016). For the model time series fitting procedure, the best
practice is to use statistical hypotheses testing (Mackinson et al.,
2009; Scott et al., 2016) that is based on ecological knowledge.
Table 1 summarizes the scenarios selected. In general terms it
was hypothesized that temporal changes in primary productivity
due to regional oscillations in environmental conditions on one
hand, and fishery induced changes in the trophic control of the
food web on the other hand (through changes in the relative
biomass contribution of the different fishing target species) both
might have contributed to the observed temporal variation in the
volume and composition of the catch.
The most representative model was selected based on the
calculated sum of squares and the Akaike information criterion
as an output of the Ecosim routine (AIC). The AIC was calculated
as follows:

groups with the historical catch time series data of the Gulf
of Nicoya. For the choice of model procedure forcing data is
needed to trace the biomass changes of the model compartments
over time and reference data is necessary for comparison and
validation of the models. In conclusion, three essential classes
of ecosystem drivers were tested: anthropogenic factors (fishing,
pollution), trophic control mechanisms (interactions) and the
influence of the chemical and physical environment (climate).
Fishing effort (days fishing) and environmental time series
data of the environmental parameters mentioned above were
used to force model group catches and biomasses over time,
whereas the recorded historic landings served as (observational)
reference data for the catch. The effect of the forcing data on the
goodness of model fit could then be observed in the resulting
biomass and catch estimates. We used the predicted variations
of environmental factors in the ETP related to future climate
change as given by the IPCC (IPCC, 2007) and selected the
predictions for South and Central America (Latin America) for
two emission scenarios, namely the representative concentration
pathways RCP4.5 (radiative forcing of 4.5 W m−2 by 2100) and
RCP8.5 (radiative forcing > 8.5 W m−2 by 2100).
The vulnerability settings in the model represent the assumed
trophic control mechanisms between functional groups (later
trophic effects). While vulnerabilities can be set between 1 and
100, 2 is used as the default setting. At a low vulnerability
setting (close to 1) an increasing predator biomass does not
cause a substantial increase in the predation mortality of the
prey (bottom–up control). On the contrary, at high vulnerability
values (up to 100) an increasing predator biomass causes a
similar increase in the predation mortality of the prey (top–
down control). In the time series routine, the EwE software
modifies the vulnerability parameter of the predator groups
from its default 2 to find the setting which reduces the sum
of square difference between the predicted and the observed
data (Scott et al., 2016). The Stepwise Fitting Procedure for
automated fitting as described by Scott et al. (2016) was used,
allowing to test a high number of settings to find the best
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AIC = n × log

minSS
n


+ 2k

(1)

Here, n is the number of observations (data points) being fitted
and k is the number of parameters estimated (kmax = number of
time series - 1), SS is the sum of square residuals and minSS is the
calculated sum of squares.
To prevent overfitting and to select the most parsimonious
model for the given data, the AIC is a good indicator to
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TABLE 1 | Hypothesis-based model fitting.
Hypothesis

Scenario

Biomass

Fishing
effort

1

Changes in fishing effort alone explains observed biomass
and catch changes over time

2

Trophic
effects

Fishing only, default
vulnerability, v = 2

X

X

Fishing changes the biomass proportions of model
compartments causing trophic effects and biomass
changes in model groups

Fishing + vulnerability search

X

X

3

Changes in fishing effort and parallel changes in primary
productivity cause observed changes in catches and
biomass of compartments

Fishing, default
vulnerability + Primary
production anomaly

X

X

4

In addition to the above listed (3) trophic control
mechanisms also drive observed changes

Fishing + vulnerability
search + Primary production
anomaly

X

X

X

5

In addition to the above listed (3) environmental parameters
that explain additional inter-annual fluctuations and
long-term trends in catches and biomass

Fishing + vulnerability
search + Environmental time
series

X

X

X

PP
Time series
anomalies
data

X

X

X

X

Selection of five model scenarios, including a combination of time series data [Yearly Biomass (t/km2 ), fishing effort (days fishing), trophic effects (vulnerability setting by
predator, between 0 and 100)], primary production anomalies, time series data of several climatic and physical factors forcing primary productivity.

use, as it includes penalties for increasing the number of
adjusted parameters. The AIC assumes that all data points are
independent. Since this is not always the case with fisheries data, a
conservative approach was chosen and the number of parameters
(k – 1) was based on the number of time series instead of single
data points. For small sample sizes it is recommended to use
the AIC corrected for small sample sizes (AICc) and since the
AICc converges to AIC as n increases, the AICc can be employed
regardless of the sample size (Burnham and Anderson, 2004). The
AICc is derived from the AIC as follows:


k+1
AICc = AIC + 2k
(2)
n−k−1

and models with fewer parameters were favored. However, to
select the most representative model that conveniently explains
variations in the data, several approaches can be followed. In this
case, all models with an AIC difference 1i < 2 compared to the
best model were considered. The favored models were selected
based on the SS decreases, the number of estimated variables and
the ability of the model to explain variations in the historical
catch data. In order to compare the trends of the observed
and predicted values, the data were visualized (see Figure 5).
To validate the selection of the model, the model’s functional
groups and their data availability (catch and effort data) were
taken into account.

According to the protocol created by Burnham and Anderson,
2004, several additional measures associated with the AIC were
calculated to improve model comparison:
The relative difference (1i) in AICc compared to the best
model (AICcmin )

Uncertainty and Sensitivity Analysis

1i = AICci − AICcmin
the relative likelihood of the model having the best fit


−1i
relative likelihood = exp
2

In order to examine the sensitivity of the results with regard
to uncertainty of the input parameter values, Monte Carlo
simulations were run for each scenario. Each trial (number of
trials = 100) represents an Ecosim run with a randomly selected
set of Ecopath parameters (B, P/B, EE, BA) for each group,
within a distribution centered around the original values. The
coefficient of variation of each parameter was selected according
to the certainty of the input data set in the pedigree, defined
by the quality of the data from estimates from low to high
precision sampling (Heymans et al., 2016). The predicted biomass
trajectories and the sum of squares of the best iteration runs were
compared to the initial input data to detect changes in model
behavior due to changes in the input data (Travers et al., 2010).
These steps ensure an analysis of the data that is considerably less
sensitive to errors.

(3)

(4)

and the Akaike weights (Wi ):


i
exp −1
2


wi = P
i
exp −1
2

(5)

where wi is a measure of the strength of evidence for each model,
indicating the probability that the model is the most accurate one
among the set of possible models.
The models were ranked by AICc and their relative difference
was compared to the minimum AIC. In general, the model was
selected that provided the lowest (most negative) AICc value,
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Fisheries Data
Trends in the fishing effort and catch per unit effort of the
artisanal and semi-industrial fleets are displayed in Figure 2.
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FIGURE 2 | (A) Semi-industrial (filled triangles) and artisanal (circles) catches (t/year), (B) Semi-industrial (filled triangles) and artisanal (circles) fishing effort (days
fishing/year), (C) Semi-industrial (filled triangles) and artisanal (circles) Catch per unit effort (CPUE) (kg/day fishing) for the years 1994–2014 (missing effort data 2006
and 2007) in the Gulf of Nicoya (Costa Rica).

consideration of these anomalies (scenarios 3 and 4) further
improved the model (Figure 3). The best model was obtained
by adjusting the trophic interactions and adding environmental
forcing data (Scenario 5) related to changes in primary
productivity. Moreover, adding Chla time series to the model, a
proxy for the available amount of phytoplankton in the system,
improved the model substantially. Together with changes in the
vulnerability settings of 10 groups, the model (sum of squares)
improved by as much as 69% (and showed the lowest AICc).
Table 3 gives an additional overview of the factors that improve
the model of each functional group.
The variations of the physical environment in the Gulf of
Nicoya linked to the ENSO cycle were represented in the model
by the Eastern Equatorial Sea Level Pressure (SLP) time series,
leading to substantial improvement of the model. Changing the
vulnerability setting of once again 10 groups resulted in the most
representative model and a 60% reduction of the SS (as well as
low AICc values) (Figure 3).
Figure 4 elucidates the relation between phytoplankton
productivity (Chla as proxy), the SLP and the ENSO cycle. This
shows that there is a negative relationship between the East
Equatorial Sea Level Pressure and the El Niño phenomenon. El
Niño years are associated with negative anomalies in Sea Level
Pressure (SLP), e.g., in the years 2002 and 2009. A pronounced
positive peak in the SLP in 1999 can be associated with a strong
La Niña event, the counterpart of El Niño. Positive SST anomalies
occur during episodes of El Niño (e.g., 2002, 2009). Maximum
Chla concentrations coincide with La Niña episodes (2005, 2012).
In Figure 5 the two Ecosim model scenarios and the baseline
scenario are presented together with the catch reference time
series-data for the 10 selected functional groups. The baseline
scenario includes solely the fishing effort and the two best
fitted scenarios include either Sea Level Pressure or Chla
concentrations. Both time series can be used seperately to force
phytoplankton productivity, improving the overall model fit. For
several functional groups the model’s predictions of the catch are
relatively close to the observational data. Especially for important
target groups (shrimps and small pelagics) the model can predict
changes in the catches. For some other groups, such as rays and
sharks, catches for some years are above or below the predicted

It can be observed that the semi-industrial fishing effort
increased until 2000, followed by a slight decline in the early
2000s and a further drastic decline after 2006 and 2007, resulting
in an effort reduction of 65% in total. The artisanal fishing
effort remained high until 2005, with some variations, and then
declined drastically. Recent levels of fishing effort are reduced by
55% compared to 2005; also due to the seasonal fishing ban “veda”
that lasts 3 months.
A peak of artisanal catches can be observed in the late 1990s,
followed by decreasing catches.

Ecosim Simulations
The EwE time series simulations of the last two decades indicated
that the fishing effort explains a large part of the variability in
the catch and biomass data of some functional groups (Figure 2).
The semi-industrial fleet’s effort improves the model of the target
species shrimp and sardine, as well as of small demersal fish and
crabs as bycatch species of the shrimp trawl fleet.
Since not all trends in the catch data can be explained by
variations in the fishing effort of different fleets, the possible role
of trophic effects was taken into account and the vulnerability
settings of 11 different predator groups were changed from its
default to simulate top–down and bottom–up effects (Table 2).
This allowed for further improvement of the model fit and a
reduction of the SS.
The assessment of the prey-predator interactions in the model
of the Gulf of Nicoya provides important information on the
food web structure of the system. The most representative
vulnerability settings are displayed for each predator group,
whereas bottom–up (B), top–down (T) interactions are indicated
in Table 2. The top predatory fish species in the system, mackerel
and barracuda as well as rays, sharks and cephalopods, are
bottom–up controlled as well as the lower trophic level species,
such as benthos, shrimps, and crabs. According to the modeling
results, only few species exert top–down control on their prey,
such as jacks and pompanos, lobster, seabirds and zooplankton.
Mid-trophic-level species, small pelagics and small demersals are
assumed to exert mixed control on their prey and predators.
Furthermore, some of the functional groups seemed to be
further affected by inter-annual production anomalies. The
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TABLE 2 | Prey-predator interactions in the Gulf of Nicoya Model (scenario 2).
Predator prey

1

2

3

4

5

6

1

Seabirds

2

Mackerel and barracuda

3

Rays and sharks

4

Large drums and snook

5

Catfish

6

Morays and eels

B

B

7

Jacks and pompanos

B

B

8

Snapper and grunts

T

9

Cephalopods

T

10

Lobster

11

Flatfish

12

Small demersals

T

13

Small pelagics

T

B

B

14

Crabs

T

B

B

D

D

15

Epibenthos

T

B

D

D

16

Endobenthos

T

B

D

D

17

Shrimps

D

D

18

Zooplankton

19

Phytoplankton

20

Mangroves

21

Microphytobenthos

22

Detritus

7

8

9

10

B

T

11

12

13

14

15

16

17

18

B
B

D
D

D
D

T
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values. The results show that some functional groups (e.g., lobster,
small demersals, small pelagics, and shrimps) are more affected by
the environmental factors than others and can be predicted best
by scenarios including phytoplankton forcing. Table 4 provides
the related sum of square (residual sum of squares, regression
sum of squares and total sum of squares) values for each target
group and scenario presented in Figure 5.

reduced the yearly effort since 2006 by approximately 60%. On
the other hand, the shrimp fishing fleet reduced its capacities
due to a lack of resources and the expiration of licenses. In 2013
shrimp trawling was declared unconstitutional in Costa Rica and
no further licenses were said to be granted in the future. The last
remaining shrimp licenses expired in 2018 and 2019.
Although the overall fishing effort decreased, the CPUE of
the artisanal and semi-industrial fleet increased compared to
the early 1990s, despite the heavy exploitation of the resources.
However, gear improvements changed the relation between the
CPUE and the actual abundance of species and tend to mask the
trends of the species exploitation status (Arreguın-Sánchez et al.,
2002; Ward and Myers, 2005). Illegal fishing gear improvements,
i.e., toward Taiwanese lines and smaller gillnet mesh sizes might
have allowed increasing catches per unit effort. These changes in
the fishing fleet have most likely increased the overall efficiency of
the fishing gear and the catchability of certain target resources.
We come to the conclusion (Table 3) that both the semiindustrial and artisanal (gillnet) fleet negatively influence the
distribution of some target species (e.g., cephalopods, rays,
and sharks). However the negative impact on the major target
species is dominated by the shrimp trawl fleet, which negatively
influences its target species as well as its bycatch species and by
the semi-industrial sardine fleet. The artisanal handline fleet does
not appear to have a relevant influence on any target species. The
manual mollusk extraction is a very selective harvesting method,
however the removal of piangua (Anadara tuberculosa, Arcoida:
Arcida) drastically increased in the last decade and exceeded
sustainable levels.

DISCUSSION
Combined Ecosystem Effect
The aim of the present study was to identify factors influencing
the changes observed in the Gulf of Nicoya ecosystem over
the past two decades, and to understand how these factors
control the energy flows in the system (bottom–up, top–down or
mixed/wasp waist control). We hypothesized that a combination
of several drivers might affect the ecosystem and may decrease
its natural resilience toward future environmental changes (Côté
and Darling, 2010). As it has been shown in previous studies,
ecosystem parameters calculated from Ecopath models can be
used as indicators of the status of the ecosystem (Wolff et al.,
2012; Heymans et al., 2014). Accordingly, fisheries and/or climate
impacts on the ecosystem should result in changes in the sensitive
system state indicators.
The officially registered overall fishing effort in the Gulf of
Nicoya declined drastically since the early 2000s. On the one
hand, the reduction is due to the implementation of the seasonal
fishing ban “veda” in the inner Gulf of Nicoya, which has directly
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FIGURE 3 | (A) Sum of squares and the corrected Akaike information criterion (AICc) of all tested models of each scenario and (B) number of estimated parameters
(vulnerabilities and or spline points of primary production anomalies) of the ‘best models’ of each scenario.

The evaluation of the trophic effects of the most representative
models helped to investigate the most relevant control
mechanisms between predators and their prey (Table 2).
As seen in Table 3, the top predatory fish species in the system
as well as cephalopods are bottom–up controlled by their prey.
The same force applies to lower trophic level groups, such as
benthos, shrimps and crabs. According to our analysis, only
few species exert top–down control on their prey, such as jacks
and pompanos, lobster, seabirds and zooplankton. It seems that
mid-trophic-level species exert wasp-waist control on their prey
and predators. This is in agreement with findings of Griffiths

Frontiers in Marine Science | www.frontiersin.org

et al. (2013) and Roux et al. (2013). As has been found in these
studies, the mid-trophic levels are only represented by few
species, such as plankton feeding small pelagic fish.
Our analysis confirms these findings for the Gulf of Nicoya
ecosystem and highlights the importance of the mid-trophic
level species, which are heavily exploited by both semi-industrial
fisheries (small pelagics) and artisanal fleets (small demersals).
The observed decline of these species did not only have
ecological, economic and social consequences (Alms and Wolff,
2019; Queiros et al., 2019), but may also lead to unfavorable
and irreversible shifts in the ecosystem. This has been observed
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closely related to zooplankton abundance (Runge, 1988, FAO),
e.g., bottom–up force through the entire food chain can be
the consequence. For the analysis of the effects of inter-annual
environmental variations on the ecosystems in the ETP region,
the El Niño–Southern Oscillation (ENSO) cycle needs to be
considered, which is known to be a major factor of climate
variability in the Eastern Tropical Pacific with global impact. It
is anticipated that ENSO will potentially modify in frequency
and intensity due to global climate change (Collins et al., 2010;
Cai et al., 2014).
In our study, the Chla concentration appeared to be the
most relevant of tested environmental drivers. It is a proxy for
the amount of plankton in the water column, which directly
affects the bottom of the food chain. Increasing phytoplankton
availability enhances zooplankton growth, resulting in higher
availability of prey for low trophic level species foraging on
zooplankton. The associated increased production will then
cascade through the entire food web.
On the contrary, a reduced primary production will lead
to a lack of foraging success of species in higher trophic
levels. Changes in the vertical and horizontal distribution of the
plankton could also cause changes in the spatial distribution of
foraging fish with effect on their predators and fishery through
an alteration in catchability. Our results indicate that particularly
the lower trophic level groups, such as small demersal- and small
pelagic fish benefit from increased phytoplankton availability.
Since catches of predatory fish species, such as rays, sharks,
mackerel and barracuda, as well as the catches of lobster also
positively benefit from high Chla concentrations, this could be
due to a bottom–up effect due to increased prey availability of
these groups. Plankton feeding fish are known to aggregate closer
to the coast due to food concentration in these areas. Foraging
fish follow their prey and likewise occur closer to the coast.
Thus, the catchability of certain fish species increases for the
coastal fisheries.
Furthermore, other abiotic factors of the marine environment
(e.g., wind direction and speed, light availability) can directly
influence higher trophic levels of the system, for instance by

TABLE 3 | Catch time series: factors [fleet effort, trophic effects, primary
production anomalies: Sea Level Pressure (SLP) and Chlorophyll a] that improve
the model (reduce the sum of squares) of each functional group and the total
improvement of the sum of squares for all groups for each factor analyzed.
Functional group

Fishing effort

Cephalopods

Gillnets

Corvina and snook
Crabs

Trophic
effects

PP
anomaly

X
X

Manual, SI shrimp

SLP
SLP

Eel

SLP

Jacks and pompano

Chla

Lobster

Art. manual

Chla

Mackerel and barracuda

Chla

Rays and sharks

Longline

X

Shrimps

SI shrimp, Art. gillnets

X

Small demersals

SI shrimp

Small pelagics

SI sardine

Total reduction model SS

−24.91

Chla
Chla

x

Chla

−18.52

−69.30
(−60.56)

in other ecosystems, namely through the expansion of jellyfish
(Roux et al., 2013) or may lead to the decrease of predatory
species, such as fish, seabirds, and mammals (e.g., Crawford and
Shelton, 1978; Pichegru et al., 2010).
The modeling approach we applied in our study clearly
showed that the variations in the catch cannot solely be explained
by variations in fishing pressure. Similar results have been
found in other systems, such as the Southern Benguela system
(Shannon et al., 2008).
Adding environmental data related to the primary
productivity of the system to the simulations considerably
increased the reliability of the model.
Especially primary producers are strongly influenced by the
environmental conditions through changes in nutrient or light
availability (through wind, current, or upwelling pattern changes)
and growth conditions (if in situ temperatures changes) (Hays
et al., 2005). Since changes in phytoplankton productivity are

FIGURE 4 | Environmental time series 1997–2014: anomalies of Sea Surface Temperature (SST) (red line), Chlorophyll a concentration (green line) and the Sea Level
Pressure (blue line) in the Equatorial Eastern Pacific Ocean associated with the El Niño-Southern Oscillation cycle.
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FIGURE 5 | Yearly catches (filled circles) and model predictions for the simulated EwE scenarios: fishing effort (black line); fishing effort, trophic effects and Sea Level
Pressure forcing phytoplankton productivity (blue line); fishing effort, trophic effects and Chlorophyll a concentrations forcing phytoplankton productivity (green line).

affecting larval dispersal and the productivity of certain species
(Runge, 1988).
The environmental indicator that led to the most
representative model was the East Equatorial Sea Level Pressure
(SLP), which is negatively related to the El Niño phenomenon
(Figure 4). At high SLP (La Niña events), a lower SST can

Frontiers in Marine Science | www.frontiersin.org

be observed (station ElNiño4) as well as stronger winds and
upwelling, and lower precipitation rates. As we expected a
negative impact of El Niño on the catches, the East Equatorial
SLP as the inverse of SST anomalies proved to be a good measure.
In the Eastern Pacific, the ENSO cycle is known to alter the
oceanographic condition in the area and to affect a variety
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TABLE 4 | Calculated sum of squares: residual sum of squares (SSE), regression sum of squares (SSR), and total sum of squares (TSS) for the model’s predictions of the
selected scenarios and important target groups compared to the reference catch data.
Fishing effort
Species

Fishing effort, trophic effect and SLP

Fishing effort, trophic effects and Chla

SSE

SSR

TSS

SSE

SSR

TSS

SSE

SSR

TSS

Cephalopods

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

Crabs

0.0012

0.0001

0.0013

0.0012

0.0001

0.0013

0.0012

0.0001

0.0013

Jacks and pompanos

0.0213

0.0115

0.0328

0.0166

0.0077

0.0243

0.0115

0.0041

0.0156

Large corvina and snook

0.0226

0.0132

0.0358

0.0185

0.0124

0.0309

0.0297

0.0182

0.0479

Lobster

0.0001

0.0000

0.0001

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

Morays and eel

0.0278

0.0175

0.0453

0.0136

0.0039

0.0174

0.0180

0.0107

0.0287

Rays and sharks

0.0481

0.0225

0.0706

0.0330

0.0119

0.0449

0.0307

0.0091

0.0398

Shrimps

0.8307

0.6720

1.5027

0.9318

1.0585

1.9904

0.9409

1.0539

1.9948

Small demersals

9.8339

9.0453

18.8792

8.1687

7.9805

16.1492

3.5483

3.4970

7.0453

Small pelagics

14.6412

8.3203

22.9615

11.6363

5.0199

16.6562

6.9506

2.1752

9.1258

The lowest SSE, SSR and TSS values, indicating the model scenario with the best model fit, are marked in bold. (1) Fishing effort only; (2) fishing effort, trophic effects
and Sea Level Pressure (SLP) forcing phytoplankton productivity; (3) fishing effort, trophic effects, and Chlorophyll-a concentrations forcing phytoplankton productivity.

effects, due to fluctuations in primary productivity. Furthermore,
mid-trophic level species, such as small pelagic fish, have a pivotal
role in the food web of the Gulf of Nicoya.

of marine communities (National Oceanic and Atmospheric
Administration, 2020b). Ah it has been observed in the upwelling
regions of the Humboldt Current system, small pelagic fish
biomass decrease during strong El Niño years and the total
fisheries production declined up to 50% (Wolff et al., 2003, 2012;
Taylor et al., 2008a).
Our study reveals that several species in the Gulf of Nicoya
are influenced by these large-scale environmental conditions
associated with the ENSO cycle. We specifically observed that
variations in the catches of functional groups (large drums and
snook, crabs and morays and eels) are related to the ENSO cycle.
At higher temperatures during El Niño events some species
in the Gulf of Nicoya migrate further out of the gulf into cooler
oceanic waters while others, i.e., small pelagic fish (sardine),
aggregate close to the beaches at the Pacific coast of Costa
Rica. Similar aggregation patterns of small pelagic fish can be
observed in other regions (Gutierrez et al., 2007). A shallow and
more pronounced thermocline can therefore limit the vertical
distribution of certain pelagic species and may increase their
catchability in the upper water column (Bigelow et al., 2002).
Warm water masses can also cause other species to move offshore
into deeper and cooler waters, reducing their catchability.
According to the FAO, most of the inter-annual fluctuations
in total fish production in the Eastern Central Pacific (Fishing
Area 77) are due to changes in the abundance of small
pelagic fish (FAO), that play a central role in this and many
other marine ecosystems (Frederiksen et al., 2006; Shannon
et al., 2008). ENSO related changes in water properties (e.g.,
heavy rains washing nutrients into the gulf or calm periods
leading to enhanced water stratification and oxygen deficiency)
might also increase the frequency of toxic algae blooms that
have previously been observed in the Gulf of Nicoya, and
eventually cause fish mass mortalities in the Gulf of Nicoya
(Vargas-Montero and Freer, 2004).
The findings of our study suggests that there are multiple
factors that impact the ecosystem, besides the exploitation by
the semi-industrial fishing fleets. Environmental forcing plays an
important role in the explanation of species biomass variabilities,
especially in relation to the ENSO cycle, together with bottom–up
Frontiers in Marine Science | www.frontiersin.org

Uncertainty and Sensitivity Analysis
Although we reported a substantial reduction of the officially
reported fishing effort in the gulf, it can be assumed that
unreported catches, fishing without licenses and fishing during
the closed season have occurred during the observational period.
These unreported fishing activities cannot be quantified and are
thus not part of the study.
The Ecopath models have been carefully validated with a
prescribed balancing routine of Link (2010). The balancing
process of the models has been described in Alms and Wolff
(2019). Wee adhered to the suggestions of best-practice in
Ecopath with Ecosim food-web models for ecosystem-based
management by Heymans et al. (2016). Adding data to the
model such as model drivers and reference data sets using the
Ecosim tools helped to further validate the quality and accuracy
of the created static Ecopath model. The model was additionally
calibrated with historical fishing datasets and the comparison of
the model predictions to reference data allowed for the validation
of the model performance (Heymans et al., 2016). The calculated
EwE Pedigree Index of 0.29, based on the confidence intervals of
all input parameters, indicated that the model’s level of precision
is in the intermediate to the upper range, compared to other
published Ecopath models worldwide (Morissette, 2007). We
believe that the AICc is a good measure for validation of the
selected model. We followed the recommendation to adapt the
AIC for small sample sizes (Burnham and Anderson, 2004).
The aim was to provide a holistic modeling approach, in the
sense looking at combined effects influencing the species biomass
variations. We covered trophic effects, the effects of fishing, the
most prominent climate variables, and physical and chemical
factors (also as proxy for pollution). However, the selection
of factors was limited by the availability of time-series data
and not every single possible parameter could be tested. Some
factors, such as human disturbances, sedimentation, solid waste
pollution and agricultural pollution, could not be assessed. For
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further decrease due to sea level rise and changes in salinity
(Ward et al., 2016). While mangroves only account for an
estimate of 1% of the gulf ’s primary production (Wolff et al.,
1998), they contribute to the system’s productivity in the Gulf
of Nicoya by providing organic matter and protected areas,
enhancing fish and invertebrate productivity (Wolff et al., 1998).
Considering the predicted decrease in primary productivity, it
seems necessary for a sustainable ecosystem management to
adapt the volume of fishery catches to potentially lower overall
resource productivity.
Furthermore, there is a high uncertainty concerning the future
dynamics of the ENSO cycle. The frequency and intensity of El
Niño events is likely to be altered by climate change, however
it is unknown to what extent (e.g.,Collins et al., 2010; Cai et al.,
2014). As our simulations suggest, catch and biomass fluctuations
in the Gulf of Nicoya are linked to ENSO related variations in the
Equatorial Pacific Sea Level Pressure, and a constant monitoring
of the regional ENSO impact is thus imperative.
As we have suggested previously (Alms and Wolff, 2019), it is
crucial to think of measures to sustain primary productivity and
to protect keystone groups, benthos and shrimps in the Gulf of
Nicoya, but also adequately manage the mid-trophic level species
such as small pelagic and small demersal fish. It is known that
in the gulf, like in other coastal areas and estuaries with high
abiotic variability (Heymans et al., 2014), these groups are central
for ecosystem functioning and need to be prioritized in future
management plans. In addition to adequate fisheries regulation,
possible measures for improving the overall management of
the Gulf of Nicoya could be the improvement of wastewater
management and treatment and solid waste disposal plans. For
the conservation of the coastal marine environment the further
protection and restoration of mangroves is an important issue
that needs to be further pursued (SINAC, 2019).
Furthermore our models can be used to directly engage
stakeholders in the management plans, as it has been attempted
by Sánchez-Jiménez et al. (2019). The EwE software was used as
an interactive communication tool with artisanal fishers in the
Gulf of Nicoya, to facilitate discussions on changes in the fishing
ecosystem over time.

future research it would be useful to incorporate social-ecological
interactions into the model.

Management Outlook and Implications
The present study lead to the conclusion that fisheries
management policies entirely based on fisheries information
only, with no consideration of the influence of environmental
factors is not sufficient for the development of a holistic
management strategy. Both fishing regulations and
environmental monitoring needs to go hand in hand. We
found that the shrimp trawl fleet predominately affects the
distribution of important target species. Thus the advised fishing
ban and the expiration of licenses concerning the trawler can
be seen as a promising management measure. The sardine
purse-seine fleet needs to be seen critically as we could highlight
the importance of small pelagic fish to the ecosystem and their
susceptibility to climate change. The impact of the artisanal fleet
is minor compared to the semi-industrial fleet. However the
gillnet fleet using small mesh sizes can be potentially harmful
for a sustainable fisheries. To reduce illegal fishing activities
stronger control mechanisms and rigor enforcement are needed.
Furthermore, the manual mollusk extraction needs to be limited,
as yearly around 8 million individuals are harvested from the
Gulf of Nicoya (SINAC, 2019).
Environmental monitoring needs to be considered and
combined with fisheries assessment studies, due to the
considerable influence of these factors on the entire trophic
system as well as their social-economic impacts. A regular
monitoring programme for the Gulf of Nicoya is necessary
to track changes in primary production, and phytoplankton
community composition in the Gulf of Nicoya, that may be
driven by both increased coastal pollution and environmental
change. To apply appropriate management measures, a
forecasting approach is needed (Clark et al., 2001) that takes
into account knowledge of the current and predicted ecosystem
structure and functioning (Valette-Silver and Scavia, 2003).
Our study may be used as a reference to further assess the
regional impacts of future climate variations and extreme events
in an ecosystem already altered by the fisheries. In the Gulf of
Nicoya, like in other tropical environments, we need to consider
the effects of increasing temperatures, as stated by Cheung et al.
(2013) and Palomares and Pauly (2019). In contrast to colder
regions, no species adapted for warm regions will be available
to replace species that are displaced by the high temperature
thus there will most likely be a temperature-driven loss of
species in these areas.
Of particular relevance for future management scenarios
are regional changes that have been predicted by the
Intergovernmental Panel on Climate Change (IPCC) until
the year 2100. According to the IPCC the Gross Primary
Productivity is expected to decrease, mainly due to an increase
in Colored Dissolved Organic Matter (CDOM), which absorbs
a fraction of the Photosynthetically Active Radiation (PAR)
(Thrane et al., 2014; Wolf and Heuschele, 2018). One can thus
expect that Chla concentrations decrease in the Gulf of Nicoya
and that phytoplankton composition, quantity and distribution
will change. In addition, mangrove coverage is expected to
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