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Trends and variability in local
abundances of sailfish Istiophorus
platypterus in Pacific waters of
Costa Rica: Controls and effects
on recreational fisheries
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Moisés Mug Villanueva®, Damian Martinez-Ferndndez®,
Henry Marin Sandoval® and Todd Staley Meier*

'Federacion Costarricense de Pesca (FECOP), San José, Costa Rica, ?Verto Education, Centro
Agronomico Tropical de Investigacion y Ensefianza, Turrialba, Costa Rica

Fishing tourism represents a vital industry in Costa Rica, generating over US$520 million
and attracting 150,000 tourists every year. The main objective of this study is to
examine trends and variability in local abundances of sailfish Istiophorus platypterus, the
main sportfish in Pacific waters of Costa Rica, and quantify the influence of
environmental and anthropogenic factors. We compiled and analyzed sailfish
information collected from sportfishing operations. Sailfish abundances were
examined in relation to environmental conditions and commercial fishing. Timeseries
analyses showed significant declining trends in local abundances of sailfish in the
southern and central Pacific of Costa Rica over the last decade. Bycatch records from
the commercial purse seine fleet operating in Costa Rican waters also show a declining
trend in sailfish numbers. On the other hand, commercial landings from the national
longline fleet show a significant increase of 108%, on average, over the past decade.
Different numerical models indicated that fishing pressure from the national fleet and
also sea surface temperature with different time lags affect local abundances of sailfish.
While other countries in Central and North America protect sailfish and other species of
tourist interest, Costa Rica still allows the landing and sales of billfishes as seafood. The
results presented in this study highlight the need to allow for the recovery of local
abundances of sailfish and promote the development of the coastal communities that
depend on marine tourism as their main source of income.

KEYWORDS

sailfish, Istiophorus platypterus, sportfishing, Costa Rica, Central America, ARIMA, fishing
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Introduction

Sailfish (Istiophorus platypterus) is an epipelagic billfish species of significant ecological
and socioeconomic importance common in tropical and temperate waters of the Pacific,
Atlantic and Indian Oceans (Nakamura, 1985; Prince et al., 2006; Mourato et al.,, 2014;
Fitchett, 2015). In the eastern Pacific Ocean (EPO) it is distributed between Ecuador and the

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2023.1088006/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1088006/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1088006/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1088006/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1088006/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2023.1088006&domain=pdf&date_stamp=2023-01-23
mailto:mmarrari@fecop.org
https://doi.org/10.3389/fmars.2023.1088006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2023.1088006
https://www.frontiersin.org/journals/marine-science

Marrari et al.

Gulf of California and is the most abundant istiophorid off Central
America’s coast (Prince et al., 2006). It is caught as bycatch in purse-
seine fisheries targeting tropical tunas, distant water tuna-targeting
longline fleets from China, Taipei, Japan, Korea, and Costa Rica,
smaller-vessel longline fleets targeting tuna and non-tuna species,
particularly those operating off the coast of Central America, and
artisanal fisheries in Mexico, Guatemala, Costa Rica, and Panama
(Prince et al,, 2006). Maximum catches have been reported along the
coast of Central America (Ehrhardt and Fitchett, 2006), with highest
abundances closer to the coast in response to changes in the
oceanographic conditions.

Sailfish are also the main target of economically important catch-
and-release recreational fisheries (Cerdenares-Ladron de Guevara
et al., 2012; Hinton and Maunder, 2014; Fitchett, 2015; Pohlot and
Ehrhardt, 2018). In the last years Guatemala, Costa Rica, and Panama
have been recognized as some of the world’s best fishing grounds
(Ehrhardt and Fitchett, 2006; Pohlot and Ehrhardt, 2018), where
recreational fishing contributes significantly to the local economy
(Gentner, 2007). In Costa Rica, fishing tourism represents a well-
developed industry with an estimated 150,000 tourists visiting every
year mainly to fish (Cascante and Marin, 2019). It has been estimated
that sportfishing generates more than US$520 million a year for the
national economy and supports 33,000 jobs (FECOP, 2016; Cascante
and Marin, 2019). Locally, families related to the sportfishing industry
report a better quality of life and an income up to 45% higher than the
average for local coastal communities (Cascante and Marin, 2019).
Recreational fishing infrastructure is well developed compared to
other countries in the region, with six functioning marinas and a few
others at different stages of planning, numerous fishing lodges, and a
current total of 623 registered boats for sports and tourist fishing
(www.incopesca.go.cr).

Costa Rica’s Fishing and Aquaculture Law No. 8436 declares
sailfish, marlins, and tarpon as species of tourist interest but does not
give them significant protection from commercial exploitation.
Existing regulations from the Fishing Authority partially regulate
the commercial harvest of sailfish, with restrictions including a
prohibition for the national longline fleet to actively target sailfish,
a ban on the use of live bait within 30 miles from the coast, and a
requirement to limit sailfish bycatch to 15% of the total landings for
any commercial boat. In addition, any sailfish found alive in longlines
is required to be released. However, these regulations are often not
enforced and large volumes of sailfish are regularly landed and
commercialized. There are about 350 Costa Rican fishing vessels
targeting pelagic fish species with surface longline gear in the Pacific
Ocean. Length of longline sets vary between 6 and 70 nautical miles
and deploy between 200 to 2800 hooks in surface waters (Pacheco-
Chavez et al,, 2020). According to Villalobos-Rojas et al. (2014) and
Dapp et al. (2013) sailfish are one of the most common bony fishes
caught in Costa Rica’s longline fisheries. The Ministry of Agriculture
conservatively estimated that 28,800 marlin and sailfish are killed
annually as bycatch by the country’s commercial longline fleet
(Holland et al., 1998). Nonetheless, these data could be
underestimated because billfishes are landed without head and fins
(Pacheco-Chavez et al., 2020), which can make identification difficult.

Considering the importance of sailfish to Costa Rica’s marine
tourism and recent anecdotic observations by anglers of apparent
decreased abundances, this study aims to 1) assess local abundances
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of sailfish using data from sportfishing operations, 2) examine the
presence of trends and variability along the southern and central
Pacific coast of Costa Rica, and 3) evaluate the effects of
environmental and anthropogenic factors. The main hypothesis is
that changes have occurred over the last decades in local abundances
of sailfish in Pacific waters of Costa Rica, and that both natural and
anthropogenic factors have a significant effect on these abundances.

Materials and methods
Study area

The study area included waters between 8.5°N and 10°N along
Costa Rica’s Pacific coast, in one of the most important recreational
fishing grounds in the world. The area includes the productive and
highly biodiverse Golfo Dulce in the southern Pacific and the famous
fishing grounds off Quepos and Herradura along the central Pacific
coast (Figure 1). The Pacific Ocean along Central America is
characterized by a dynamic coastal circulation, seasonal eddies and
meanders, and warmer ocean temperatures than those in adjacent
waters. It is a very productive region, mainly under the influence of
seasonal shifts in the Intertropical Convergence Zone (ICZ), strong
easterly winds during winter and spring, and intense seasonal coastal
upwelling in some areas (Pennington et al., 2006). The main mode of
variability is associated with the El Nifo - La Nia phenomenon
(Bakun et al., 1999). Other important oceanographic features include
a permanent and shallow thermocline and the presence of the Costa
Rica Dome in oceanic waters (reviewed in Sasai et al.,, 2012; Mora-
Escalante et al., 2020). Chlorophyll concentrations are controlled
mainly by the depth of the thermocline and the intensity of coastal
upwelling, which in turn are influenced by seasonal winds. During
winter and spring, a latitudinal shift in the ICZ leads to the
intensification of the easterlies that blow through topographic
features in the Papagayo and Panama gulf areas (Figure 1) pushing
surface waters offshore and leading to coastal upwelling of cold
nutrient-rich waters that stimulate phytoplankton growth
(Figure 1). High abundances of zooplankton (Fernandez-Alamo
and Firber-Lorda, 2006) and upper trophic level organisms
including fish often follow, making these areas attractive feeding
grounds for larger pelagic species, such as sailfish and marlins.

Data analysis

Fish data analyzed in this study were collected by members of
the sportfishing community. Based on information provided by
these members, it is assumed that data were obtained mostly in an
area 25 nautical miles around the three departure locations
indicated in Figure 1 (i.e., Golfo Dulce, Quepos, and Herradura).
In situations where traditional survey data or other datasets
collected for scientific purposes are not available, other sources of
information can be useful to develop indices of fish abundance (e.g.,
Pohlot and Ehrhardt, 2018; Haulsee et al., 2022). Sailfish raises, bites
and releases were obtained from records of fishing trips from 1) a
fishing lodge in the southern Pacific with a fleet of over a dozen
boats, 2) a marina in the central Pacific area that collects data from
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Costa Rica Exclusive Economic Zone.

its charter fleet of multiple boats, 3) a private charter boat that
routinely operates in the central Pacific off Herradura, and 4) a
fishing club that keeps detailed records of its annual sailfish
tournament in the central Pacific off Herradura. The information
available is summarized in Table 1. The original dataset was
standardized to create a consistent database following a number
of steps indicated next. For charter boats in the southern Pacific and
Quepos in the central Pacific, individual daily fishing records were
available. Fishing trips were first classified as offshore, inshore or
mixed according to the reported catch. Reports that included only
billfish or yellowfin tuna were classified as “offshore”, while those

TABLE 1 Details on the datasets used in the different analyses.

Study area and location of the departure sites for sportfishing operations, over example of the distribution of monthly mean sea surface temperature (in
°C) during February 2022 (data from MODIS Aqua, 2 km/pixel). Sportfishing activities were considered to have occurred mainly in an area 25 nautical
miles around each of the departure locations indicated with *. GPAP: Gulf of Papagayo, GPAN: Gulf of Panama. The black line indicates the limits of the

including only coastal species such as roosterfish, jack or snapper
were classified as “inshore”. Reports including a combination of
inshore and offshore species were classified as mixed. Because
inshore trips are done in very coastal waters where target species
are others than billfish, these trips were excluded from all analyses.
Mixed trips were also excluded because it was not possible to
estimate the percentage of fishing effort in inshore versus offshore
waters. Only full-day offshore trips were considered. For the charter
boat that operates in the central Pacific, aggregated monthly catch
data were provided so it was not possible to identify inshore/
offshore/mixed trips and all sailfish raises reported were used.

Area Units reported Data source Coverage/frequency n
Southern Pacific, Golfo Dulce Fish raised/trip Multiple charter Jan 2011-Jan 2022, monthly. 133
(SP)* boats Some missing data in 2020. months
Central Pacific, Quepos (CPQ) Fish raised/trip Multiple charter Jun 2013-Oct 2021, monthly. 101

boats Some missing data in 2017 and 2019/2020. months
Central Pacific, Herradura Fish raised/trip Individual charter Jan 2008-Mar 2021, monthly. 159
(CPH1)* boat Some missing data in 2020. months
Central Pacific, Herradura Fish released/ Fishing tournament 1991-2019, annual, average for January, February and March 28 years
(CPH2) participant tournament legs.

*indicates dataset used in modeling analyses.
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An index of sailfish abundance, A, was estimated as the
monthly mean number of fish raised per fishing trip for charter
boats, and the mean number of sailfish released per participant for
tournament data. For tournaments, a yearly mean value was
calculated using data from the 3 legs of the tournament that take
place during January, February and March of every year. A,,; was
estimated following:

L:

i
Agailgiy = e

where L; is the total numbers of sailfish raised (or released) during
month or year i and #; is the total number of fishing trips (or
tournament participants) during month or year i. When information
on both fish raises and releases was available, the number of fish raised
per trip was selected based on previous studies that showed that this
variable may better reflect the true abundance of sailfish, and that both
variables are highly correlated (Ehrhardt and Fitchett, 2006). It is to be
noted that the different datasets vary in format, temporal coverage, and
frequency so the timeseries developed are not intended to be compared
between them. On the other hand, data from each individual source
were collected in a systematic and consistent way and, thus, it is possible
to analyze each independent timeseries individually, assess the
variability at different temporal scales and examine the presence of
trends. In an initial analysis, data for the months of peak fishing season
in the southern and central Pacific areas (January-April) were
considered and an annual peak-season mean abundances of sailfish
was calculated at each location. Preliminary linear regression analyses
were done on the four resulting timeseries to assess the presence of
general trends.

After the initial exploratory analyses using annual peak-season
averages for all the data sources available, only the longest most
consistent timeseries with highest resolution (monthly), including
southern Pacific (SP) and central Pacific Herradura (CPH1), were
selected for the following analyses. This was done because
tournament data include only annual values, while the central
Pacific Quepos timeseries presented several missing records in
multiple years and an overall shorter temporal coverage. For SP,
individual (1 month) missing records occurred five times throughout
the 10-year long timeseries. In this case, a linear interpolation was
performed between the preceding and subsequent records to fill in the
missing value. For both SP and CPHI, a period of 7 consecutive
missing records occurred between April and October 2020 due to the
complete cease in fishing activities that occurred in Costa Rica during
the COVID-19 pandemic. In this case, each monthly value was filled
in by averaging the A, value for the same month during the previous
and the following years (arithmetic mean of Ay,; 2019 and 2021 for
each missing month in 2020). The performance of this method was
assessed by comparing the trends obtained for the filled-in datasets
versus the original datasets truncated in March 2020 before the
missing data period.

Once both datasets were complete with no missing records,
timeseries of monthly Ag; were generated for SP and CPH1 in
order to assess the temporal variability in the abundance of sailfish
and the presence of trends. In addition, to evaluate the occurrence of
deviations from average conditions, anomalies in the abundance of
sailfish were calculated by subtracting the monthly climatological
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mean from each monthly abundance value. Monthly climatological
means were calculated as the average Ag,; for a given month including
all years in the study period. For example, the monthly climatology
value for January in the southern Pacific was estimated as the mean of
all January Ag,; values between 2011 and 2022 in that area (n=12).

Publicly available data on sailfish commercial landings reported
by the national longline fleet were obtained from the Costa Rica
Fishing and Aquaculture Institute, INCOPESCA (https://www.
incopesca.go.cr/acerca_incopesca/transparencia_institucional/datos_
abiertos.aspx) for the period January 2010 - December 2019 (n=120).
Total monthly sailfish landings (in kilograms) were estimated for all
national ports on the Pacific Ocean combined, and included the ports
of Guanacaste, Puntarenas, Quepos, and Golfito.

In order to examine the occurrence of any deviations from
average landing patterns, monthly anomalies in sailfish landings
were calculated by subtracting the corresponding monthly
climatological mean sailfish landings (in kilograms) from the
monthly landing data reported. For example, the climatological
mean sailfish landings for January was calculated as the mean of all
values reported for January 2010-2019, and was then subtracted from
all January values in the original timeseries.

Environmental data analyzed included monthly average sea
surface temperature (SST, °C) and surface chlorophyll a
concentration (CHL, mg/m’) (as a proxy for primary production)
from MODIS onboard Aqua with a 2 km/pixel resolution. In order to
assess the effects of SST and CHL on sailfish abundances, data for the
period January 2010 — October 2021 were examined. Assuming that
most sportfishing trips occur within 25 miles of the coast, SST and
CHL data were extracted for an area approximately 50x50 km around
the different sportfishing departure locations in the southern and
central Pacific areas in order to assess environmental conditions in
the main sportfishing grounds. Preliminary analysis showed that SST
and CHL in the central Pacific area off Herradura were very similar to
those off Quepos, but because Herradura is influenced by the Gulf of
Nicoya area where significant land runoff occurs that may more
strongly affect the satellite signal, the Quepos environmental
conditions were selected as representative of the central Pacific. For
SST, the monthly mean value for each area was calculated. Because
the natural distribution of chlorophyll is log-normal (Campbell,
1995), the areal median was used for CHL. Data are distributed by
NASA Goddard Space Flight Center.

To assess the effects of El Nifio — La Nifa on local oceanographic
conditions and the abundance of sailfish, Oceanic Nifio Index (ONI)
data were obtained from https://origin.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostuft/ ONI_v5.php.

Two different numerical models were examined to model the
monthly abundance of sailfish in the southern and central Pacific
areas and evaluate the effects of environmental conditions and
commercial fishing: a Seasonal Autoregressive Integrated Moving
Average (ARIMA) model and a Linear Autoregressive (Linear_AR)
model. ARIMA models incorporate both non-seasonal and seasonal
factors and also error terms. These models represent a good tool to fit
and forecast timeseries. A common notation is ARIMA(p,d,q)x(P,D,
Q) S, where p is the non-seasonal autoregressive order, d is the non-
seasonal differencing, q is the non-seasonal moving average order, P
represents the seasonal autoregressive order, D is the seasonal
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differencing, Q is the seasonal moving average order, and S is the time
span of repeating seasonal pattern (Hyndman and Athanasopoulos,
2018). Based on preliminary inspections of autocorrelations and
partial autocorrelations (Hyndman and Athanasopoulos, 2018) a
seasonal ARIMA(1,0,2)x(1,0,0),12 (months) was selected for this
study. ARIMA models were fit using the R package Sarima
(Boshnakov, 2017).

The Linear_AR is a linear model with autoregressive and moving
average error structure. Specifically, autocorrelation-moving average
correlation structure of order (p, q) was selected using the same
notation mentioned above for ARIMA. This model was fit using the R
package nlme (Pinheiro et al., 2021). Despite its simpler structure
compared to ARIMA, this type of model allows the calculation of the
percent variance explained by variables in the model (R package
MuMIn; Barton, 2019), which is not possible with ARIMA models.

The two longest and most consistent timeseries, SP and CPH1,
were included in the modelling analyses. Preliminary examinations
showed that SST, CHL, and ONI were not independent and that SST
had the strongest relationship with the abundance of sailfish;
consequently, commercial landings and SST with different lags
previously identified by cross-correlation analysis were selected as
explanatory variables and included in the models. Sailfish abundance
data were log-transformed prior to model run. To assess the
performance of the models, the root mean squared error (RMSE)
and the mean absolute error (MAE) were calculated for each

1.n
RMSE = \/:Eef
ni=1

1.n
MAE = =3 |e
nis

timeseries following:

where 7 is the number of datapoints in a t is month and e is the
difference between the true value and the estimated value.

In addition to sailfish abundance data from the recreational
fishery and commercial landings from the national longline fleet,
sailfish bycatch data from the international purse seine fleet, available
for Costa Rican waters through the Inter-American Tropical Tuna
Commission, IATTC, were analyzed. The presence of trends in the
volume of sailfish caught per fishing set (in metric tons) within the
Costa Rica Exclusive Economic Zone was examined for the period
1993-2019. The IATTC is the regional fisheries management
organization (RFMO) responsible for the conservation and
management of tuna and tuna-like species, associated species, and
their ecosystems throughout the EPO. Through their onboard
observer program, information on tuna and all bycatch species is
collected. Using this information, we calculated the total volume of
sailfish caught as bycatch every year during the study period (2010-
2019) for fishing sets done within the Costa Rica EEZ only.

Finally, the distribution of apparent fishing effort for the Costa
Rican advanced longline fleet (comprised by approximately 70 boats)
was analyzed from public Vessel Monitoring System data (VMS)
distributed by Global Fishing Watch through https://
globalfishingwatch.org/. The spatial distribution of fishing effort
over an entire year, reported as total hours of apparent fishing at
each location by all longline boats from the advanced fleet flagged in
Costa Rica was examined and the areas of most intense fishing were
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identified. Global Fishing Watch, a provider of open data for use in
this article, is an international nonprofit organization dedicated to
advancing ocean governance through increased transparency of
human activity at sea. The views and opinions expressed in this
article are those of the authors, which are not connected with or
sponsored, endorsed or granted official status by Global Fishing
Watch. By creating and publicly sharing map visualizations, data
and analysis tools, Global Fishing Watch aims to enable scientific
research and transform the way our ocean is managed.

Results

Analysis of the four independent timeseries of annual mean sailfish
abundance estimated from sportfishing operations for peak season, A,
showed that, although there is interannual variability, the abundance of
sailfish has decreased over the last decade along the southern and central
Pacific coast of Costa Rica (Figure 2). For the southern Pacific, the
negative linear trend represents an average decrease in the peak season
mean abundance of sailfish (January-April) of 70.56% since 2011
(Figure 2A), whereas in the central Pacific average decreases were
88.26% (Figure 2B and 42.04% (Figure 2C) for charter operations, and
46.41% for tournament releases (Figure 2D). Even when data have
different formats, spatial and temporal coverage and sampling
frequency, there is correlation between areas (Table 2) and consistency
in the trends and variability observed, suggesting that the processes that
control the abundance of sailfish in the area are not localized and impact
a broader area, and that the data collected from different sources are
consistent and representing well sailfish abundances.

Considering the more detailed monthly timeseries data for the
southern (SP) and central Pacific (SPH), linear trend analyses also
indicated significant decreases in the availability of sailfish to
recreational anglers (Figure 3, top). Average decreases were 75.50%
between 2011 and 2022 for SP (p=8.42¢”, n=133) and 44.22%
between 2008 and 2021 for CPH1 (p=0.0163, n=159). The trends
estimated after filling in the missing values in April-October 2020
were similar to those calculated for both timeseries truncated in
March 2020. For SP, the slope of the linear regression was -0.0256 for
January 2011- January 2022 and -0.0258 for January 2011-March
2020, while for CPH1 slopes were -0.0242 for January 2008-March
2021 and -0.0258 for January 2008-March 2020.

In contrast to the declining sailfish abundances available to the
sportfishing sector at the locations examined, the reported sailfish
commercial landings for all national ports on the Pacific coast of
Costa Rica have increased significantly since 2010, with an average
rise in landings of 108% for the period 2010-2019 (p:2.41e’12, n=120)
(Figure 3, bottom). Significant negative correlations were observed
between commercial landings and sailfish abundance from
sportfishing operations for both SP (R* = 0.478, p<0.0001, n=108)
and CPH1 (R2 =0.349, p=0.0001, n=120) areas. A maximum reported
value for commercial landings of 45,222 kg/month occurred in
October 2018, followed by peaks of 42,979 kg/month in December
2019, 42,335 kg/month in November 2015, and 41,205 kg/month in
July 2013. Minimum values of 6,134 and 7,248 kg/month were
reported for January 2011 and January 2012, respectively.

Timeseries of monthly anomalies in sailfish commercial
landings and sailfish abundances from sportfishing operations also
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FIGURE 2

Timeseries of annual peak-season mean sailfish abundance, As,;, at different locations along the southern and central Pacific coast of Costa Rica. For (A—C)
data correspond to the average monthly abundance calculated for the months of peak fishing season (January-April). Tournament data in (D) are the average
of the 3 tournament legs that take place during January, February and March of each year. For (B), data for 2017 are not available, thus the value was linearly

interpolated to estimate the trend (red circle).
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TABLE 2 Correlation matrix for sailfish abundance data from sportfishing operations in four different areas.

Sp 1 ‘ *0.801 *0.743 0.644
CPQ - ‘ 1 *0.733 0.504
CPH1 - ‘ - 1 0.571
CPH2 - - - 1

SP, southern Pacific; CPQ, central Pacific Quepos; CPHI1, central Pacific Herradura, charter; CPH2, central Pacific Herradura, tournament. *Bold indicates statistically significant correlation with 95%

confidence.

show that, in general, periods of above-average commercial fishing
are associated to lower-than-normal availability of sailfish to
recreational anglers, and vice versa, particularly after 2015 when
the diverging trends seem to amplify (Figure 4). This is true for both
the southern and central Pacific areas analyzed. In the southern
Pacific, above-average sailfish abundances were recorded during
2011, early 2013, 2014, 2015 and 2016, but availability was below
normal thereafter. In the central Pacific, positive anomalies were
observed in early 2014 and 2016, with below-average abundances
consistently recorded thereafter.
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Environmental conditions and variability

Oceanographic conditions were generally very consistent between
the 2 subareas studied. Monthly climatologies of sea surface
temperature (SST) and surface chlorophyll concentrations (CHL)
indicate that both variables are negatively correlated in the SP and
CPHI1 subareas (SP: R* = 0.7301, p=0.0004, n=12; R* = 0.5288,
p=0.0074, n=12). Warmest temperatures normally occur during
January-April, in coincidence with the lowest average chlorophyll
concentrations. Coldest average temperatures are registered in
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FIGURE 3
Top: Monthly abundance of sailfish, As,. estimated from recreational fishing operations in the southern (SP, blue) and central (CPH1, green) Pacific areas.

Values reported are average number of sailfish raised per fishing trip per month. Blue and green dotted lines represent the corresponding linear fit.
Trendlines are y = -0.0256x + 4.5699 (n=133) for SP and y = -0.0242x + 8.702 (n=159) for CPH1. Bottom: Total monthly commercial sailfish landings
(black, in kilograms) reported for all national ports on the Pacific coast of Costa Rica combined. Trendline is y = 132x + 14,601 (n=120), which represents

an average total increase of 108.46% between 2010 and 2019.

presence of linear trends. In addition, conditions were very

October and November, when the highest chlorophyll concentration
consistent between the subareas examined. Monthly mean SST

values are also recorded (Figure 5).
Timeseries of monthly SST (Figure 6, top) and CHL (Figure 6,  ranged between 25.64°C and 30.07°C in the southern Pacific area

center) revealed seasonal and interannual variability, as well as the  and between 25.39°C and 30.13°C in the central Pacific. Monthly
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FIGURE 4
Timeseries of anomalies in monthly commercial landings of sailfish for all national Pacific ports combined (black, kilograms) and anomalies in the

monthly mean abundance of sailfish recorded by sportfishing operations (ind. raised/trip) in the southern (SP, blue, upper panel) and central CPH1, green,

lower panel) Pacific areas.
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FIGURE 5

Monthly climatological mean sea surface temperature (SST, °C, blue) and median surface chlorophyll concentrations (CHL, mg/m?®, green) in the southern

(solid line) and central (broken line) Pacific subareas studied.

median CHL varied between 0.15 mg/m’ and 0.96 mg/m’ in the
southern Pacific, with higher values recorded in the central Pacific
area ranging between 0.14 mg/m’ and 4.46 mg/m’. Maximum CHL
values occurred between October and December, with
approximately 1 month lag behind minima SST values. A negative
correlation between SST and CHL was observed for the both areas
analyzed, with CHL maxima during the coldest months (SP: R? =
0.38, p=<0.0001, n=140; SPH: R* = 0.29, p=<0.0001, n=134). SST
showed a positive linear trend in both areas, with average increases
since 2010 of 0.49°C and 0.61°C for SP and CPHI, respectively,

which represent an overall rise of 1.75% and 2.16% for each area. On
the other hand, average CHL values showed a negative trend in both
subareas, with declines since 2010 of 11.67% and 4.29% for SP and
CPHI, respectively.

Timeseries of El Nifio ONI Index indicated several moderate cold
events during the study period, including between 2010-2011, the
second half of 2016 and 2018, and in 2020-2021 (Figure 6, bottom).
Warmer phase events occurred in 2014-2016 and 2018-2019, with the
former being the most intense warm event on record during the last
several decades and anomalies of up to 2.6°C in October 2015 and
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FIGURE 6

Timeseries of monthly mean (top) sea surface temperature (SST, ‘C) and (center) surface chlorophyll a concentration (CHL, mg/m?) in the southern
(black) and central (blue) Pacific areas studied between 2010 and 2022 (bottom) ENSO ONI Index, with red periods indicating a warm El Nifio phase and
blue periods indicating a cold La Nifia phase. White bars represent neutral conditions.
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January 2016. The interannual variability in SST and CHL was
strongly related to ENSO, which is known to dominate variability
in the region.

Numerical models

The ARIMA model performed best at reproducing the negative
trend as well as the seasonal pattern in sailfish abundances (Ag;),
with maxima between January and April, even though a few of the
seasonal peaks were underestimated in the southern Pacific and
overestimated in the central Pacific area (Figure 7). The model
errors were relatively low (SP: RMSE = 1.03, MAE = 0.74; CPH1:
RMSE = 3.97, MAE = 2.87).

As expected, the temporal components of the model contribute
significantly to explain much of the variation in sailfish abundance
over time (Table 3). After that yearly and monthly variation is
accounted for, however, commercial fishing pressure and sea
surface temperature remain significant predictors of sailfish
abundances in both areas. Notably, commercial fishing negatively
impacts sailfish abundance, whereas in the case of SST, there is a
significant positive relationship with sailfish abundance at 0-lag in
both subareas, while for the southern area there is also a negative
relationship with SST with a lag of 3 months. Although ARIMA
models are best at describing timeseries data, one drawback is that
they do not allow the estimation of the percent variance explained by
the model. The linear model with autoregressive error structure
(Linear_AR) accounted for the interannual and seasonal variability
in sailfish abundance well, but failed to capture the magnitude of the

10.3389/fmars.2023.1088006

maxima and minima. Linear_AR explained 65% and 51% of the total
variance in the timeseries for the southern and central Pacific areas,
respectively (Figure 7). Considering that ARIMA performed overall
better than Linear_ AR, we can assume that the total variance
accounted for by ARIMA is larger than 65% and 51% for the south
and central Pacific, respectively.

In addition to the declining trends observed in sailfish availability
to recreational anglers, bycatch data from the purse seine tuna fleet
that operates in Costa Rican waters indicate a steady decline in the
volume of sailfish caught since 2001, reaching the minimum value
ever recorded in 2019 (Figure 8).

Finally, the analysis of the distribution of apparent fishing effort
by the Costa Rica longline fleet registered from VMS data shows a
clear pattern with concentration of fishing effort in very coastal
waters, with the highest values of 1416 hours of fishing in a single
pixel (bright yellow) recorded approximately 30 miles off the coast
(Figure 9). This band of highest effort extends between 30 and 60
miles from the coast along the central and southern Pacific. A second
band of intermediate effort can be observed between 60 and 200 miles
from the coast, with generally lower values occurring further offshore.
Although most of the fishing effort concentrates within the Costa Rica
EEZ, the fleet also operates in international waters, with fishing
extending as far as 107°W.

Discussion

The Eastern Tropical Pacific (ETP) off Central America is recognized
as one of the best fishing grounds on the planet, with high availability of
billfish often recorded and some of the highest catch rates (Ehrhardt and

Sailfish abundance (SP)
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FIGURE 7

Timeseries of sailfish abundance (monthly mean individuals raised per trip) (black) from sportfishing data from the southern (top) and central (bottom)
areas of the Pacific Ocean in Costa Rica, and modelled abundances from the ARIMA (green) and Linear_AR (magenta) models, with the effects of SST

and commercial fishing pressure included.
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TABLE 3 Coefficients of the ARIMA model used.

South Pacific

10.3389/fmars.2023.1088006

Variable Coefficient Standard Error

Arl -0.7290 0.2086 -3.4945 0.0008*
Mal 1.3326 0.2213 6.0203 <0.0001*
Ma2 0.5260 0.1570 3.3496 0.0012*
Sarl -0.6063 0.0874 -6.9380 <0.0001*
Commercial -9.97x10°° 3.58 x10° -2.7901 0.0066*
SST_lag0 0.1560 0.0568 2.7465 0.0075*
SST_lag3 -0.1748 0.0579 -3.0208 0.0034*
Central Pacific

Variable Coefficient Standard Error T p
Arl -0.6833 0.2112 -3.2355 0.0018*
Mal 0.8723 0.2236 3.9007 0.0002*
Ma2 0.2813 0.1211 2.3236 0.0228*
Sarl -0.3842 0.1014 -3.7899 0.0003*
Commercial -1.04x10” 1.82x10° 5.6948 <0.0001*
SST_lag0 0.2059 0.0897 2.2962 0.0244*
SST_lag3 -0.0151 0.0900 -0.1680 0.8670

Arl: autoregressive component of first order; Mal-Ma2: moving average component of first and second orders, respectively; Sarl: autoregressive seasonal component of first order.
Commercial: sailfish landings; SST_lag0 and SST_lag3 represent average monthly SST values in the study are with 0- and 3-month lags, respectively. * Bold indicates statistically significant.

Fitchett, 2006). This is especially true for sailfish and for years Costa Rica
was recognized as one of the “Sailfish Capitals of the World” due to the
high numbers of sailfish commonly caught and released (Nakamura,
1985; Ehrhardt and Fitchett, 2006); however, recent reports of apparent
lower availability raised concern among the sportfishing community.
While Costa Rica’s sportfishing infrastructure is well developed, fishing
tourism strongly depends on the availability of target species for catch

and release. It has been well documented that worldwide, and particularly
in the Pacific, large pelagic fish populations are depleted (Myers and
Worm, 2003). Worm et al. (2006) highlighted that this trend is of serious
concern because it projects the global collapse of all taxa currently fished
by the mid-21% century. Our study shows that sailfish abundances
available to recreational anglers in Costa Rica during the last decades
have declined along the southern and central Pacific coast, and that both
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T
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Bycatch of sailfish, in metric tons per fishing set, reported by the purse seine fleet for catches within the Costa Rica Exclusive Economic Zone only (data
provided by IATTC). Dotted lines indicate the linear fit for periods 1993-2000 and 2000-2019.
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FIGURE 9

Distribution of cumulative apparent fishing effort (in total fishing hours) for the Costa Rica advanced longline fleet for the period October 1, 2021 -
October 1, 2022 in the Eastern Tropical Pacific. The brighter yellow indicates higher fishing effort. Maximum values correspond to 1416 hours of fishing
at a single location during the 12-month period. Green lines show the limits of Exclusive Economic Zones. Figure modified from https://
globalfishingwatch.org/map/ with permission. The black insert on the left panel indicates the area included in the right panel.

environmental variability and commercial fishing have a significant
impact on these abundances. Regional mortalities for sailfish are above
estimates of natural mortality, which is an indication that the stock may
be subjected to significant exploitation (Pohlot and Ehrhardt, 2018).

Data collected from sportfishing operations in the ETP have been
previously used to study fish populations when traditional survey data
are not available or to complement other datasets. Ehrhardt and
Fitchett (2006) examined sailfish data from sportfishing operations in
Guatemala and commercial landings from the Japanese longline fleet
between 1994 and 2005 and observed a positive correlation between
coastal sailfish abundances and prey availability. Highest
concentrations of prey items occurred during the first and last
trimesters of the year, coinciding with the onset of seasonal
oceanographic processes that favor coastal upwelling and the
vertical compression of the suitable habitat for sailfish. These
oceanographic processes, in turn, relax and intensify with the
different ENSO phases. The authors did not observe declining
abundances of sailfish in coastal waters of Guatemala before 2005
but concluded that commercial fishing may be an important threat to
sailfish populations in Central America and that regional
management measures should be applied to guarantee the
availability of sailfish. Pohlot and Ehrhardt (2018) highlight that the
overexploitation due to available habitat compression should be the
framework for billfish fisheries management regimes.

More recently, Haulsee et al. (2022) analyzed recreational fishing
data to examine the relationship between sailfish and blue marlin and
environmental conditions in the ETP. Their analyses examined some
of the same data from the southern Pacific of Costa Rica as this study,
as well as data from one fishing lodge in Guatemala and one in
Panama. Their results first showed a relationship with sea surface
temperature at different time lags in this area, and they suggested that
fish may move away from the study area in response to changes in the
ocean conditions that result from the different ENSO phases. In this
region, warmer waters are often associated with a broader surface

Frontiers in Marine Science

1

10.3389/fmars.2023.1088006

89°W

87°W 85°W 83°W

mixed layer with high oxygen concentrations and a deeper
thermocline, which expands the suitable habitat for sailfish.
Ehrhardt and Fitchett (2006) examined the dynamics of sailfish in
the Pacific off Guatemala and observed a seasonal pattern negatively
related to the mean sea level (MSL) in neighboring El Salvador, which
in turn is related to the trade winds. They concluded that seasonal
variability in catch per unit effort of sailfish is influenced by prey
abundance, oceanographic conditions that enhance feeding, and the
dynamics of the dissolved oxygen minimum zone and the
thermocline. Our results coincided in showing a significant effect of
sea surface temperature over local sailfish abundances, both for the
southern and central Pacific areas, with highest sailfish numbers
during warmer periods, which may be related to the affinity of this
species for oxygenated surface waters (Prince and Goodyear, 2006). In
addition to the preferences of sailfish for concurrent warmer waters,
our study showed that abundances were also negatively correlated
with SST with a 3-month lag, which could be the result of increased
phytoplankton production following a cooler period. In tropical
regions where vertical stratification is permanent and a shallow
thermocline is persistently established, phytoplankton growth is
often limited by nutrient availability in the surface layer. Once
depleted, nutrients can be supplied from deep waters but the
thermocline acts as a physical barrier and processes that bring
nutrient-rich waters to the surface are needed in order to support
phytoplankton growth. It has been shown that in the study region,
nitrate concentrations are related to the depth of the thermocline
(Behrenfeld et al., 2006; Kahru et al., 2007; Sasai et al., 2012). Cooler
surface layers are often the result of increased upwelling of deeper
nutrient-rich waters, which bring the nutricline closer to the surface
promoting phytoplankton growth. This, in turn, may lead to higher
abundances of zooplankton and small fish, increasing the availability
of prey for large pelagic fish, such as sailfish.

The results presented in this study show a correspondence
between La Nifna periods, such as during 2010-2011, with colder
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surface waters in the subareas studied and maximum chlorophyll
concentrations. On the other hand, warmer El Nifo periods, such as
during 2015-2016, were associated with warmer surface waters and
lower chlorophyll concentrations. During warmer El Nino periods,
the trade winds are reduced and surface waters in the ETP pile against
the continent preventing the upwelling of nutrient rich deep waters to
the surface. In contrast, during La Nifa the trade winds are
intensified, favoring increased coastal upwelling that promotes
phytoplankton growth and attracting higher trophic level
organisms, including zooplankton and fish. Although the upwelling
that occurs in the Gulf of Panama and in the Gulf of Papagayo/
southern Nicaragua area favors high phytoplankton abundances, it
also brings low oxygen waters closer to the surface, compressing the
surface layer. Billfishes are large migratory fish with a high metabolic
demand and their suitable habitat is limited by the availability of
dissolved oxygen, thus, they spend most of their time in the warmer
shallow mixed layer above the thermocline (Goodyear et al., 2008;
Hollihan et al., 2011; Pohlot and Ehrhardt, 2018). Seasonal upwelling
processes that bring the thermocline closer to the surface with
compression of the surface mixed layer reduce the preferred habitat
for billfish and may also result in higher catchability (Prince and
Goodyear, 2006). It has been reported that these fish may take
advantage of the high production associated to upwelling areas by
using the edges and frontal systems in the vicinity where productivity
is still elevated, but tend to avoid or swim rapidly through the center
of upwelling areas where oxygen concentrations are too low (Pohlot
and Ehrhardt, 2018). A combination of increased prey production
following cooler periods and suitable habitat conditions during
warmer periods of reduced upwelling and higher concentrations of
dissolved oxygen likely favors high abundances of sailfish in the area.
In addition, monthly climatology data indicated that, on average, the
warmest surface temperatures and the lowest chlorophyll
concentrations occur between January and April in the study area,
which coincides with the highest abundances of sailfish (Haulsee
et al,, 2022) and peak fishing season in the southern and central
Pacific of Costa Rica. This further supports the preference of sailfish
for warmer oxygen-rich surface waters in this region.

In addition to the effects of environmental conditions, commercial
fishing had a significant negative impact on local sailfish abundances. The
conflicting interests between commercial and recreational fishers
regarding the use of billfish is not new and others have previously
noted the need to establish precautionary fishing practices for billfish in
the region (Ehrhardt and Fitchett, 2006). The IATTC, in charge of
assessing and regulating commercial fishing of tuna and tuna-like species
including sailfish, completed the last stock assessment for sailfish in 2013,
almost a decade ago (Hinton and Maunder, 2014). At that time, it was
not possible to determine the status of the stock in the EPO because the
parameter estimates could not be derived from the model results. The
report concluded that average annual reported catches during 2013-2017
were about 740 tons, significantly less than the 1993-2007 average of
about 2100 tons, and that model results suggested significant levels of
unreported catch. The authors recommended a precautionary approach
with no increase in fishing effort directed at sailfish and close monitoring
of catches until sufficient data are collected to conduct another
assessment. In addition, the analysis of bycatch data reported by the
foreign purse seine fleet showed declining trends in sailfish bycatch
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within Costa Rican waters since 2010. Haulsee et al. (2022) examined
IATTC bycatch data for the entire ETP and suggested an inverse
relationship between sailfish abundances and longline fishing pressure.
Our analyses of commercial landings for national ports and purse seine
bycatch data in Costa Rican waters coincide with this suggestion. Further
evidence of declining numbers in local sailfish abundances include results
from angler surveys that show a negative trend in the number of fish
caught per angler per day since 2003 in Costa Rican waters (Heberer and
Nasby-Lucas, 2021).

With the exception of Costa Rica, most countries along the Pacific
coast of Central and North America including Panama, Nicaragua,
Guatemala, Mexico, the United States and most recently El Salvador,
have recognized the need to protect billfish due to the importance for
tourism and local coastal communities, and, in consequence, have
implemented different regulations to reduce the impact of commercial
fishing. While Panama issued an Executive Decree in 1997 prohibiting
any commercial fishing, sales, or exportation of billfish (Executive Decree
N°33, Art 1), in 2004 Nicaragua and Guatemala established a ban on any
commercial harvest or sales of sailfish in their respective fishing laws
(Fishing and Aquaculture Law N°489, Art. 76 and General Fishing and
Aquaculture Law, Decree 80-2002, and Agreement 223-2005,
respectively). Mexico reserves billfish for recreational fishing within 50
miles from the coast (General Fishing and Aquaculture Law of 2007, Art.
68), and most recently, El Salvador banned any targeted fishing for
billfish and implemented a full ban on any longline fishing within 75
nautical miles from the coast for larger vessels and 50 nautical miles for
the smaller commercial fleet (CENDEPESCA Resolution 21-02). The
United States Billfish Conservation Act was signed into law in 2012 and,
except for two specific exemptions for Hawaii and the Pacific islands,
prohibits any person from offering billfish or billfish products for sale or
having possession with the intent of selling them. In Costa Rica, strict
regulations are in place for recreational anglers, including a prohibition to
remove fish from the water and an obligation to release any billfish
caught, but despite being declared a species of tourist interest in the
Fishing Law, commercial harvest and the sale of sailfish as seafood is still
allowed. The sustainability of Indo-Pacific sailfish has not been
successfully assessed in recent years due to a lack of reliable landing
and fishing effort data (Hinton and Maunder, 2014; Fitchett, 2015). The
implementation of protection measures to reverse the negative trend and
allow local sailfish abundances to recover is important. In addition, we
empbhasize the need for an updated assessment of sailfish in the Eastern
Tropical Pacific, as well as the development of a national program to
collect accurate population data and contribute to a better understanding
of the spatial and temporal dynamics of sailfish as well as the processes
that control these patterns in the region.

Summary and conclusions

In this study, we analyzed newly compiled data on local abundances
of sailfish along the central and southern Pacific coast of Costa Rica and
developed numerical models to elucidate the effects of different
environmental and anthropogenic variables on sailfish. Although the
timeseries available are not long enough to allow the assessment of
changes in sailfish abundances on a scale of several decades, the results
from different independent data sources coincide in indicating that local
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abundances of sailfish have decreased significantly over the last 10-15
years, while commercial landings have increased steadily over the same
time period. The analysis of the distribution of fishing effort by the
national longline fleet shows that maximum effort occurs in very coastal
waters where the recreational fishery also operates and sailfish abundances
are known to be highest. Model results show that commercial fishing and
sea surface temperature have significant effects on sailfish abundances
along the southern and central Pacific in Costa Rica. We review regional
regulations regarding billfish exploitation and suggest the implementation
of measures to contribute to the recovery of local abundances of sailfish
and the prosperity of local coastal communities that depend on
recreational fishing tourism as their main source of income.
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