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THE THERMAL DOME OF COSTA RICA:
Presentation

The Thermal Dome of Costa Rica (the Dome) is an extensive marine region in the
Eastern Tropical Pacific (ETP), off the west coast of Central America. Currents
and winds cause nutrient rich cold waters from deep zones to draw near the surface
generating a high primary productivity, which maintains a dynamic food web in
the surrounding area.

Multimillion dollar fishing industries in Central America and other latitudes
depend on pelagic species such as tuna, linked to ecological and oceanic processes
generated in this region. The Dome is also of great relevance for species of high
conservation value, including blue whales, which travel thousands of miles from
the Pacific Coast of North America to feed and have their offspring.

The environmental and socio economic relevance of the Dome and its role in the
maintenance of fisheries, marine biodiversity and climate is just beginning to be
perceived and understood. Even today, the Dome is surrounded by an atmosphere
of mystery, its imperceptibility from the surface and its dynamic nature of constant
shape changes and nucleus relocation, tends to escape research vessels that search
for it (Kessler, 2006).

The ecological and economic importance of the Dome for Central American
countries has gone unnoticed for decades. However, important economic
activities, such as fisheries and tourism, are linked to this important oceanographic
phenomenon. Climate processes such as carbon se-questration and gas production
in the region are also of great relevance to Central America. Understanding the
dynamics of the Dome and initiating efforts for its management and conservation
should be priority actions in the Marine Agenda of the Central American countries.
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CHAPTER 1

General characteristics
of the Dome

The ETP, where the Dome is located, presents
a complex oceanographic regime with large
currents, cold water upwelling and warm water
areas with low oxygen concentration, causing
a diverse concentration of marine species from
phytoplankton and zooplankton to prey species
and large predators (Fiedler & Lavin, 2006). A
relatively high number of oceanographic studies
has allowed us to improve our knowledge of the
complex oceanographic conditions that make
up the ETP (Fiedler, 2008). Such conditions
undoubtedly make the Dome the most interesting
oceanographic process in the region, given its
relevance to the biological communities associated
with the high sea and jurisdictional waters of the
Central American countries.

The presence of the Dome was detected off
the coast of Costa Rica in 1948, by means of
bathythermographs located on boats that traveled
from California to Panama (Wyrtki, 1964). The
analysis of the distribution of the temperatures
obtained at different depths showed that a cold
water mass (less than 20 °C) rises to the surface,
at less than 50m depth (Kessler, 2006). In plotting
these temperature values it was observed that
the lines corresponding to the cold water mass
displayed a bell or dome shape. The shape of
the phenomenon, as well as the fact that it was
identified off the coast of Costa Rica, gave rise to
the name of Costa Rica’s Dome (Fig. 1, Cromwell,
1958). This denomination has created confusion,
erroneously being inferred as an oceanographic
feature belonging to the jurisdictional waters of
Costa Rica, when it is actually contained and moves
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through high seas and the exclusive economic
zones of the Central American countries.

The Dome is generated mainly due to the influence
of trade winds and the interaction of three main
currents: the North Equatorial Counter Current
(NECC), the Costa Rica Coastal Current (CCCR)
and the North Equatorial Current (NEC), the first
being the most relevant (Fig. 2).

This narrow current (between 300-700 km wide)
moves eastward, transporting from the Western
Pacific to the ETP an average of 30 million cubic
meters (m?®) of water per second, equivalent to one
hundred and forty times the flow of the Amazon
river (Wyrtki and Kendall, 1967; McPhaden, 1996;
Zhao et al., 2013). In its transit to the east, the
NECC moves slightly to the north and becomes
more superficial, forming the so called “ridge” of
the North Equatorial Counter Current (Fig. 3). The
eastern flow is higher between June and November,
and lower between December and May (Wyrtki
and Kendall, 1967; Zhao et al., 2013).

While approaching the Central American coasts,
part of the CCEN is diverted to the north (Fig. 2),
joining the Costa Rica Coastal Current (CCCR).
This current travels northwest at a speed of 20 cm/s
and carries a volume between 1.2 and 5 million
m?/s (Brenes, 1985; Kessler, 2006). Off the coast
of Mexico, the CCCR turns westward joining
the North Equatorial Current (NEC), which also
receives waters from the California current and
transports an average volume of 37.6 million m¥/s
(Schonau and Rudnick, 2015).
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Figure 1. Distribution of water temperature lines (°C) at various depths to 8.5 °N (Fiedler, 2002a).

This northwest turn produces a vortex, or elongated
swirl, which intensifies between June and
September due to the influence of the Intertropical
Convergence Zone (ITCZ) located at that time
in its northernmost position (Fiedler, 2002a,
Romero et al., 2011). The vortex and wind friction
associated with the ITCZ generate a permanent
deepsea upwelling, raising an immense nutrient
rich cold flow of about 3.5 million m%s (about
sixteen times the flow of the Amazon river) which
forms the Dome of Costa Rican (Wyrtki, 1964,
Fiedler, 2002a, Kessler, 2006, Samuelsen, 2005,
Figs. 2 and 3).

Although other tropical domes (such as those in
Guinea and Mindanao) are also related to patterns
of similar currents, the Thermal Dome of Costa
Rica is distinguished by the influence of the
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winds (Fiedler, 2002a). Thus, during the boreal
winter (December-May) strong Trade Winds
build up when the ITCZ moves southwards and
strong jet streams from the Caribbean are forced
into the Pacific through the depressions of the
Mesoamerican region: Tehuantepec Mexico, the
Lake of Nicaragua and Panama (Fig. 2).

The main of these winds, known as the Papagayo
Jet Stream, crosses the depression of the Lake of
Nicaragua and rises on the Pacific coast, about
70 km north of the Gulf of Papagayo, near San
Juan del Sur, Nicaragua (Fiedler, 2002a). These
winds extend between 300 and 600 km in the
Pacific Ocean, forming swells and eddies along
their trajectory (Muller Karger and Fuentes Yaco,
2000). The jet generates an upwelling of water on
its southern flank, pushing the layers of surface
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Figure 2. Main currents and winds that influence the Dome region and are responsible for its dynamics.

water that are replaced by deeper water. This effect
also creates large waves (Rossby waves), which
affect the oceanic water body to the west and move
the upper parts of the Dome to the north (Hofmann
et al., 1981; Xie et al., 2005, Romero Centeno et
al., 2007).

Eddies produced by the Papagayo Jet Stream
between November and July show great inter-
annual variability (Palacios and Bograd, 2005).
With a lifespan of up to 180 days, they reach
diameters from 100 to 500 km. In their westward
trajectory, eddies develop speeds between 9 and 21
cm/s, extending up to 2,000 km offshore (Miiller-
Karger and Fuentes-Yaco, 2000). These eddies

transport not only energy, but also larvae, fish and
other organisms from the coasts to the high sea,
generating a direct connection between ecosystems
in both geographic areas (Fig. 4).
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Figure 4. Coastal eddy (anticyclone) generated between January-February 2000. The colors indicate the concentration of
Chlorophyll a (mg/m?) (McClain et al., 2002).
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POSITION AND EXTENSION

OF THE DOME
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Understanding the position and extent of the
Dome is of great relevance for its management and
conservation. However, dependence of the Dome
on fluctuating phenomena such as currents and
winds causes constant location and size changes.
These fluctuations follow the annual cycle
determined by the migration of the Intertropical
Convergence Zone (ITCZ) (Hofmann et al., 1981;
Umatani and Yamagata, 1991; Fiedler, 2002a).

The cycle begins when cold waters emerge in the
coastal zone of Nicaragua (San Juan del Sur) and
Costa Rica (Gulf of Papagayo) between January
and February due to the thrust of Trade Winds.
During May and June, the Dome separates from
the coast, moving into deep sea and migrating
towards the north, where it expands on the ridge
of the North Equatorial Counter Current (July-
October). Even though the Papagayo Jet Stream
weakens after May, cyclonic winds associated with
the ITCZ, now further north, continue to influence
the region (Kessler, 2006). At the end of the year
(November-January), the Dome is eroded by warm
anticyclonic eddies resulting from the southward
movement of the I[TCZ (Umatani and Yamagata,
1991; Fiedler, 2002).

The nucleus of the Dome is located around 9 °N
and 90 °W (Cromwell, 1958; Wyrtki, 1964) in High
Sea, more than 65 miles west of the current limit
of the Exclusive Economic Zones (EEZ) of Costa
Rica and Nicaragua. However, during periods

of maximum extension the Dome covers part of
the jurisdictional waters of all Central American
countries.

The extension of the Dome is in constant expansion,
contraction and movement, depending on the stage
of the annual cycle and the year. Between February
and March, when the Dome is near the coast,
extensions between 200 and 300 km in diameter
have been reported. In June, when the Dome has
moved away from the coast, its extension has been
reported between 300-500 km in diameter. From
August to November, it can reach up to 1,000 km
(Wyrtki, 1964, Quirés and Miiller-Karger, 1999,
Miiller-Karger and Fuentes-Yaco, 2000, Fiedler,
2002a, McClain et al., 2002, Brenes et al. 2008).
Due to the influence of the ridge of the North
Equatorial Counter-Current, the greater extension
of the Dome occurs on its east west axis.

The first to graph the extension of the Dome was
Wyrtki (1964). Analyzing the data from previous
oceanographic expeditions, Wyrtki marked the
maximum limits of the Dome using the 19°C
isotherm at 40 m depth, equivalent to the 20°C
isotherm at 35 m depth (Fig. 5).

More recently’, the maximum limits of the Dome
were determined by mapping the average values
of temperature from various forecasting systems
(SODA2.2.4* ,GODAS?, GECCO* ECMWF° and
ECDAS ). These maps were generated for a period

1 Using data supplied by Fiedler, P. 2014. NOAA/NMFS/SFSC. La Jolla, CA. EE.UU

2SODA 2.2.4. - Carton and Giese, 2008

3 GODAS -Xue et al.,, 2011; (http:/www.cpc.ncep.noaa.gov/products/GODAS/,

4 GECCO - Kohl, 2013.
S ECMWEF - Balmaceda et al., 2013.
& ECDA - Zhang et al., 2007.
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SHELLBACK Expaedition, Juby/august 1952,

SCOT Expedition, May 1958, DOME OF COSTA RICA Expedition,
November'Decamber 1959,

Figure 5. Average position of the Dome’s core (yellow star) according to Wyrtki (1964) in relation to the topography (m) of the
19°C isotherm collected in six previous expeditions. The core is located in all cases outside the Exclusive Zones of Costa Rica or
Nicaragua. Subsequently, other authors have used the 20°C isotherm at 35 m depth to define the Dome. This would be about 40
m for the 19°C isotherm.

of thirty years (1980-2009), during the maximum
extension phase (October) and using the isotherm
20°C at 35 m depth as the limit. The resulting map
(Fig. 6) shows the areas of greatest persistence of
the Dome. Between July and January the center of
the Dome is clearly located in high sea.

From this analysis it can be observed that for more
than 20 out of the 30 years included, the core of
the Dome was located in High Seas, outside the
EEZs of the Central American countries. In at least
6 of the 30 years analyzed, the Dome covered part
of the territorial waters of all the countries in the
region, except Panama.
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Figure 6. Monthly behavior of the Dome s persistence during the period 1980-2009. Map generated averaging temperature data
estimated by SODA, GODAS, GECCO, ECMWF and ECDA (based on polygons generated by Fiedler, 2014)
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CHAPTER 2

Primary productivity
INn the Dome

The primary marine productivity which supports of nutrients into the photic zone, which are rapidly
the food chain increases in areas where nutrient used by phytoplankton, as evidenced by changes
supply to the photic zone (the layer of water exposed in nutrient concentration along the water column
to sunlight) is higher. The upwelling associated (Fig. 7).

with the Dome region generates important flows

. PG
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Figure 7. Average concentration of nutrients in the Thermal Dome region. As the waters approach the surface the nutrients
decrease, indicating consumption by phytoplankton.




Figure 8. Chlorophyll concentration in August 1999. The red areas represent the highest concentration values. The white lines
represent the limit of the Exclusive Economic Zone. Adapted from: NOAA NCEP/GODAS.
http:/www.cpc.ncep.noaa.gov/products/GODAS/

From April to September, the first 75 m of the
water column in the Dome receive between 30.73-
33.17 wmol of nitrate/L. (Sasai et al., 2007). This
nitrate is rapidly absorbed by phytoplankton;
especially in the most illuminated surface layers,
reducing its concentration. Consequently, nitrate
levels decrease from 29 umol/L at 50 m deep, to 6
umol/L at the surface (Fig. 7). A similar behavior
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is followed by inorganic phosphate (Fig. 7), which
decreases its concentration from 2.13 pmol/L at 50
m depth, to 0.75 pmol/L at the surface (Broenkow,
1965).

The amount of nitrate used in the photic zone of the
Dome is less than that supplied by the upwelling,
resulting in an excess of nitrate (Fiedler et al.,

1991). This phenomenon makes the Dome a typical
High Nutrient Low Chlorophyll area. Among
the hypotheses that explain why in spite of large
amounts of nutrients available, phytoplankton is
not more abundant, are the presence of zooplankton
grazing on phytoplankton and low iron availability
(Fiedler et al., 1991; Barber And Chaves, 1991;
Minas and Minas, 1992; Pennington et al., 2006).

THE THERMAL DOME OF COSTARICA  MARVIVA

Although it is not yet clear what restricts the greater
use of available nutrients, what is clear is that if
all available nitrate was used by phytoplankton,
the amount of phytoplankton concentrated in this
area would produce substantial changes in the
biogeochemical balance and the climate of the
region (Martin, 1990).

The high concentration of nutrients in the Dome
generates large masses of phytoplankton evidenced
in extensive concentrations of chlorophyll. Satellite
images show concentrations of chlorophyll ranging
from slightly high to very high (0.3-1.2 mg/m?,
Fig. 8), especially between 15-25 m depth (Fiedler
et al., 1991; Lluch-Cota et al., 1997; McClain et
al., 2002; Sasai et al., 2007; Ahlgren et al., 2014).

The concentration of chlorophyll varies seasonally
following the annual cycle of the Dome: at 10°
latitude it is greater between 89° W and 85° W
in the months of February to April, reaching up
to 50 m depth in March. From May to June the
highest concentration is between 91° W and 87° W,
extending to 93° W between July and September.

Unlike other Mesoamerican upwelling zones
(Tehuantepec or Panama), which exhibit maximum
concentrations of chlorophyll in the boreal winter,
in the Dome these occur during the boreal summer
(Fiedler, 2002a), indicating a strong influence
of the North Equatorial Counter Current in the
upwelling process (Kessler, 2006; Pennington
et al., 2006). The ridge of this current becomes
shallower towards the east, being found near 50 m
depth at 110° W and only 25 m depth to the 90° W
(Vilchis et al., 2009).

Primary productivity in the region is clearly
affected by the presence of El Nifio phenomena.
This is an important source of variability in the ETP,
occurring every 2 to 7 years, and lasting between
6 and 18 months. El Nifio produces variations in
wind, rainfall, cold water depth, circu-lation and
biological productivity, which in turn affect the
feeding, reproduction and distribution of fish, birds
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Figure 9. Concentration of chlorophyll in the Dome region for one year (Oct. 2013) without the El Nifno phenomenon (above) and

one year (Sept. 2015) under the influence of El Nifo (below).

and mammals in the Dome region (Chavez et al.,
1999; Fiedler, 2002b).

During periods of El Nifio, large warm water
currents (Kelvin Waves) are shifted east along the
equator by winds from the Western Pacific, with
periods between 40 and 70 days (Alfaro and Lizano
2001, Alexander et al., 2012). These relocations
result in warmer surface waters that cause the cold
water to sink deeper (outside the photic zone) in
the Dome. Changes usually start in the spring and
are magnified a few months later (Alexander et al.,
2012).

Therefore, during years where El Nifio is prevalent,
the abundance and diversity of phytoplankton
species decrease, since sinking of the cold waters
reduces the nutrient supply in the surface, with a
consequent reduction in the biological productivity
of the area. In contrast, during La Nifia events,
in which cold waters dominate, chlorophyll
concentrations are considerably higher, boosting
productivity (Fig. 9).

The sinking of the cold waters during El Nifio
events does not mean the disappearance of the
Dome. Even during these events, the upward flow

THE THERMAL DOME OF COSTARICA  MARVIVA

of cold water continues, it simply does not get as
close to the surface. The curvature of the isotherms
is observed at more than 500 m deep, revealing a
permanent process of deep waters moving towards
the surface (Kahru et al., 2007; Brenes et al., 2008).

The concentration of chlorophyll in the Dome
region then varies, not only during the year, but
also from year to year, particularly with the
presence of El Nifio or La Nifia phenomena. As a
result, the variability in chlorophyll concentration
in the Dome is the highest in the ETP and is always
associated with changes in nitrate rich water
supply through upwelling and blending (Sasai et
al.,2012).

Despite large variations in the primary productivity
of the Dome, phytoplankton’s resilience to
those changes is impressive. When the El Niiio
phenomenon ends and the cold water flow is
restored near the surface, the biological system
recovers rapidly. Water temperature can drop as
much as 10°C, causing in few weeks dramatic
increases in primary productivity at the area
(Strutton y Chavez, 2000; McClain et al., 2002).

Figure 10. Synechococcus (A) and Prochlorococcus (B) cyanobacteria are responsible for most of the primary productivity in the

Dome.
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The highest primary productivities in the
Dome exceed 700 mg C m%d and are generally
concentrated west of the Dome, on the back
of the NECC and not in the center of the Dome
(Fiedler et al., 1991). These values are five to six
times greater than in adjacent areas outside the
upwelling (Sameoto, 1986). Primary productivity
was high (1 g C m? / day) even during periods of
low concentration of chlorophyll (Landry et al.,
2015).

Unlike other upwelling areas, primary production
in the Dome is mostly associated with autotrophic
picoplankton (tiny organisms of <2 wm), which
is concentrated near 20 m depth (Li et al., 1983;
Saito et al., 2005; Ahlgren et al., 2014, Gutiérrez-
Rodriguez et al., 2014). The presence of larger
eukaryotic phytoplankton appears to be limited
by low iron and zinc concentrations (Franck et al.,
2003; Landry, et al., 2015).

Among the picoplankton in the Dome are the
cyanobacteria Synechococcus and Prochlorococcus
(Fig. 10), which have here the highest densities
reported in the world’s oceans: 3.7 x 10° and 7
x 105 cells/ml respectively. Synechococcus and
Prochlorococcus are highly dependent on cobalt,
so their dominance seems to be related to the high
concentration of cobalt (up to 3 times higher than
in surrounding waters) generated by processes of
resedimentation and mineralization in the ocean
floor (Saito et al., 2005; Ahlgren et al., 2014).

The use of this element by these bacteria in the
superficial layers of the water column is evident.
While at 80 m depth cobalt reaches values of 100
pmol/l,in surface waters its dissolved concentration
is close to 40 pmol/l (Fig. 11).
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The populations of Synechococcus show strong
stratifications along the water column. At least
four genetically different populations (ecotypes) of
Synechococcus and three of Prochlorococcus have
been reported in the Dome (Saito et al., 2005).
These ecotypes are clearly associated with habitat
differentiation (niche diversification), which
produce gradients in density, nutrients, oxygen and
trace metals, as well as the presence of oxygen only
near the surface (Gutiérrez-Rodriguez et al.,2014).
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CHAPTER 3

The water column in the Dome:
ohysicochemical parameters

In all oceans of the world a strong stratification is
observed in the main physicochemical parameters
of the water column, producing a strong impact
on the distribution of marine fauna. In the Dome,
phosphate, nitrate and salinity concentrations are
higher, and temperatures and oxygen are lower
much closer to the surface than in the rest of the
ETP.

In the water column, salinity increases from the
surface (~33.5 ppm) reaching a maximum (~
34.9 ppm) near 100 m depth (Wyrtki, 1964). The
temperature near the surface shows water patches
with less than 25°C, next to patches of 27°C,
indicating the disaggregation of the upwelling
near the surface. The advection processes in the
Dome vary in intensity from one site to the other,
suggesting that above the thermocline the masses
of water disaggregate and move away from the
center of the Dome, generating great variability
in the physicochemical parameters (and biological
eventually) in the surface layers of the Dome
(Williams, 2013).

The temperature rapidly decreases to 15°C at depths
of 20-50 m (indicating the location where the water
temperature changes rapidly with depth, that is, the
thermocline) and continues its rapid reduction until
reaching about 5 °C at 900 m below the surface
(Wyrtki, 1964, Fig. 12).

The main source of oxygen in the ocean is the
atmosphere, hence the surface water layers
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concentrate more oxygen and it is reduced with
depth. This typical pattern is affected in the
Dome region, because it is located within the
most extensive Oxygen Minimum Zone (OMZ)
in the world: the ETP. OMZs are oceanic regions
with very low levels of dissolved oxygen in
their waters and cover about 8% of the oceans
(Fiedler and Talley, 2006). The high production of
organic matter in these regions maintains diverse
populations of organisms that feed and breathe,
consuming oxygen rapidly. Strong stratification of
the water (due to high temperatures in the area)
causes the oxygen to be renewed very slowly,
decreasing its concentration (Fiedler and Talley,
2006).

In the OMZ, low levels of dissolved oxygen (<1.0
ml O / L) are reported below 100 m. Below 100
m under the surface, oxygen levels are practically
anoxic, with oxygen concentrations below 0.20
ml/L (Ulloa et al., 2012; Maas et al., 2014). This
anoxic band within the water column is known as
the Marine Anoxic Zone (MAZ, sensu Ulloa et
al., 2012). More recently (Lizano, 2016), similar
profiles of these physicochemical parameters have
been reported showing small monthly variations
throughout the year.

The increasing temperature of ocean waters is
generating the expansion of the OMZs in the world’s
oceans and a growing interest in understanding the
relationship between the OMZ and global warming
(Paulmier and Ruiz-Pino, 2009; Ulloa et al., 2012).
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Figure 12. Behavior of some physical chemical parameters in the water column of the Costa Rica Dome (Based in Williams et al.,

2013).

In the Dome the levels of dissolved oxygen show
different patterns to the rest of the ETP. On the
surface, undersaturation levels (< 5 ml O?/ L) are
reported, giving low values (<1.0 ml O%L) at only
40 m deep (Fig. 14).

More organisms feed and breath here, further
reducing oxygen levels on the surface.
Concentrations lower than 0.5 ml O%L are observed

between 50 and 300 m, although with great
fluctuations related to the variation in the amount
of organic matter and the activity of organisms
breathing while decomposing it (Wyrtki, 1964).
However, values under 0.2 ml/L (typical of a
OMZ) are only found in deeper waters (between
300 and 550 m, Wishner et al., 2013).

After 650 m below the surface, the concentration
of oxygen is again increased by the influence of

PRESENT

Habitat
compression

Habitat
expansion
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FUTURE

Figure 13. The reduction in oxygen concentration in the OMZ reduces the habitat available for fish and other organisms. OMZ is

increasing with ocean warming.

oxygenated waters from high latitudes, reaching
once again values close to 1.0 ml/L near 1,000 m
deep (Wyrtki, 1964; Kong et al. Williams et al.,
2013, Maas et al., 2014).

Such oxygen distribution has a strong impact on
marine fauna and fisheries in the Dome region.
Restriction of oxygenated waters in the surface
compresses the habitat for a large number of
pelagic species that require them to breathe. For
example, many species of billfishes and tunas are
limited to the first 40 m deep in the center of the
Dome. Silky sharks spend 99% of their time in the
first 50 m of the water column (Kohin et al., 2006).

Paradoxically, the OMZ, despite practically
lacking oxygen, serves as a permanent or transitory
habitat for hypoxia tolerant species, such as squid

and myctophids, creating a special ecological
zone (Maas et al., 2014). In addition, the existence
of the OMZ is of great transcendence in the gas
balance of the global atmosphere. In these zones
the processes of denitrification and anaerobic
oxidation of ammonium (anammox) intensify.
In denitrification, microbes convert nitrates from
organic matter into nitrites and then into nitrogen
gas. Likewise, ammonium excretions of the
zooplankton are important enough to promote the
generation of nitrogen gas through the anammox
process (Bianchi et al., 2013). In this process,
ammonium and nitrite are converted, by bacteria,
into gaseous nitrogen even in the absence of
oxygen.

The diversity of bacteria responsible for the
anammox processes is low in the Dome and their
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of O,.

activity seems to be regulated by the concentrations
of nitrite and oxygen in the water (Kongetal.,2013).
This process seems to be focused in the upper layer
of the MAZ, where nitrite shows relatively high
concentrations (0.98-1.50 pM between 350 and
450 m depth) and oxygen is almost non existent;
Fig. 15).

The importance of denitrification and the anammox
process lies in the fact that both generate more
gaseous nitrogen when the oxygen concentrations
are lower. Nitrates and nitrites (which are important
nutrients for phytoplankton) are “lost” in the
system as gaseous nitrogen into the atmosphere,
affecting the overall gas balance. It is estimated
that these low oxygen zones contribute up to 50%
of the gaseous nitrogen that passes from the oceans
to the atmosphere (Cass, 2011, Williams, 2013).
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The expansion of OMZs, a result of climate
change, could mean an increase in the production of
gaseous nitrogen (Escribano et al., 2007, Williams,
2013), which not only intensifies the green house
effect but also destroys the ozone layer. The habitat
of many species would be altered as these areas
would become a barrier to the distribution and
migration of species, and would produce changes
in the distribution of species and their relationships
in the chain (Stramma et al., 2010; Codispoti, 2010;
Stramma et al., 2012; Ulloa et al., 2012, Bianchi et
al., 2013).
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Figure 15. Distribution of nitrite (NO,-) and ammonium (NH,+) in the water column of the Dome

MAZ

Marine Anoxic Zomnd

39



CHAPTER 4
Water column stratification

and its impact in the vertical
distribution of fauna

The Dome contains a complex and abundant
biological diversity, ranging from microscopic
algae to large marine species such as the jumbo
squid (Dosidicus gigas) and the Blue Whale
(Balaenoptera musculus). In both the surface
layers of the Dome and along its water column, the
biomass is much more abundant than in adjacent
areas (Fig. 16). The high productivity and the
existence of a deeper and narrower MAZ contribute
to a higher biomass.

Tehuantepec basin
MIGHT

DERTH [M)
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The vertical distribution of these faunal groups
(from micronekton to fish), is affected by the strong
stratification of water and the existence of the
MAZ in the Dome region (Sameoto, 1986, Cass,
2011, Teuber et al., 2013, Wishner et al., 2013).
Each stratum of the water column has a different
temperature and oxygen concentration, resulting in
a different community of organisms, generating a
great diversity of habitats and species (Longhurst,
1985).

Dome of Costa Rica
DAY : MIGHT

mgim®
60

DERTH (M)

L]

B MAZ (Marine Anaxic Zone)

Figure 16. Distribution of zooplankton biomass (mg/m?) in the water

mn, in the Dome (right) and in an adjacent area

(Tehuantepec Basin, left), day and night (Adapted from Wishner et al,, 2013).




Tolerance to low oxygen is a determinant factor
in the distribution of species and varies according
to the organism. For example, fish larvae are
generally less tolerant than adults and concentrate
closer to the surface while adults are more widely
located in the water column (Childress and Siebel,
1998; Wishner et al., 2013).

Protists, unicellular algae of high importance
in marine food chains, are represented in upper
layers by photosynthetic dinoflagellates, while
in deeper and anoxic water, parasitic ciliates and
dinoflagellates are generally found (Jing et al.,
2015).

Zooplankton (especially herbivorous copepods
and fish larvae) reaches its maximum abundance
(> 90 mg/m?) between 25-35 m (Fig. 16), just
above the thermocline (Gilly et al., 2013). Species
of herbivorous copepods such as Subeucalanus
subtenuis and S. pileatus are more abundant in
these shallow lighted layers, where phytoplankton
and oxygen levels are high.

The existence of the MAZ in the water column is
undoubtedly one of the most determining features
in the distribution of organisms. The low levels of

S. subtenuis
llustration: Elizabeth Argtello
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oxygen in the MAZ (with its anoxic nucleus close
to 550 m) limit the presence and distribution of
most metazoan organisms in the water column, or
forces them to develop adaptations to cope with
low oxygen (Kohin (2006), Prince and Goodyear
(2004), Prince et al., 2006, Gilly et al., 2013,
Stramma et al., 2012).

Not all species can cope with anoxic conditions in
the MAZ. Amphipods, chaetognaths, copepods and
other zooplankton groups decrease their abundance
in the MAZ (Wishner et al., 2008; Wishner et al.,
2013). Only two euphausiid species are found in
waters with less than 0.1 ml O,/L (Sameoto et al.,
1987).

Although they can do short dives below 200 m,
most of the large pelagic predators, such as bonito
tuna or yellowfin tuna, remain above 40 m depth,
in areas with more than 2 ml O,/L (Schaefer et al.,
2009). The same behavior is evident with billfishes
such as sailfish (Istiophorus platypterus), which is
mostly restricted to warm, oxygenated waters near
the surface, but can do short dives up to 800 m deep.
Some of these species have developed adaptations
that permit these brief immersions (Brill et

Eupbhausiids
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Lantern Fish (Myctophum orientale)
llustration: Elizabeth Arguello

al., 2005). For example, bigeye tuna (Thunnus
obesus) has hemoglobin with high affinity for
oxygen, allowing it to perform cardiorespiratory
adjustments in hypoxic environments (Lowe et al.,
2000; Graham and Dickson, 2004; Seibel, 2011).
The bigeye thresher shark (Alopias superciliosus)
remains 70% of the time, and particularly at night,
in the superficial layers above 30 m, although it
can do deeplayer dives (down to 300 m) during the
day (Weng And Block, 2004; Kohin et al., 2006).
Bigeyed tunas spend nights in shallow waters
above 20°C, but do daytime dives for up to 8 hours
in waters of less than 100C (Brill et al., 2005).

However, many other species can tolerate oxygen
concentrations of 0.5 ml/L or less for extended
periods. This ability allows them to descend more
than 300 m deep and remain above or within the
MAZ during the day, away from the photic zone
where predation by swordfish, tuna, squid, birds
and sharks is more intense (Longhurst, 1967,
Fernandez-Alamo and Firber-Lorda, 20006).

The large amount of organisms that concentrate
during the day in the MAZ creates a second
peak of abundance (although in general it is up
to 10 times smaller than that of the surface) (Fig.

16; Longhurst, 1985; Sudrez and Gasca, 1989;
Vinogradov et al., 1991; Cass, 2011; Gilly et al.,
2013; Wishner et al., 2013; Stukel et al., 2013;
Irigoien et al., 2014). This zone attracts small
crustaceans (omnivorous calanoid copepods and
carnivorous copepods), as well as the so called
“arrow worms” (chaetognatha) and ostracods,
salps,mysids,polychaetes,lantern fish (Myctophum
orientale) and dragonfish (Bathophilus spp.).
During the night, these organisms migrate from
the MAZ towards the surface to feed (Longhurst,
1985; Fernandez-Alamo and Farber-Lorda, 2006;
Wishner et al., 2008; Cass, 2011).

The mechanisms that allow organisms to remain
in this zone involve some type of anaerobic
metabolism or metabolic suppression (Seibel,
2011). The adaptations vary from species to
species, and may vary even within the same species,
depending on the age or sex of the organism. Adult
euphausiids tend to tolerate lower levels of oxygen,
allowing them to descend during the daytime down
to 300 or 350 m deep, while juveniles must remain
between 80 and 170 m. These crustacean species
are able to reduce their metabolism and withstand
the low temperatures and oxygen concentrations of
the deeper layers.
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Giant Squid (Dosidicus gigas)

Andy Murch
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The giant squid (Dosidicus gigas) is able to take
refuge in areas of low oxygen (below 250 m
depth), because although it exhibits one of the
highest metabolic rates in the animal world, it is
able to reduce it more than 75% under conditions
of hypoxia (Gilly et al., 2006; Triibenbach et al.,
2013a; Triibenbach et al., 2013b; Alegre et al.,
2014). In addition, it has high affinity respiratory
proteins, sensitive to pH and temperature, that
allows greater efficiency in the absorption of
oxygen in cold and deep waters.

Species of filtering copepods, such as Rhincalanus
rostrifrons or Eucalanus inermis, associated with
upwelling zones, experience their maximum
abundance between 250-350 m (Fig. 17), where
organic matter is concentrated and the MAZ begins
(Arcos and Fleming, 1986 , Chen 1986, Sameoto
1986, Hidalgo et al., 2005, Cass, 2011).

Females of R. rostrifrons manage to reach a state
of metabolic dormancy that allows them to stay
longer in waters with low oxygen (Shimode et al.,
2014).

Adults of Eucalanus inermis (the most abundant
copepod species in the area) may even cross the
anoxic nucleus of the MAZ, with males located
down to 600 m and females between 500-800 m
(Chen, 1986).

Likewise, the giant red mysid (Gnathophausia
ingens) is also able to live in these waters due to
a pigment (hemocyanin) that allows it to capture
oxygen from the water even at very low levels
(Sanders and Childres, 1990). Several species of
pteropods (small mollusks) manage to reduce their
respiratory rate in approximately 35-50% when
migrating to the MAZ. Low temperatures and
low oxygen levels reduce their metabolic rate by
approximately 80-90% (Mass et al., 2012).




During the night, both adults and juveniles climb to
the superficial layers (20 to 30 m deep), above the
thermocline, and this second peak of abundance
disappears temporarily (Vinogradov et al., 1991).
A massive migration of zooplankton, micronekton
and mesopelagic fish moves to the more superficial
layers, where the oxygen can reach up to 5.0 ml
O%L and the concentration of zooplankton is more
abundant. The amount of myctophid fish moving to
the surface is part of the largest animal migration
on the planet (Robinson et al., 2010).

Once in the surface layers, these mollusks and
crustaceans feed, excrete nutrients and are
consumed by larger organisms such as squids,
tunas, billfishes, sharks and whales. Therefore,
they form an important food network that links
the superficial layers with the deep waters of the
Dome, the low and high trophic levels and a great
diversity of species that coexist in this habitat and
finally depend on the nutrients there found (Catul
et al., 2009).
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Figure 17. VVertical distribution of three species of copepods in the Dome and their relation to the concentration of dissolved

oxygen (Adapted of Cass, 2011).
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Below the MAZ, a third, smaller biomass peak
can be observed near 550-600 m depth (Fig. 16;
Wishner et al., 2013). Here, the development
of other communities benefits from the organic
material that reaches these depths. This zone
is dominated by another group of decapods,
amphipods, stomiiforms and myctophid fish, salps,
polychaetes and ostracods (Maas et al., 2014).

At depths greater than 700-800 m, the oxygen level
begins to rise and another community of organisms
(euphausiids, chaetognatha, doliolids, decapods,
caridean shrimp, lophogastrids, salps) typical of
bathypelagic environments begins to dominate
(Maas et al., 2014).

The great concentration of organisms in the
superficial and middle layers generates a “rain” of
organic matter that reaches these depths. Particles
or pellets (such as dead phytoplankton or fish waste)
sink and provide organic carbon to mesopelagic
(between 200 and 1,000 m) or bathypelagic layers
(between 1,000 and 4,000 m) (Agusti et al., 2015).
The contribution of this material to the zones
below the MAZ is greater in the Dome than in
the better oxygenated oceanic regions because,
having to pass through the MAZ, a smaller amount
of material is consumed or oxidized in the water
column.

All this organic matter represents potential food for
organisms, not only in the water column, but in the
deep bottom, which feed on solid waste (detritus)
(Gibson and Atkinson, 2003). This organic
carbon flow deep into the Dome, also affects
adjacent regions such as the Panama Basin, where
sediments in the northern part are influenced by
benthic foraminifera (Melonis affinis, Cibicidoides
mundulus and Uvigerina hispida) typical of the
Dome area (Betancur and Martinez, 2003).

The export of organic matter to meso and
bathypelagic areas also occurs through the daily
migration of fish from the surface to the deeper
zones. These migrations represent, at dawn, the
entry of tons of carbon and nitrogen to the deep
layers of the Dome, which are released into the

deep waters by organism bodies in the form of
respiratory carbon (CO?) and excreta (nitrates,
fecal material) (Mass et al., 2012, Hannides,
2014). This phenomenon, called the carbon pump,
1s an important source of carbon and nutrients for
bacteria and deepwater zooplankton (Davison et
al., 2013).



CHAPTER S

Key faunistic elements

INn the Dome

High levels of nutrients, high productivity, low
levels of oxygen and the strong stratification of
the water column has led to the consolidation of a
particular and complex faunistic network around
the Dome.

ZOOPLANKTON

The average biomass of zooplankton in the Dome
(250-300 m1/1000 m?) is as high or higher than
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that of the equatorial upwelling zone (Fig. 18)
and 1.7-2.1 times greater than in non upwelling
areas of the ETP (Sameoto 1986, Segura et
al., 1992, Fernandez-Alamo and Faber-Lorda,
2006). This abundance of zooplankton shows
spatial and seasonal patterns clearly related to the
patterns of chlorophyll, phosphates, nitrates and
oxygen (Sameoto et al., 1987; Fiedler, 2002a).

Preliminary lists of the composition of zooplankton
in the Dome reflect a great diversity in most

Figure 18.
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groups. Twenty four species have been reported
in 19 genera of cnidarians and hydromedusae
(Hydrozoa and Scyphozoa); 48 species of
siphonophores belonging to 24 different orders;
23 species of annelid polychaetes in 11 genera; 30
species and 11 forms of mollusks in 14 genera of
gastropods and a species of pelecypods; paralarvae
of 15 species of cephalopods; 41 species of 26
genera of copepods (Calanoida); 18 species in 18
genera of amphipods; 13 species of chaetognatha
in 3 genera; 25 species of decapods in 21 genera;
14 species of stomatopods in 4 genera and 40
species of tintinnids in 27 genera (Segura et al.,
1992, Vicencio Aguilar and Fernandez-Alamo,
1996; Vecchione, 1999; Fernandez Alamo, 2004,
Fernandez Alamo and Férber-Lorda, 2006; Zhang

etal.,2014).

Many species, although widely distributed in
the ETP, increase their abundance in the Dome.
For example, several species of radiolaria (e,j.,
Lamprocyrtis nigriniae, Pterocorys minythorax)
are more abundant in the Dome area (Haslett,
2003). Copepods are 3-14 times more abundant
in the Dome than in adjacent areas (Chen, 1986;
Sameoto 1986). The copepod Eucalunus subtenuis,
for example, shows diurnal densities of 175,000
individuals/1000 m?® in the Dome, while areas
adjacent to the Dome show densities of 11,700
individuals/1000 m* (Chen, 1986). In the vicinity
of the Dome, the number of cephalopod paralarvae
varies between 1 and 5 specimens per sample,
while in the Dome, 15,502 specimens were found
in a single sample (Vecchione, 1987; Vecchione,
1999; Granados, 2008).

After copepods, euphausiids are the most prolific
group of plankton in the ETP. Seventeen species
representing the largest biomass of euphausiid in
the ETP have been reported in the Dome (Sameoto
et al., 1987).

Euphausia eximia, E. lamelligera and E.
distinguenda are the most abundant, being the
last two endemic of the ETP and well adapted to
cold waters with low oxygen. E. lamelligera tends
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to concentrate more towards the coastal zones,
whereas E. distinguenda does towards High Seas
(Brinton, 1962; Sameoto et al., 1987; Fernandez-
Alamo and Firber-Lorda, 2006; Ambriz-Arreola et
al., 2015).

Ichthyoplankton in the Dome is also more
abundant and diverse than in surrounding areas. At
least ninety-five taxonomic forms of fish larvae in
47 families have been identified in the High Seas
region (Evseenko and Shtaut, 2005). Despite their
distance from the coast, a large number of these
species (41) are typical of coastal areas. Their
presence is indicative of the close relationship
between the Dome and the coastal ecosystems of
Central America. The large eddies produced in
the boreal winter transport larvae from the coast
hundreds of kilometers offshore, influencing the
larval composition of the Dome (Adams and Flierl,
2010). Once offshore, cyclonic circulation seems
to act as a hydrodynamic trap that keeps them there
(Evseenko and Shtaut, 2005; Vilchis et al., 2009).

The larvae of coastal species identified in the Dome
are mostly demersal or benthic organisms,including
eels (Neoconger sp.), scorpions (Scorpaena
cf. histrio and Scorpaenodes Xxyris), groupers
(Epinephelus niphobles), snappers (Lutjanus
peru ), rock wrasses (Halichoeres semicinctus),
cape razorfish (Xyrichtys mundiceps), spotside
wormfish (Microdesmus suttkusi),flagtail wormfish
(Clarkichthys bilineatus), bigeye scads (Selar
crumenophthalmus), flathead sleepers (Erotelis
armiger) pacific cornetfish (Fistullaria corneta),
flounders (Cyclopsetta querna, Citharich-thys
sp., Bothus sp. and Monolene sp.) and tonguefish
(Symphurus chabanaudi) (Evseenko and Shtaut,
2005).

The largest number of species (54) and the highest
abundance observed in the Dome are larvae of
oceanic species, of which 26 were epipelagic
species and the rest of meso and bathypelagic
species.
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Toothed flounder (Cyclopsetta querna)

D. Ross Robertson

Star=-studded grouper (Epinephelus niphobles)

D. Ross Robertson

Rainbow scorpionfish (Scorpaenodes xyrisa) Chabanaud’s tonguefish (Symphurus
D. Ross Robertson chabanaud))
D. Ross Robertson

Rock wrasse (Halichoeres semicinctus)
D. Ross Robertson
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Among the larvae of epipelagic species are
sardines (Sardinops sagax), bigwing halfbeak
(Oxyporhamphus micropterus), barbel flying fish
(Exocoetus monocirrhus), whitetip flying fish
(Cheilopogon xenopterus), banded flying fish
(Hirundichthys marginatus), common dolphin fish
(Coryphaena hippurus), thunnus (Auxis sp.) and
bigeye cigar fish (Cubiceps pauciradiatus). Thread
herring larvae (Opisthonema sp.) show the highest
concentrations (> 100/100 m?®) to the northwest of
the Dome. Large larval concentrations of black
skipjack (Euthynnus lineatus) and pompano
dolphinfish (Coryphaena equiselis) are also
reported in the Dome (Moser et al., 2002).

Larvae of many meso and bathypelagic species
are captured in the Dome because cold water and
low oxygen masses are very close to the surface.
Among the larvae of mesopelagic species are the
Diogenes lanternfish (Diogenichthys laternatus),
the slendertail lanternfish (Gonichthys tenuiculus)
and the dragonfish (Bathophilus lifer). The larvae
of the Diogenes lanternfish dominate in deep areas
of the ETP, but in the center of the Dome, where
the thermocline approaches the surface, they form
65% of the total larvae captured in that layer
(Moser et al., 2002; Evseenko and Shtaut, 2005;
Contreras et al., 2014).

Among larvae of the bathypelagic species, the
panama lightfish (Vinciguerria lucetia), dominate
the bigeye cigarfish (Cubiceps pauciradiatus),
the pearl eyes (Scopelarchoides nicholsi), the
antenna codlet (Bregmaceros cf atlanticus), the
slimtail lampfish (Lampanyctus parvicauda) and
the two spine bigscale (Scopelogadus mizolepis
bispinosus), whose larvae are concentrated in the
upper 200 m of the water column (Moser et al.,
2002; Evseenko y Shtaut, 2005).

Although the Dome region exhibits a large
abundance of larvae, considerable variations
are observed over the years in terms of species
diversity. During years of El Nifio, the diversity of
fish larvae diminishes considerably, although it is
restored in normal years
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Barbel flyingfish (Exocoetus monocirrhus)
J.E. Randall

Pompano dolphinfish (Coryphaena equiselis)
R. Freitas

South American pilchard (Sardinops sagax)
D. Ross Robertson

FISHES

Knowledge about fish species and their population
dynamics in the Dome is reduced. Thirty one
species (in 14 families) of adult and juvenile fish, all
of oceanic species, have been reported in the Dome
area (Evseenko and Shtaut, 2005). Deep water
(bathypelagic) and intermediate (mesopelagic)

species are the most abundant, although they are
not restricted to the region and are common in
tropical and subtropical waters.

MESO AND
BATHYPELAGIC
SPECIES

Dominant species in the Dome include the blackchin
blacksmelt  (Bathylagus nigrigenys), panama
lightfish  (Vinciguerria lucetia), bristlemouth
(Cyclothone sp.), dragonfish (Bathophilus lifer),
diogenes lanternfish (Diogenichthys laternatus),
slimtail lampfish (Guschthys tenuiculus
and  Lampanyctus  parvicauda), pearl eyes
(Scopelarchoides nicholsi), the twospine bigscale
(Scopelogadus mizolepis bispinosus) and bigeye
cigarfish (Cubiceps pauciradiatus) (Kotlyar, 2004;
Pusch et al., 2004; Potier et al., 2008). All these
fish feed on copepods and euphausiid, eggs of
invertebrates, mollusk larvae, copepods, tintinnids
and other zooplankton groups (Collard, 1970;
Rodriguez-Grafia et al., 2005).

EPIPELAGIC SPECIES

Epipelagic species have a limited distribution in
the area of the Dome due to low levels of oxygen
and a reduced oxygenated layer near the surface.

The western edge of the Dome (associated with
the upwelling of the ridge of the North Equatorial
Counter-Current) is the most relevant site for
the concentration of pelagic predators such as
yellowfin tuna, striped dolphin, spinner dolphin,
common dolphin fish, billfishes, sharks and some
species of seabirds (Ballance et al.,2006). Although
there is relatively more information for species
of commercial interest such as tunas, billfishes
or sharks, details of their ecology and population
dynamics in the Dome region are largely unknown.
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Panama lightfish (Vinciguerria lucetia)
llustration: Elizabeth Argtello

Bigeye cigarfish (Cubiceps pauciradiatus)
J. Dubosc

Diogenes lanternfish
(Diogenichthys laternatus)

llustration: Elizabeth Argtello

Slimtail lampfish (Lampanyctus parvicauda)
llustration: Elizabeth Arglello
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Dragonfish (Bathophilus filifer)

llustration: Elizabeth Arguello

Yellowfin tuna
Shmulik Blu, Undersea Hunter Group
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TUNAS

The Dome is located within one of the largest
tuna catch areas in the world, this is not surprising
since it has been shown that the tuna distribution
in the ETP is related to the existence of upwellings
(Hofmann et al., 1981; De Anda-Montaiiez et al.,
2004).

The main tuna species caught in the region are:
yellowfin tuna (Thunnus albacares), skipjack
(Katsuwonus pelamis) and bigeye tuna (Thunnus
obesus). Other species caught but of lesser
commercial importance are the black skipjack
(Euthynnus lineatus) and the striped bonito (Sarda
orientalis) (Wild, 1994; CIAT, 2014b).

Within a radius of 300 miles around the Dome,
catches of yellowfin tuna ranged from 26 tons/day
to 2.5 tons/day between 1976-1988. The lowest
(2.5 tons/day) have been reported during El Nifio
years (e.g., 1983), although with a rapid recovery
(for 1984, 13.5 tons/day were captured in the same
area; De Anda-Montaiiez et al., 2004).

In general, yellowfin tuna movements in the region
appear to be geographically limited, showing a
high degree of population permanence (Olson et
al., 2010).

SHARKS

In the Dome region, the main reported shark
species are common thresher (Alopias vulpinus),
blue (Prionace glauca), silky (Carcharhinus
falciformis) and hammerhead (Sphyrna lewini).
These species are mostly restricted above the 15°C
isotherm (Brenes et al., 2000).

Population distribution has been related to thermal
fronts at the edges of the Dome (Brenes et al.,
2000) where in addition to being feeding grounds
are used for courtship and reproduction activities

(Sims et al., 2000). Other species such as the
bigeye thresher (Alopias superciliosus), the pelagic
thresher (A. pelagicus), the mako shark (Isurus
oxyrinchus) and very occasionally the whale shark
(Rhincodon typus) also appear in the catches of
purse seines in this area (Hall and Roman, 2013).

Tagging with acoustic and satellite tracers has
confirmed that sharks move along the Central
American coast, and between coastal areas and
the Dome, demonstrating ecological connectivity
between the two zones. A silky shark marked in
the Dome travelled 2,500 km to the entrance of the
Gulf of California and returned to the Dome over a
10 month period (Kohin et al., 2006; Fig. 19).

Avi Klapfer, Undersea Hunter Group
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MANTA RAYS

Mantas and rays are also frequently found in the
Dome, as evidenced through by catches in tuna
nets (Fig. 20). The most common manta species
are the giant manta (Manta birostris and possibly
M. alfredi), the devil ray (Mobula munkiana), the
spinetail mobula (M. japanica), the chilean devil
ray (M. tarapacana) and the smoothtail mobula
(M. thurstoni). The only reported stingray is
pelagic stingray (Pteroplatytrygon violacea; Hall
y Roman, 2013). Preliminary observations point
to a strong association of this group of species to
oceanographic conditions of high productivity, such
as those found in the Dome (Hall and Roman, 2013).
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Figure 19. Routes traveled by three tagged silky sharks in the Costa Rican Dome between 2005 and 2006 (Kohin et

al,, 2006).

The spinetail mobula shows genetic differences
between the populations found along the coast of
Central America and those in the Dome, implying
the existence of differentiated subpopulations
(Croll et al., 2010). This species feeds on krill and
due to thermal and oxygen constraints 90% of
the time remains in the surface layers (< 50 m),
although its prey migrates to depths of less than
100 m. It feeds at night when they approach the

surface (Croll et al., 2012).
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OTHER PELAGICS

The abundance of other pelagics in the Dome
region has scarcely been studied at all. The best
available information results from data on the
distribution and volume of species in by-catches
of tuna fleets in the ETP. Among the most frequent
are: the wahoo (Acanthocybium solandri), the
rainbow runner (Elagatis bipinnulata), the tripletail

Smoothtail mobula (Mobula thurstoni)

Ecodiverscr

(Lobotes surinamensis) and the longfin yellowtail
(Seriola rivoliana) (Hall and Roman, 2013).

The pompano dolphinfish (Coryphaena equiselis)
and the common dolphinfish (Coryphaena
hippurus), also sought after by directed fishing
in the area, feed on jumbo squid (Dosidicus
gigas), the purpleback flying squid (Sthenoteuthis
oualaniensis) and particularly flying fish (Olson
and Galvan Magna, 2002). Dolphinfish catches
have increased in the last decade, reaching an
annual average of 71,000 tons (Vilchis et al., 2009;
Ortiz-Astudillo, 2013; CIAT, 2014a).

MARVIVA

THE THERMAL DOME OF COSTA RICA

Billfishes are reported in the Dome, including Indo
Pacific sailfish (Istiophorus platypterus), swordfish
(Xiphias gladius), black marlin (Istiompax indica),
blue marlin (Makaira nigricans) and striped
marlin (Kajikia audax) associated with catches
of tuna in purse seines and industrial longline
fisheries (Nakamura, 1985; Eslava-Vargas et al.,
2013). These species preferentially occupy zones
with strong gradients of temperature, salinity,
oxygen and nutrients, such as those occurring in
the periphery of the Dome, where there are greater
feeding opportunities for both adults and larvae
(Vinogradov et al., 1991; Franks, 1992; Evseenko
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Figure 20. Distribution of mobulid catches in the ETP (Adapted of Hall y Roman, 2013).

y Shtaut, 2005; Etnoyer et al., 2006; Woodson and
McManus, 2007; Macnaus and Woodson, 2012;
Braun et al., 2015).

Their intolerance to low oxygen levels seems to
restrict their distribution in the central zone of the
Dome, which they seem to avoid (Erhardt 2015,
Fig. 21). However, in the periphery there are
reports of a high diversity and capture of billfishes
(Trebilco et al., 2011; Eslava-Vargas et al., 2013;
Martinez-Rincén et al., 2015). Only during El
Nifio, when the thermocline is deeper and surface
temperatures are higher, billfish density increases
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in the center of the Dome (Hall and Roman, 2013;
Martinez Rincén et al., 2015).

Migrations between the periphery of the Dome and
waters of the Central American coast are frequent.
Marked sailfish individuals in the northwest of
Costa Rica traveled to the periphery of the Dome
(Fig. 22), indicating a strong influence of this
upwelling in the distribution of the species (Prince
et al., 2006; Prince and Goodyear, 2007; Boyce et
al., 2008; Friederichs, 2009; Martinez Rincon et
al., 2015).
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Pompano dolphin fish (Coryphaena equiselis) Indo-Pacific sailfish (/stiophorus platypterus)
J.E. Randall Avi Klapfer, Undersea Hunter Group
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Figure 21. Predictions on the distribution of sailfish catches in the ETP (Martinez-Rincon et al., 2015).
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CETACEANS

The independence of cetaceans with respect to the
concentration of oxygen in the water column allows
them to be distributed throughout the Dome, even
where other pelagic species are more restricted.

The blue whale

The blue whale (Balaenoptera musculus) is the
largest animal on the planet. It feeds almost
exclusively on euphausiids (krill) in upwelling
areas and oceanic fronts where these are very
abundant (Bailey et al., 2009). The blue whale is
classified as an “endangered species” due to strong
population reductions (Hoyt, 2009).

Dozens of individuals from the populations of
California and Mexico use take two to four months
during the boreal winter to travel about 2,500 km

- Beatering 1 im al ragged sailiish

and reach the Dome (Fig. 23; Reilly and Thayer
1990; Matteson, 2009). It is possible that blue
whales from the Chilean Pacific may also be
arriving at the Dome, since they have been reported
in the Galapagos zone (Branch et al., 2007). More
than temporary migrations, it is even proposed that
there is a resident population of blue whales in the
Dome (Reilly and Thayer, 1990; Hoyt, 2009).

The abundance of whales in the Dome is associated
with the presence of extensive and dense euphausiid
patches (Etnoyer et al., 2006; Matteson, 2009),
which show aggregations of up to 312,100 ind./m?
(average = 4,149 eufasiids/m?®). Associated with
the cold waters of the Dome, these concentrations
are greater between 50 and 200 m of depth, than
in superficial patches. Whale immersion patterns
(between 60-300 m depth) coincide with vertical
migrations of krill, suggesting intense feeding
activity on high-density patches (Fig. 24.; Stafford
et al., 2005; Mate et al., 2008; Matteson, 2009).

Figure 22. Travel routes of tagged sailfish in the Pacific coast of Central America. Most of them are restricted to the eastern

periphery of the Dome (Adapted of CABA, 2015).
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Figure 23. Trajectories of individual blue whales, tagged at the Coast of California (Adapted of Bailey et al., 2009).

The abundance of food in the area and the
presence of newborns confirm the use of the
Dome as a feeding area and birthplace for this
species, emphasizing its critical relevance in the
maintenance of these populations (Mate et al.,
1999, Hoyt, 2009). The birth of blue whale calf
attracts killer whales (Orcinus orca), which have
been reported feeding on them in the vicinity of the
Dome (Pitman et al., 2007; Brower, 2009).

Predictive models indicate higher densities of blue
whales near the center of the Dome. Even during
extreme El Nifio events (as in 1997), when the

number of blue whales in the area is expected to
decline, their densities will continue to be higher
than the regional average (Pardo et al., 2015).

DOLPHINS AND OTHER
CETACEANS

Incomplete and preliminary information reveals
a great diversity of other cetaceans in the area of
the Dome, including spotted dolphin (Stenella
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Figure 24. Dives of a blue whale (yellow line) relative to the concentration of krill in the water column (dark spots).
The whale performed several minute dives to feed on krill patches between 200 and 75 m depth (Adapted from

Bruce et al., 2008).

attenuata), bottlenose dolphin ( Tursiops trunca
tus), common dolphin (Delphinus spp.), spinner
dolphin (Stenella longisrostris), Bryde’s whale
(Balaenoptera edeni), killer whales (Orcinus
orca), rough toothed dolphin (Steno bredanensis),
risso’s dolphin (Grampus griseus), striped dolphin
(Stenella coeruleoalba), goose beaked whale
(Ziphius cavirostris) and pilot whale (Globicephala
spp) (Hoyt, 2009).

Common (Delphinus delphis) and spotted (Stenella
attenuata) dolphins, permanent inhabitants of
the ETP, are also added to the region (Fig. 25),
showing higher densities than in the surrounding

waters. This species commonly feeds on small
mesopelagic fish and squid (Reilly, 1990; Ballance
et al., 2006). Their distribution is much wider
than that of the blue whale, extending to coastal
zones in upwelling areas off the coast of Panama
and Colombia (Pardo et al., 2015). During EI Nifo
events (e.j., El Nifio 1972-1973), these dolphin
populations concentrate in the central part of the
Dome, apparently taking refuge in a better quality
habitat than the surrounding waters (Danil and
Chivers, 2006).

The strong interaction between tunas and dolphins
(spotted, spinner, common and bottlenose)
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Figure 25. Distribution of the common dolphin and the spotted dolphin in the ETP. Clear aggregations are
observed in the Dome region (Adapted from Fiedler, 2002).




Pantropical spotted dolphin (Stenella attenuata)
Herra Miranda (CEIC)

increases the vulnerability of these cetacean
populations to incidental fishing by the purse seine
fleets that pursue their capture over schools of
dolphin.

TURTLES

Five species of sea turtles are reported in the
ETP: leatherback (Dermochelys coriacea), green
(Chelonia mydas), loggerhead (Caretta caretta),
olive ridley (Lepidochelys olivacea) and hawksbill
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(Eretmochelys imbricata). All of them reported
as by catch in the tuna fisheries in the Dome
region (CIAT, 2012). The species with the highest
incidence of capture is the olive ridley, and the
least captured is the hawksbill (CIAT, 2012).

The food benefits for turtles visiting the Dome
are obvious. Analysis of amino acid isotope
concentrations (glutamic acid and phenylalanine)
in olive turtles have shown that those captured in
the Dome consume prey with a higher nutritional
value than in the rest of the ETP (Peavey et al.,
2014).

Among the most emblematic species in the ETP
region is the leatherback turtle (Dermochlys
coriacea), which is critically endangered. Their
juveniles cross the southwestern section of the
Dome on their migratory route from the Central
American coasts to the South Pacific, but it is
unknown whether they use the area for feeding or
just as a passing zone (Shillinger et al., 2010).

SQUID

Jumbo squid (Dosidicus gigas) gather at the west
edge of the dome, in water masses with high
concentrations of chlorophyll above 100 m depth
and temperatures of 17-22 ° C, typical of upwellings
(Ichii et al., 2002; Waluda and Rodhouse, 2006;
Olson and Young, 2007). The high concentration
of adult squid and paralarvae suggests that
the conditions associated to the edge promote
spawning of the species (Vecchione 1999; Chen
et al., 2014a). The presence of these conditions
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in one year is associated with higher catches per
unit of effort on the following year (Waluda and
Rodhouse, 2006; Liu et al., 2013).

In addition, the average age of squid in the Dome
(less than 10 months of age) contrasts with the ages
of squid in populations outside the EEZs of Peru
and Chile (about 1.5 years) and the population
structure also demonstrates a sex ratio (3.75: 1)
clearly dominated by females (Chen et al., 2014b).

All this evidence suggests that the Dome is an
important spawning site for this squid (Liu et al.,
2013), despite contrary hypotheses from other
authors suggesting that spawning sites should be
located in subtropical or temperate zones (Staff et
al.,2013).

Michael Patrick O “Neill Alamy
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Olive ridley sea turtle (Lepidochelys olivacea)
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CHAPTER 6
Threats in the
Dome region

Habitats and ecosystems in the Dome are exposed
to increasing anthropic pressures that affect the
ecological balance and climatic conditions in
the High Seas and in associated coastal zones of
Central America.

MARITIME TRAFFIC

The maritime traffic in the Dome region is intense
(Fig. 26). About 14,000 deep draft ships carrying
5% of the world’s maritime cargo use the Panama
Canal (Cocatram,2013,Forbes,2014). A significant
percentage of these routes cross the Dome region,
and an increment is expected with the expansion
of the Canal and the rise of global maritime traffic
(which has increased by 300% in the last 20 years,
Tournadre, 2014).

There is a high and increasing risk of collisions
between ships and marine organisms such as turtles
and cetaceans (Fig. 27). These collisions result
in hits, injuries, amputations and fatal collisions
(Panigada et al., 2006; Ameer and Linden 2008;
David et al., 2011), as well as the risk of marine
pollution, due to noise, debris or accidents.

Out of the coasts of California, it is estimated that
approximately 6 humpback whales, 11 blue whales
and 7 fin whales are killed annually by collisions
(Redfern et al., 2013). The statistics reflect that the
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risk of collisions in the Dome is real, as blue whales
and dolphins tend to gather in significant quantities
to feed, reproduce and give birth (Matte et al., 1999,
Chandler and Calambokidi, 2004); Matteson, 2009;
Hoyt, 2011). Whale calf are especially vulnerable
because they spend more time on the surface
breathing and are slower, as well as sea turtles that
spend most of their time on the surface (Laist et al.,
2001).

Generating information on this likely interaction
and implementing measures to organize
maritime traffic and its potential impacts should
be management priorities in the Dome region.
The possible impacts of maritime traffic can be
diminished through spatial planning schemes that
reduce the probability of collision with cetaceans,
especially with species that tend to gather.
Regulations on travel speeds through the region can
also minimize the vulnerability of marine fauna.
For example, studies with humpback whales have
shown that reducing the speed of maritime traffic
below 12.5 knots produces a 91.5% reduction in
collisions (Currie et al., 2015).

Noise pollution is another factor to consider. The
increase in marine noise degrades the acoustic
environment on which many species depend,
reducing their ability to communicate, navigate,
feed or detect danger (Abramson, 2012). This
contamination causes changes in the behavior of
species, from the frequency with which they visit
the surface to breathe, to movements to avoid high
noise areas. It can also generate habitat changes
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Figure 26. Maritime transit patterns in the ETP. Routes to and from the West coast of North America, and to and

from Southeast Asia go through the Dome region.

and reductions in food intake (Lusseau et al., 2009,
Williams et al., 2014).

Commercial vessels generate low frequency noise
(180-195 dB) from cavitation (the formation
and explosion of bubbles from their propellers;
Abramson, 2012). This sound overlaps the
range of low frequencies used by many species
of cetaceans to vocalize, interfering with their
communication (Clark et al., 2009). When ambient
noise increases, whales decrease the temporal and
spectral parameters of their vocalization, which is
mainly used in courtship for reproduction. These
vocalization patterns respond to millenary habitat
conditions. If conditions change, these patterns
may lose their function and affect reproductive
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processes, as well as the survival of the species
(Castellote et al., 2006).

The characterization of the noise source, its
seasonal behavior and mitigation mechanisms,
unfortunately is still a poorly developed area
(WWEF, 2013). Because sound travels 5 times faster
in water than in the air, and because the density
of water allows sound waves to travel longer dis-
tances, the impact of underwater noise extends
widely from the source.

Establishing noise-free areas therefore requires
large geographic areas. Regulatory mechanisms
include the establishment of Particularly Sensitive
Marine Areas (PSSA), a tool available through the
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Effect of collision between a whale and a ship’s propeller photo: WDC.

International Maritime Organization (IMO). Under
this model the vessels are subject to Associated
Protection Measures that include changes in
navigation routes or reduction in the speed of ships
(CBD, 2012).

OVERFISHING

Industrial fishing is the human activity with
the greatest impact on the Dome region and its
surrounding waters. Purse seines and longlines are
the most commonly used fishing techniques in the
region. This activity is carried out by fleets from
different countries, mostly from countries outside
the Central American region. By this means, the
economies of countries beyond the isthmus are
directly related to the Dome.

Regional and national organizations in the area lack
the logistical or financial resources to effectively
control overfishing or illegal fishing. As a result, it
is not known exactly how many boats operate in the
waters of the Dome, nor is there a complete record
of the boats that regularly fish in the area (Cubero-
Pardo y Martinez-Cascante, 2013; The Economist,
2014; GOC, 2015). The United Nations, through
the 1995 Agreement on Straddling Fish Stocks
and Highly Migratory Fish Stocks, has attempted
to impose stricter regulations. However, at the

beginning of 2016, only Costa Rica and Panama
are signatories to this Agreement in the region.
Countries like Ecuador and Mexico, of great
relevance due to their fishing operations in the
Dome, have not yet signed this Agreement.

Existing international mechanisms (such as the
International Maritime Organization, IMO) can be
useful alternatives to promote the adoption of good
practices and regulations governing fishing in the
High Sea area of the Dome. As those immediately
affected, the block of Central American countries
may request the mandatory use of a unique
identification number for fishing fleet vessels
operating in the region, development of shared
platforms with information on vessels and their
catches, establishment of PSSA (Particularly
Sensitive Sea Area) in the High Sea area and the
commitment of flag countries to ensure compliance
with established regulations (GOC, 2015).
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SPECIES OF
PARTICULAR
FISHING INTEREST

TUNAS

The vessels using purse seines concentrate their
activity around the tuna resource. The total carrying
volume available for this area is dominated by
Ecuador (38%) and Mexico (22%), followed by
Venezuela (10%), Panama (9%), Colombia (5%),
Nicaragua (5%), El Salvador (4%), and Guatemala
and Vanuatu (1% each) (CIAT, 2014c).

Data from the tuna fishery are grouped for the
entire ETP, making it difficult to identify the
specific behavior in the Dome region. However,
catches of up to 26 t/day have been reported at the
Dome itself (Ichii et al., 2002).

Yellowfin caught in the ETP represents about
25% of the world catch of this species (Joseph,
1994). Yellowfin tuna catches in the PTO
peaked in 2002 (443,458 t) and declined to about
223,000 tin 2013 (Fig. 28; CIAT, 2014b). Much
of the volume captured is obtained from schools
of tunas associated with herds of one or more
species of dolphins (Fig. 29), most frequently
the spotted dolphin (Stenella attenuata). More
than six million dolphins have been killed since
the purse-seine fishery began in the middle of the
last century in the ETP. Although by catch has
been reduced by almost 99%, the current death
of about 1,000 dolphins per year represents the
highest cetacean by-catch in the world (NOAA,
2014).

Catches of skipjack tuna in the ETP have increased
in the last decade, reaching 278,900 t in 2013, an
increase of 19% compared to the average catch
between 1998 and 2012 (Fig. 28). Catches of
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bigeye tuna reached their maximum levels in 2000
(148,557 t) and have decreased to 80,000 tin 2013
(ISSF, 2015, CIAT, 2014b).

BILLFISHES

The main catchment area of billfishes is the region
surrounding the Dome, from the coast of Central
America to 120° W, and between parallels 5° N
and 20° N (Eslava-Vargas et al., 2013). In the ETP,
swordfish catch associated with purse seines has
increased from about 10,000 t in 2005 to 20,000 t in
2012 (Fig. 30). Annual catches of blue marlin and
striped marlin, also in purse seines, have averaged
about 3,800 t for blue and 2,000 t for striped (CIAT,
2014a, Hall and Roman, 2013).

Billfishes support multimillion dollar sports
fisheries in Guatemala, Costa Rica and Panama, and
their seasonal migration between the coastal areas
of Central America and the periphery of the Dome
helps maintain this economic activity in the region.
More than 86,000 tourists in Panama practiced sport
fishing in 2011, generating close to US$170 million
in sales (TBF, 2013). In Costa Rica, it has been
estimated that sport fishing generates about 63,000
direct and indirect jobs and US$599 million per year
for the country’s economy (IICE, 2010). However,
the expansion of tuna and longline fisheries since
the 1960s has produced a noticeable reduction in
billfish populations (Fig. 31).

Mortality — rates associated with  bycatch
significantly exceed biologically sustainable levels
for these species (Sakagawa, 1989; Erhardt, 2015).
Regional abundance of sailfish has declined by
80% since 1964, and catch size (in sport fishing)
has been reduced by at least 35% (Erhardt and
Fitchet, 2006).

Figure 27. Captured volumes of three tuna species in the ETP with two types of fishing gear (longline and purse seine) Adapted

from ISSF, 2015).
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Figure 28. Annual average catch of yellowfin tuna (Thunnus albacares) in the ETP from 1985-1999 (Adapted from CIAT, 2002).

SHARKS

Intense shark catches, which have slow growth,
late sexual maturity and low fertility rates, has
made many species such as the oceanic white
tip (Carcharhinus longimanus), the silky (C.
falciformis), the bigeye thresher (Alopias spp.) and
the hammer (Sphyrna spp.) to be already classified
as vulnerable in the ETP.

The capture of sharks, especially by longlines
in the coastal zone of Central America, presents
impressive magnitudes and has led to the decline
and even collapse of some populations. Only

longline landings in Costa Rica have fluctuated
between 633,058 sharks/year (2009) and 372,000
sharks/year (2014). These landings have been
dominated by gray sharks, (a mixture of gray
shark, oceanic white tip and silvertip) and a smaller
proportion of the blue shark (Prionace glauca).

To this massive catch by the longline fleet must be
added the more than 37,000 sharks caught annually
by the purse seine tuna fleet in the ETP. Although
this fishery does not retain captured sharks, its
impact is significant. During the closure of the
purse seine, low levels of oxygen are generated
and the temperature rises; increasing stress levels
and reducing the survival rates of many organisms
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Figure 29. Purse seine sets and sailfish catches in the ETP (Adapted from Hall y Roman, 2013).

(Hall and Roman, 2013; Travassos et al., 2015).
When captured in the nets, about 18% of sharks
die and 85% of the remaining sharks die during
hauling (Poisson et al., 2014).

In purse seine fisheries, silky sharks represent
between 75 and 93% of the sharks captured (Fig.
32).In the ETP, this species have shown a reduction
of more than 70% in size and catches/unit of effort
(Hall and Roman, 2013, Aires-da-Silvaetal.,2014).
About 3,400 whitetip oceansharks were caught
annually during 2009-2012 and their populations
have now collapsed (Fig. 33). Close to 1,900
individuals of hammerhead shark were caught
annually in these nets, but during 2009-2012 only
700-900 were captured (Hall and Roman, 2013).

All these populations show significant reductions,
and face a growing threat given the diversity of
fishing fleets and gear, the scarce information
available and the different jurisdictions involved
(Aires-da-Silva et al., 2015).

Genetic studies show that silky sharks (and
probably other species) are a distinctive population
in the ETP north of Ecuador (Aires-da-Silva et al.,
2015). The management of shark overfishing and
management measures in Latin America should
consider population differences. The decline and
collapse of many of these fisheries, and their
ecological and economic implications, call for
urgent international management measures.
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Figure 30. Relative abundance of billfishes catch (Adapted from CABA, 2015).

MANTA RAYS

Another group of species threatened by overfishing
are manta rays. Like sharks, the characteristics
of their life cycle make them susceptible to
overfishing. Mobulids are longlived species, have
gestation periods of about one year and produce

only 1 or 2 offspring at a time.

The giant manta ray (Manta birostris) is the largest
of the existing mobulids and is classified as a

80

vulnerable species (IUCN, 2015). Within their wide
range of distribution some areas show reductions
of up to 80% in their populations. On average,
it is estimated that global populations have been
reduced by 30% (IUCN, 2015). In the ETP, the
average catch of mobulids during 1996-2013 was
2,774 ind./year, concentrated in the Dome region
on catches associated with schools of dolphin (Fig.
34; Croll et al., 2015).
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Figure 31. Silky shark catches (Carcharhinus falciformes) in purse seine operations in the ETP (Adapted from Hall y Roman, 2013).
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Figure 32. Catches of oceanic white-tipped shark (Carcharhinus longimanus) in purse seines in the ETP (Adapted from Hall
y Roman, 2013).
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JUMBO SQUID

The jumbo squid (Dosidicus gigas) is the main
species of squid caught in the ETP, where it
represents an important fishing resource. The main
fishing areas are concentrated between 7-9° N and
92-100° W, being particularly abundant around the
Dome (Ichii et al., 2002, Chen et al., 2014a). In
1980 catches in the region reached 19,000 t and
increased to 121,000 t in 1996. Since then, they
have fluctuated widely between 82,000 (2000) and
166,000 t (2002, FAO, 2011).

!
~

LATITUDE  MNORTH

Due to the warming of the ETP and the expansion
of the ZMO, the giant squid is extending its
distributionrange towards the coasts of Californiain
the USA. Squid landings have increased in Mexico
and California, although with great interannual
variability, associated to the presence of El Nifio
(Fig. 35; Bazzino-Ferreri, 2009). Fluctuations in
distribution and population structure of the squid
are likely to result in significant changes (positive
or negative) in species that depend on it for food
(e.g. tunas, billfishes, cetaceans, etc.) or their preys
(e.g. shrimp, various species of fish).
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Figure 33. Distribution of catches of mobulids in the ETP (Adapted from Croll et al., 2015).
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Figure 34. Captures of jumbo squid in California and variations during periods of El Nifio and La Nifa (Adapted from Bazzino

Ferreri, 2009).

GLOBAL WARMING

Although the effects of global warming in the Dome
region are still poorly understood, it is estimated
that in general it will have definite consequences
on the areas of upwelling and the structure of its
associated populations. The relevance of this high
productivity region for fisheries and the distribution
of marine organisms in the Eastern Pacific,
highlights the urgency of understanding impacts
that will affect the Dome in coming decades.

Oceans have warmed on a global scale, particularly
near the surface (0-70 m), at arate of 0.11°C/decade
since 1971 (IPPC, 2013). When there is more heat
in the oceans, the oxygen dis-solved in the water
decreases, because its solubility decreases with
temperature. Hot water tends to remain on the
surface, strengthening a greater stratification of the

water column and reducing the water’s capacity to
mix and transfer oxygen to deeper layers (Gilly et
al., 2013).

The disappearance of oxygen in surface waters is
a phenomenon of significant magnitudes. During
the period 1960-2010, losses of 1 m/year of the
oxygenated surface layer (> 3.5 ml/L O2) were
reported in the Atlantic Ocean (Stramma et al.,
2008; Stramma et al., 2010). This means that about
5.95 x 1013 m® of oxygenated habitat for pelagic
fish (about 15% of the total habitat available in the
northeastern Atlantic) was lost during this period.

In the Dome, where the oxygenated surface layer
is already very narrow, this type of change can be
faster and of greater impact. Changes in microbial
processes that generate or consume nutrients
and gases, changes in food webs, predatorprey
relationships and in the abundance and accessibility
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Figure 35. Anomalies in the superficial water temperature in the ETP. During the El Nifio years (A), temperatures are above
average and during the years of La Nifa (B) are below average. In both cases anomalies are stronger in the Dome region (Adapted
from Alexander et al., 2012).
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of species of commercial interest would be expected
(Seibel,2011; Gilly etal.,2013). Similarly, it would
be predictable to perceive changes in the influence
of the “carbon pump”, since the amount of organic
matter migrating from the surface to the deep layers
would decrease (Seibel, 2011). Fish stocks, such
as those found in the Dome region, and already
subject to considerable fishing pressure, will be
more sensitive to inter annual or multi decadal
climate fluctuations (Perry et al., 2010).

Under the current scenario of climate change and
water warming, a large variability is anticipated
that will strengthen or weaken patterns typically
associated with El Nifio from one region to another
(Fig. 35; IPPC, 2013). If the impact of El Nifio in
the Dome is strengthened, it would be more frequent
to observe sinking of the thermocline, generating
a reduction in primary productivity impacting
reproduction, survival and distribution of a large
number of species (Fiedler, 2002b). Any alteration
in the productivity of the region can affect critical
species of zooplankton and impact the whole food
network (Vilchis et al., 2009). Likewise, a decrease
in the phytoplankton concentration will result in a
decrease in the generation of oxygen in the Dome.

Increasing concentrations of carbon dioxide in
the atmosphere also increases carbon dioxide
concentrations in the ocean, making it more acidic.
The increase in the acidity of the sea will likely
affect the structure of phytoplankton communities.
Their potential impact is considered higher than the
increase in temperature or the reduction in nutrient
availability (Dutkiewicz et al., 2015).

After all, the ecological and economic importance
of the Dome is based on its high concentration
of phytoplankton. Understanding the reaction of
these communities to the increase in the acidity
of the ETP is critical for the future management
of the Dome. But the increase in acidity may also
affect important groups such as foraminifera and
pteropods, whose shells of calcium carbonate
tend to dissolve with increasing acidity (Fabry
et al., 2008). The physiology of ecologically and
economically important organ-isms, such as the
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jumbo squid, would also be affected by reducing
their metabolism in one third and their activity
level by 45% (Rosa and Seibel, 2008). All these
changes can alter food chains in the Dome region
and affect their ecological processes as well as the
associated fisheries.
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CHAPTER 7

Dome management
challenges

The oceanographic, ecological and socioeconomic analysis of the Dome allows
us to reach relevant conclusions to protect its natural wealth and the ecosystem
services it provides:

Despite its name, the Costa Rican Dome is an oceanic resource shared by the
Central American region and the international community.

Its high levels of primary productivity maintain a complex food web linking
(through seasonal and daily migrations) various areas of the ETP and the meso,
bati and epipelagic layers of the region.

The Dome is a significant carbon sink, critical to lessening the effects of global
warming.

It is an important generator of gaseous nitrogen, whose atmospheric concentrations
are of great climatic relevance.

It is a preferred habitat for vulnerable or endangered species (including whales,
turtles, sharks and rays).

Concentrates and maintains important international fisheries of tuna, common
dolphin fish and jumbo squid).

It is a relevant habitat for species of tourist interest in the region (billfishes, sharks,
cetaceans, turtles).

In the Dome, High Sea is dynamically integrated with the coastal zones of Central
America through migrations and transportation of different species by currents.

Unregulated human activities (navigation, overfishing, pollution, climate change)
are threatening the sustainability and integrity of the ecosystem and services of the
Dome.




Although its 1importance is obvious, the
management of the Dome region is not an easy task.
The fluctuating and seasonal nature of the Dome,
its permanence in international waters and its
incursions into the EEZs of the Central American
countries, makes its management a technical and
political challenge.

The High Sea is subject to a regime of freedom
of use that requires the voluntary responsibility of
users to protect and conserve the ecosystems and
resources they use. Effective coordination between

Improve stata Increase
of knowledge

awareness

the different public and private actors as well as
international cooperation are fundamental elements
to ensure the sustainability of the marine resources
that benefit from the Dome and, consequently, of the
environmental services and productive activities
that they support (Fig. 36). The importance of the
Dome in the region calls for the urgent creation and
implementation of conservation and management
measures both from the Central American States
and from the competent regional and international
organizations.

L

FMonitoring
structures and control

“

DOME MANAGEMENT
AND CONSERVATION

Figure 36. Priority lines to reach the administration and conservation of the Dome
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The most urgent measures should be aimed at
improving the knowledge of decision makers on the
Dome and its related processes; raising awareness
in the Central American region of the rele-vance of
the Dome to their economies and well being; taking
responsibility for creating regional governance
structures that allow coordination between
countries and sectors; imple menting monitoring
and control mechanisms in remote areas to ensure
compliance with the regulations and management
measures defined as a result of an international,
multisectoral process of marine spatial planning in
the High Sea portion of the Dome.

THE THERMAL DOME OF COSTARICA  MARVIVA

KNOWLEDGE
MANAGEMENT AND
DISSEMINATION

One of the obstacles to maintain and manage
the Dome is the fragmented and incomplete
information available on this area. Understanding
clearly its functioning and its relations with
the coastal economies and ecosystems of the
region is paramount. Most fishery, satellite and
oceanographic information is disseminated in

Implementation of workshops and other events to disseminate the importance of the Dome and its
management is fundamental.
Mariamalia Rodriguez, MarViva.
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multiple institutions around the world, such as
NOAA, CIAT, Universities, Fisheries Agencies
of Central America, Taiwan, Japan and the
USA. Systematizing this information in synoptic
atlas and reports will significantly improve the
understanding of the ecological and economic
processes associated with the Dome. Systematized
in-formation would also support planning
and management decision making processes,
optimizing the effective reduction of impacts
generated by human activities in the region.

The environmental services generated by the Dome
contribute directly to the well being of the Central
American society. It is imperative to quantify and
analyze provisioning (such as fishing), regulatory

(such as its effect on climate) and ecosystem (such
as primary productivity and nutrient cycle role)
services to understand the full value of the Dome
for the region (Pendleton, et al., 2014).

The importance of these services and the influence
of the Dome on the ecology and economy of
the Central American coastal zones should be
publicized. These sensitization actions will
require communication strategies and informative
materials aimed at policy makers, the productive
and conservation sectors, as well as the general
public. It also needs the involvement of international
allies that support the dissemination of knowledge
and the communication of the sense of urgency for
effective action.

The publication of information about the Dome, its resources and the management challenges is

fundamental to raise awareness on its relevance.

20

ALTERNATIVES FOR
GOVERNANCE

The regional nature of the Dome and its permanence
mainly outside the jurisdictional waters of the
Central American countries demands the creation
of a regional governance framework involving the
High Seas.

Numerous regional and international organizations
are involved in the political, legal, social,economic
and environmental aspects that relate to the
governance of the Dome region. This complexity
of institutional and regulatory arrangements
represents both an opportunity and a challenge to
achieve Dome governance.

Many of these Agreements and Treaties are partially
operative, subscribed by some but not all countries
in Central America, or highly sectorial in their
approach (fishing, navigation, environment, etc.).
Programs such as UNEP Regional Seas, although
multisectorial, do not have a binding mandate on
critical economic activities such as fishing and
shipping, and in the case of the Dome region, it has
been inactive for several years.

Even the United Nations Convention on the Law
of the Sea (UNCLOS) is limited in scope, and
although it provides general guidelines for many
activities in the High Seas (military actions,
border disputes, bottom mining, fisheries, etc.)
biodiversity conservation issues and the sustainable
and equitable use of marine resources are not
adequately covered (GOC, 2015). In 2015, the
United Nations General Assembly (UNGA) decided
to move towards the possible establishment of an
Implementation Agreement attached to UNCLOS,
which regulates the conservation and sustainable
use of marine biodiversity in areas beyond national
jurisdictions, which provides some hope that this
legal vacuum will eventually be addressed (Druel
and Gjerde, 2014; AGNU, 2015). The agreement
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appears to be politically feasible, owing to the wide
support this initiative has in the UNGA. However,
these processes tend to be slow and it is likely to
be several years before a detailed agreement is
reached that establishes concrete guidelines on
the use of biodiversity in the High Seas, as well
as structures for its implementation and financial
mechanisms for its operationalization. Even so,
working through existing structures the Central
American states can approach conservation and
management objectives for the Dome, taking
into account that many of these instances will
require financial and human strengthening, since
at the moment the capacity to face this challenge is
unavailable (Rochette et al., 2015).

This is probably the most promising alternative
in the near future. For the management of the
Dome, a coordinating body will be required to
focus exclusively on promoting the sustainable
management and use of the High Seas portion
of the region, as well as an active international
cooperation to enable its effectiveness and
compliance. The Sargasso Sea Alliance model,
creat-ed in 2010 on the initiative of the Bermuda
Government, could be a viable alternative to
replicate (Laffoley et al., 2011).

COMPLIANCE

Most Dome dependent countries have limited
technical, human and financial capacity to
implement effective management measures and
ensure compliance. With limited control over
their coastal waters, the challenge of establishing
management measures in international waters is
even greater. For this reason, cooperation among
States will be essential to strengthen regional
control capacity and to ensure the transfer of
existing tools and capabilities. Training officials
in the use of new technologies is paramount. Also,
joining efforts and building a joint regional vision
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among countries will improve access to support
from donors and international cooperators seeking
to contribute to conservation and sustainable
development impacts in the region.

Low cost control mechanisms can be established
in the region once the governance structure and
management guidelines are defined. Patrolling
with boats, airplanes or even real time satellites is
very costly and not really feasible for the countries
involved; however, new, less expensive and more
efficient technologies are emerging each year
(Brooke et al., 2010).

The use of remote monitoring devices on vessels
(such as VMS and AIS) should be mandatory
for fleets operating in the region. Their use can
significantly increase the ability to monitor
and control at a low cost compliance with any
established traffic separation and zoning schemes.
Also, the analysis of historical fishing and
navigation patterns in the region would contribute
to reduce investment in control and surveillance.

Likewise, appropriately implemented bilateral
or regional agreements, the use of international
instruments against unreported and unregulated
illegal fishing (such as the FAO Agreement on Port
State Measures) and the establishment of regional
databases and standards for boats operat-ing in
the Dome, are other viable and reasonably priced
actions for the region.

Control activities require an appropriate regulatory
framework. Areas of EEZs regularly occu-pied
by the Dome, may be subject to homologous
regulatory frameworks that facilitate detection,
response and prosecution activities. In most
countries,regulatory frameworks should be adapted
to permit voluntary reporting, use of photographic
evidence, and information derived from de-
vices such as hydrophones, beacons, satellite
imagery and other means of remote detection. The
sanctions established in the legal framework must
be sufficiently severe as to be dissuasive.

FUTURE CHALLENGES

Achieving the management and conservation of
the Domeregionis a goal of regional im-portance.
Achieving it is clearly a challenge of great
proportions. The important economic interests
in the region, the absence of a legal framework
to ensure the conservation of biodiversity,
the fragmented institutional framework with
different and specific interests, the difficulty of
en-suring compliance in the High Seas and the
changing nature of the Dome itself complicate
the work.

However, for the countries of Central America it
is vital to preserve the ecological and economic
links existing between their coasts and the
Dome region, favoring the conservation of their
habitats and ecosystem services. Countries such
as Mexico, Ecuador and the US, with relevant
eco-nomic and environmental interests in this
region must join efforts to achieve this goal.

A joint effort through existing international
agencies is a clear path to follow. Organizations
such as IATTC, IMO and UNEP are called upon
to play a major role in the management of the
Dome region. It is clear that prior awareness
work in the political and social environment of
the region will be necessary.

It is our hope that this publication will contribute
to the process of raising awareness and
dissemination of the relevance of the Dome and
will help achieve management and conservation
goals in this important region.

THE THERMAL DOME OF COSTA RICA

Literature Cited

Abramson, L. 2012. Vessel strikes and acoustic impacts. Report of a Joint Working Group
of the Gulf of the Farallones and Cordell Bank National Marine Sanctuaries Advisory
Councils. 44 pp.

Adams, D.K. and G. R. Flierl. 2010. Modeled interactions of mesoscale eddies with the
East Pacific Rise: Implications for larval dispersal. Deep-Sea Research | (57): 1163-1176.

Agusti, S., J. l. Gonzalez-Gordillo, D. Vaqué, M. Estrada, M. |. Cerezo, G. Salazar, J. M.
Gasol and C. M. Duarte. 2015. Ubiquitous healthy diatoms in the deep sea confirm deep
carbon injection by the biological pump. Nature Communications 6: 7608. DOI:110.1038/
ncomms8608

Ahlgren, H. A., A. Noble, A. P. Patton, K. Roache-Johnson, L. Jackson, D. Robinson, C.
McKay, L.R. Moore, M. Saito and G. Rocap. 2014. The unique trace metal and mixed layer
conditions of the Costa Rica upwelling dome support a distinct and dense community of
Synechococcus. Limnology and Oceanography, 59(6): 2166-2184.

Aires-da-Silva. A., C. Lennert-Cody, M. N. Maunder and M. Roman-Verdesoto. 2014. A
collaborative attempt to conduct a stock assesment for the silky shark in the Eastern
pacific (1993-2010): Update report. InterAmerican Tropical Tuna Commission. Scientific
Advisory Commiitee. V Meeting. Document SAC-05- INF-F . 28 pp.

Aires da Silva, A., C. Lennert Cody, M. N. Maunder, M. Roman Verdesoto and M.G.
Hinton. 2015. stock status indicators for silky sharks in the Eastern Pacific Ocean 6th
Meeting of the IATTC Scientific Advisory Meeting (Document SAC 06 08b). Comision
Interamericana del Atun Tropical. La Jolla, California (USA).

Alegre, A., F. Menard, R. Tafur, P. Espinoza, J. Arguelles, V. Maehara, O. Flores, M. Simier
and A. Bertrand. 2014. Comprehensive model of Jumbo squid Dosidicus gigas Trophic
ecology in the Northern Humboldt Current System. Plos One 9(1) e85919. DOI:10.1371/
journal.pone.0085919.

Alexander, M.A.; H. Seo; S. P. Xie and J. D. Scott. 2012. ENSO’s impact on the gap wind
regions of the Eastern Tropical Pacific Ocean. Journal of Climate. Vol 25: 3549-3565.

Alfaro, E.J. and O. Lizano. 2001. Algunas relaciones entre las zonas de surgenica del
Pacifico Centroamericano y los oceanos Pacifico y Atlantico Tropical. Revista de Biologia
Tropical. 49. Supl. 2: 185-193.

Ambriz-Arreola, I., J. Goémez-Gutiérrez, M. C. Franco-Gordo and E. R. Koza. 2015.
Reproductive biology, embryo and early larval morphology, and development rates of
krill (Euphausia lamelligera and Euphausia distinguenda) endemic to the Eastern Tropical
Pacific. Sexuality and early development in aquatic organisms. 143-161. DOI: 10.3354/
sedao00014

Ameer A and O. Linden (editores). 2008. Maritime traffic effects on biodiversity in the
Mediterranean Sea: Review of impacts, priority areas and mitigation measures. Malaga,
Spain: IUCN Centre for Mediterranean Cooperation. 184 pp.

Arcos, F. and A. Fleminger. 1986. Distribution of filter-feeding calanoids copepods in the
Eastern equatorial pacific. California Cooperative Oceanic Fisheries Investigations Report
Vol 27:170-187.

Asamblea General de Naciones Unidas. 2015. Resolution A/69/L.65.25 of june 2015.

Bailey, H., B.R. Mate, D.M. Palacios, L. Irvine, S.J. Bograd and D.P. Costa. 2009.
Behavioural estimation of blue whale movements in the Northeast Pacific from state-
space model analysis of satellite tracks. Endangered Species Research Vol. 10: 93-106
DOI:10.3354/esr00239

MARVIVA




Ballance, L.T.; R.L. Pitman and P.C. Fidler. 2006. Oceanographic influences on seabirds
and cetaceans of the Eastern Tropical Pacific: A review. Progress in Oceanography 69:
360-390.

Balmaseda, M.A,, K. Mogensena and A.T. Weaver. 2013. Evaluation of the ECMWF ocean
reanalysis system ORAS4. Quarterly Journal of the Royal Meteorological Society 139: 1132-
16l

Barber, R.T. and F.P. Chavez. 1991. Regulation of primary productivity rate in the equatorial
pacific. Limnology and Oceanography. 36(8): 1803-1815.

Bazzino Ferreri, G.A., 2009. Calamar gigante (Dosidicus gigas) y cambio climatico:
adaptaciones y vulnerabilidad. En: E. Rivera-Arriaga; |. Azuz-Adeath; L. Alpuche Gual vy
G.J. Villalobos-Zapata (eds.).; p. 473-482. Cambio climatico en México un enfoque costero-
marino. Universidad Autonoma de Campeche Cetys- Universidad, Gobierno del Estado de
Campeche. 944 pp.

Betancur, M.J. and I. Martinez. 2003. Foraminiferos bentdnicos recientes en sedimentos de
fondo de la cuenca de Panama (Pacifico Colombiano), como indicadores de productividad
y oxigenacion. Boletin de Investigaciones Marinas y Costeras Invemar. Vol. 32 (1): 93-123.

Bianchi, D; E.D. Galbraith; D.A. Carozza; K.A.S. Mislan and C.A. Stock. 2013. Intensification
of open-ocean oxygen depletion by vertically migrating animals. Nat Geosci Vol. 6(7):
545-548.

Boyce, D. G.; D. P. Tittensor and B. Worm. 2008. Effects of temperature on global patterns
of tuna and billfish richness. Marine Ecology Progress Series 355: 267-276.

Branch, T.A.; K. M. Stafford; D, M. Palacios; C. Allison; J.L. Bannister; C.L. K. Burton; E.
Cabrera; C.A. Carlson; B. Galleti-Vernazzani; P.C. Gill; R. Hucke-Gaete; K.C.S. Jenner;
M.N. Jenner; K.Matsuoka; Y.A. Miklaev; T. Miyashita; M.G. Morrice; S. Nishiwaki; V.J.
Sturrock; D. Tormosov; R.C. Anderson; A.N. Baker; P.B. Best; P. Borsa; R.L: Brownell Jr.;
S. Childerhouse; K.P. Findlay; T. Gerrodetter; A.D. llangakoon; M. Joergensen; B. Kahn;
D.K. Ljungblad; B. Maughan; R.D. Mccauley; S.Mckay; T.F. Norris; Oman Whale and
Dolphin Research Group; S. Rankin; F. Samaran; D. Thiele; K. Van Waerebeek and R.M.
Warneke. 2007. Past and present distribution, densities and movements of blue whales
Balaenoptera musculus in the Southern Hemisphere and northern Indian Ocean. Mammal
Review Vol. 37(2): 116-175.

Braun, C. D.; M. B. Kaplan, A. Z. Horodysky and J. K. Llopiz. 2015. Satellite telemetry
reveals physical processes driving billfish behavior. Animal Biotelemetry. 3:2. 16 pp. DOI:
10.1186/s40317-014-0020-9

Brenes, C.L., 1985. Condiciones de movimiento geostréfico para la corriente costera de
Costa Rica. Uniciencia 2 (1): 21-27.

Brenes, C.L., A- Hernandez and J. Campos. 2000. Distribucion espacial de capturas
de tiburon pelagico en el pacifico nicaraglense y su relacion con algunas variables
oceanogréficas. Rev. Bio. Trop. 48 (2/3): 399-41.

Brenes, C.L., M.F. Lavin and A. Mascarenhas. 2008. Geostrophic circulation between the
Costa Rica Dome and Central America. Deep-Sea Research |. Oceanographic Research
Papers 55(5): 608-629. DOI: 10.1016/}.dsr.2008.02.005

Brill, R.W.; K. A. Bigelow; M.K. Musyl; K.A. Fritsches and E.J. Warrant. 2005. Bigeye Tuna
(Thunnus obesus) behavior and physiology and their relevance to stock assesments and
fishery biology. Col. Vol. Sci. Pap. ICCAT, 57(2): 142-161.

Brinton. E. 1962. The distribution of Pacific euphausiids. Bulletin of the Scripps Institution
of Oceanography. 8 (2): 51-269.

Broenkow, W.W.. 1965. The distribution of nutrients in the Costa Rica Dome in the eastern
tropical Pacific Ocean. Limnology and Oceanography 10: 40-52.

94

THE THERMAL DOME OF COSTA RICA

Brooke S.D.; Lim T.Y.; and J.A. Ardron. 2010. Surveillance and enforcement of
remote maritime areas. Paper 1: surveillance technical options. Marine Conservation
Biology Institute, USA. 39 pp.

Brower, K.. 2009. Still Blue. National Geographic Magazine. http:/ngm.
nationalgeographic.com/print/2009/03/blue-whales/brower-text

Carton, J. A. and B. S. Giese. 2008. A reanalysis of ocean climate using Simple
Ocean Data Assimilation (SODA). Monthly Weather Review 136: 2999-3017.

Cass, C. J.. 2011. A comparative study of eucalanoid copepods residing in different
oxygen environments in the Eastern Tropical North Pacific: An emphasis on
physiology and biochemistry. Ph.D. Dissertation. University of South Florida. 165
p. http://scholarcommons.usf.edu/etd/3036

Castellote, M.; C.W. Clark. and M.O. Lammers. 2006. Potential negative effects in
the reproduction and survival on fin whales (Balaenoptera physalus) by shipping
and airgun noise. International Whaling Commission Scientific Committee. SC/62/
E3.12 pp.

Catul, V.; M. Gauns and P.K. Karuppasamy. 2009. A Review on mesopelagic fishes
belonging to family Myctophidae. Reviews in Fish Biology and Fisheries 21 (3):
339-354.

Central America Billfish Association. 2015. Report on the 2015 CABA Billfish
Forum. Puerto Jiménez, Costa Rica. 18 julio 2015. 17 pp.

Chandler, T. and J. Calambokidis. 2004. Costa Rica Dome blue whale cruise
report. Cascadia Research Collective. 6 pp. http://www.cascadiaresearch.org/
reports/CRUISE%20REPORT.pdf

Chavez, F.P.; P.G. Strutton, G.E.Friederich, R.A.Feely, G.C.Feldman, D.G.Foley
and M.J. McPhaden. 1999. Biological and Chemical Response of the Equatorial
Pacific Ocean to the 1997-98 EI Nifo. Science 286 (5447): 2126-2131.

Chen, Y.Q.. 1986. Vertical distribution of pelagic copepods. California Cooperative
Oceanic Fisheries Investigations Report 27: 205-227.

Chen X,, J. Li; B. Liu; Y. Chen; G. Li, Z. Fang; and S. Tian.. 2014a. Age, growth
and population structure of jumbo flying squid Dosidicus gigas, off the Costa Rica
Dome. Journal of the Marine Biological Association. 93 (Special Issue 02): 567-
573.

Chen X., J. Li; B. Liu; G. Li; and H. Lu. 2014 b. Fishery biology of jumbo flying
squid Dosidicus gigas off Costa Rica Dome. Journal of Ocean University of China.
13: 485-490. DOI: 10.1007/511802-014-2165-9.

Childress, J. and B. A Siebel. 1998. Life at stable oxygen levels: adaptations of
animals to oceanic oxygen minimum layers. J. Journal of Experimental Biology.
201:1223-1232.

Clark, C. W., W. T. Ellison, B. L. Southall, L. Hatch, S. M. Van Parijs, A. Frankel and
D. Ponirakis. 2009. Acoustic masking in marine ecosystems: intuitions, analysis,
and implication. Marine Ecology Progress Series 395: 201-222.

Collard, S.B. 1970. Forage of Some Eastern Pacific Midwater Fishes. Copeia.
Vol1970 (2): 348-354

Convention on Biological Diversity. 2012. Scientific synthesis on the Impacts of
underwater noise on marine and coastal biodiversity and habitats. UNEP/CBD/
SBSTTA/16/INF/12. Montreal, Canada. 93pp.

Comisién Interamericana del Atun Tropical. 2012. Conservation Status and
habitat use of sea turtles in the Eastern Pacific Ocean. CIT-CC8-2011-Tec.l. 27 pp.

MARVIVA

95



Comisién Interamericana del Atun Tropical. 2014a. Resultados preliminares de
actividades de investigacion colaborativa de la CIAT sobre el Dorado en el ocedno Pacifico
oreiental y plan de investigacion futura. Documento SAC-05-11b. 27 pp.

Comisién Interamericana del Atun Tropical. 2014b. Los atunes y peces picudos en el
oceano Pacifico Oriental en el 2013. Informe de la Situacion de la Pesqueria No. 12. 180 pp.

Comisién Interamericana del Atun Tropical. 2014c. Los atunes y peces picudos en el
oceano Pacifico Oriental en el 2013. 87 a. Reunion Documento IATCC-87-

COCATRAM, 2013. Origen y Destino de la Carga en Centroamerica. 39 pp. http://issuu.
com/cocatram/docs/origen_y destino_de la_carga_mariti/O

Codispoti, L.A. 2010. Interesting Times for Marine N20O. Science. 327 :1339-1340.

Contreras, F. ; L. Sdnchez-Velasco; E. Beier; V. Godinez; and M. Lavin. 2014. Mesoscale
cyclonic eddy and larval fish Distribution in the Southern Gulf of California (July 2010).
144th Annual Meeting of the American Fisheries Society. https://afs.confex.com/afs/2014/
webprogram/Paper15433.html

Croll, D.A.; K. Newton; K. Weng; F. Galvan; M. Portvliet and J. O’Sullivan. 2010. Movement
patterns and fisheries bycatch of manta rays (Mobula japanica) off Baja California Sur.
En:http://conservationscience.com.mx/presentations/Fisheries_Community/Croll_
Fisheries%20and%20Communities.pdf

Croll, D.A.; K.M.Newton; K. Weng; F. Galvan-Magana; J. O’Sullivan and H. Dewar. 2012.
Movement and habitat use by the spine-tail devil ray in the Eastern Pacific Ocean. Marine
Ecology Progress Series 465: 193-200.

Croll, D.A.; H. Dewar; N. K. Dulvy; D. Fernando; M. P. Francis; F. Galvan-Magana; M. Hall;
S. Heinrichs; A. Marshall; D. McCauley; K. M. Newton; G. Notarbartolo-Di-Sciarai; M.
O’Malley; J. O’Sullivan; M. Poorvliet; M. Roman; G. Steven; B. R. Tershy and W. T. White.
2015. Vulnerabilities and fisheries impacts: the uncertain future of manta and devil rays.
Aquatic Conservation: Marine and Freshwater Ecosystems 26 (3): 562-575

Cronwell, T. 1958. Thermocline topography, horizontal currents and “ridging” in the
eastern tropical Pacific. Inter-American Tropical Tuna Commission Bulletin. 3. (3): 135-164.

Cubero-Pardo, P. and D.A. Martinez-Cascante. 2013. Analisis de la pesqueria de atin en
la zona econdmica exclusiva del Pacifico de Costa Rica. FECOP, San José, Costa Rica. 60
PP.

Currie, J.J.; S.H. Stack; S.K. Easterly; G.D. Kaufman and E.Martinez. 2015. Modeling
whale-vessel encounters: the role of speed in mitigating collisions with humpback whales
(Megaptera novaeangliae). International Whaling Commission Scientific Committee.
SC/66a/HIM/3.17 pp.

Danil, K. and S.J. Chivers. 2006. Habitat-based spatial and temporal variability in life
history characteristics of female common dolphins Delphinus delphis in the eastern
tropical Pacific. Marine Ecology Progress Series. 318: 277-286.

David, L.; S. Alleaume and C. Guinet. 2011. Evaluation of the potencial of collision between
fin whales and maritime traffic in the north-western Mediterranean Sea in summer and
mitigation solutions. Journal of Marine Animals and their Ecology 4 (1): 17-28..

Davison, P.C.; D.M.Checkley; J.A. Koslow and J.Barlow. 2013. Carbon export mediated
by mesopelagic fishes in the northeast Pacific Ocean. Progress in Oceanography. 116:14-
30.

De Anda-Montanez, J.A., A. Amador-Buenrostro; S. Martinez-Aguilar and A. Muhlia-
Almazana. 2004. Spatial analysis of yellowfin tuna (Thunnus albacares) catch rate and its
relation to EI Niflo and La Nifa events in the eastern tropical Pacific. Deep-Sea Research
[ 51:575-586.

96

THE THERMAL DOME OF COSTA RICA

Druel, E. and K. M. Gjerde, 2014. Sustaining marine life beyond boundaries: Options for an
implementing agreement for marine biodiversity beyond national jurisdiction under the
United Nations Convention on the Law of the Sea. Marine Policy. 49: 90-97.

Dutkiewicz, S.J.; J. Morris; M. J. Follows; J. Scott; O. Levitan; S. T. Dyhrman and |I. Berman-
Frank. 2015. Impact of ocean acidification on the structure of future phytoplankton
communities. Nature Climate Change 5: 1002-1006. DOI:10.1038/nclimate2722

Erhardt, N. 2015. Central American Billfish Association. CABA Billfish Forum. 18 July 2015.
Puerto Jiménez, Costa Rica. 17 pp. Info: at billfish@miami.edu.

Erhardt, N.M. and M. D. Fitchet. 2006. On the seasonal dynamic characteristics of the
sailfish, /stiophorus Platypterus, in the Eastern Pacific off Cental America. Bulletin of
Marine Science 79(3): 589-606.

Escribano, R.; P. Hidalgo; H. Gonzalez; R. Giesecke; R. Riquelme-Buguenio and K.
Manriquez. 2007. Seasonal and inter-annual variation of mesozooplankton in the coastal
upwelling zone off central-southern Chile. Progress in Oceanography, 75: 470- 485.

Eslava Vargas, N., J. G. Vaca-Rodriguez and H. Lépez. 2013. Analisis espacio-temporal
de la captura incidental de picudos por la pesqueria cerquera de atun en el Pacifico
oriental. Hidrobioldgica. 23 (1):60-72.

Etnoyer, P.; D. Canny,;B. R. Mate; L. E. Morgan; J.G. Ortega-Ortiz and W. J. Nichols. 2006.
Sea-surface temperature gradients across blue whale and sea turtle foraging trajectories
off the Baja California Peninsula, Mexico. Deep-Sea Research II: 1-19.

Evseenko, S.A. and M.l. Shtaut. 2005. On the species composition and distribution of
ichthyoplankton and micronekton in the Costa Rica Dome and adjacent areas of the
Tropical Easter pacific. Journal of Ichtyology 45 (7): 513-525.

Fabry, V.J.; B. A. Seibel; R. A. Feely and J. C. Orr. 2008. Impacts of ocean acidification on
marine fauna and ecosystem processes. Journal of Marine Science 65: 414-432.

FAO. 2011. Food and Agriculture Organization of the United Nations. Review of the state
of world marine fishery resources. Fisheries and Aquaculture Technical Paper 569. Marine
and Inland Fisheries. Service Fisheries and Aquaculture Resources Use and Conservation
Division. 334 pp.

Fernandez-Alamo. 2004. Distribution of holoplanktonic typhloscolecids (Annelida-
Polychaeta) in the eastern tropical Pacific. Journal of Plankton Research 6: 647-657.

Fernidndez-Alamo, M. A. and J. Firber-Lorda. 2006. Zooplankton and the oceanography
of the Eastern Tropical Pacific: A review. Progress in Oceanography 69: 318-359.

Fiedler, P.C. 2002a. The annual cycle and biological effects of the Costa Rica Dome.
Deep-Sea Research | 49: 321-338.

Fiedler, P.C. 2002b. Environmental change in the Eastern Tropical Pacific Ocean: review of
ENSO and decadal variability. Marine Ecology Progress Series Vol. 244: 265-283.

Fiedler, P. C. 2008. NOOA.. Eastropac Atlas. https:/swfsc.noaa.gov/eastropac-atlas/

Fiedler, P.C.; V. Philbrick and F. P. Chavez. 1991. Oceanic upwelling and productivity in
the eastern tropical Pacific. Limnology and Oceanography 36(8): 1834-1850.

Fiedler, P.C. and M.F. Lavin. 2006. Introduction: A review of eastern tropical Pacific
oceanography. Progress in Oceanography 69: 94-100

Fiedler, P.C. and L. D. Talley. 2006. Hydrography of the Eastern tropical Pacific: a review.
Progress in Oceanography 69: 143-180

Forbes, 2014. Centroamérica, el proximo nodo logistico mundial, Oct, 2014. México. En:
http:/www.forbes.com.mx/centroamerica-el-proximo-nodo-logistico-mundial/

MARVIVA

97



Franck, V. M.; K. W. Bruland; D. A. Hutchins and M. A. Brzezinski. 2003. Iron and zinc
effects on silicic acid and nitrate uptake kinetics in three high-nutrient, low-chlorophyll
(HNLC) regions. Marine Ecology Progress Series 252: 15-33. DOI:10.3354/meps252015
Franks, P.J.S.. 1992. Sink or swim: accumulation of biomass at fronts. Marine Ecology
Progress Series

Friederichs, S.J.. 2009. The influence of seasonal upwelling on the spatial and vertical
distribution of sailfish (/stiophorus platypterus ) in the Eastern Pacific Ocean. M.Sc. Thesis.
Purdue University. 78 pp.

Gibson, R.N. and R. J. A. Atkinson. 2003. Oceanography and Marine Biology, An Annual
Review. CRC Press, 41. 448 pp.

Gilly, G.F.; U. Markaida; C.H. Baxter; B.A. Block; A. Boustany; L. Zeidberg; K. Reisenbichler;
B. Robinson; G. Bazzino and C. Salinas. 2006. Vertical and horizontal migrations by the
jumbo squid Dosidicus gigas revealed by electronic tagging. Marine Ecology Progress
Series. 324:1-17.

Gilly, W.F.; J. M. Beman; S. Y. Litvin and B. H. Robison. 2013. Oceanographic and biological
effects of shoaling of the Oxygen Minimum Zone. Annual Review of Marine Science. 5:
393-420.

Global Ocean Commission. 2015. Resumen del Informe 2014: Del declive a la recuperacion:
un plan de rescate para el océano mundial 48.pp http:/www.globaloceancommission.
org/wp-content/uploads/GOC-Report-Summary.2015.ES-aug.pdf

Graham, J.B. and K. A. Dickson. 2004. Tuna comparative physiology. The Journal of
Experimental Biology 207: 4015-4024

Granados, J.. 2008. Calamares epiplanctonicos de la costa occidental de la peninusl!
de baja California, Mexico. Tesis de Maestria. Instituto Politécnico Nacional. Centro
Interdisciplinario de Ciencias Marinas. La Paz, México. 145 pp.

Gutiérrez-Rodriguez, A.; G. Slack; E.F.Daniels; K.E. Selph; B. Palenik and M. Landry
2014. Fine spatial structure of genetically distinct picocyanobacterial populations across
environmental gradients in the Costa Rica Dome. Limnology and Oceanography 59(3):
705-723.

Hall, M. and M. Roman. 2013. Bycatch and non-tuna catch in the tropical tuna purse-seine
fisheries of the world. FAO-Fisheries and Aquaculture. Technical Paper # 568. 262 pp.

Hannides, C.C.S. 2014. Migrant solution to the anammox mystery. Proceedings of the
National Academy of Sciences. 111 (44): 15604-15605.

Haslett, S.K.. 2003. Upwelling-related distribution patterns of radiolarians in holocene
surface sediments of the Easternequatorial pacific. Revista Espafola de Micropaleontologia,
35(3): 365-381.

Hidalgo, P.; R.Escribano and C.E. Morales. 2005. Ontogenetic vertical distribution and
diel migration of the copepod Eucalanus inermis in the oxygen minimum zone off northern
Chile (20-21°S). Journal of Plankton Research. 27 (6): 519-529. DOI: 10.1093/plankt/fbi025

Hofmann, E.E.; A.J. Busalacchi and J.J. O’Brien. 1981. Wind generation of the Costa Rica
Dome. Science 214 (4520): 552-554.

Hoyt, E.. 2009. The blue whale Balaenoptera musculus: An endangered species thriving on
the Costa Rica Dome. An illustration submitted to the convention on biological diversity.
available online at www.cbd.int/cms/ui/forums/attachment.aspx?id=73

Hoyt, E. 2011. Marine protected areas for whales, dolphins and porpoises: A World
handbook for cetacean habitat Conservation and planning. Earthscan. 451 pp.

Ichii, T.; K. Mahapatra; T. Watanabe; A. Yatsu; D. Inagake and Y. Okada. 2002. Occurrence

98

THE THERMAL DOME OF COSTA RICA

of jumbo flying squid Dosidicus gigas aggregations associated with the countercurrent
ridge off the Costa Rica Dome during 1997 El Niffio and 1999 La Nifa. Marine Ecology
Progress Series 231: 151-166.

Instituto de Investigaciones en Ciencias Econédmicas. 2010. Un analisis de la contribucion
de la pesca deportiva y comercial a la economia de Costa Rica. Universidad de Costa Rica.
166 pp.

IPCC, 2013: Summary for policymakers. En: Climate Change 2013: The Physical
Science Basis. Contribution of Working Group | to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Stocker, T.F.,, D. Qin, G.-K. Plattner, M. Tignor,
S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex y P.M. Midgley (eds.)]. Cambridge University
Press, Cambridge, United Kingdom y New York, NY, USA.

Irigoien, X.; T.A. Klevjer; A.Rostad; U. Martinez; G. Boyra; J.L. Acuia; A.Bode;
F.Echevarria; J.I. Gonzalez-Gordillo; S. Hernandez-Leon; S. Agusti; D.L. Aksnes; C.M.
Duarte and S. Kaartvedt. 2014. Large mesopelagic fishes biomass and trophic efficiency
in the open ocean. Nature Communications: 3271 DOI:10.1038/ncomms4271.

ISSF. 2015. ISSF Tuna Stock Status Update, 2015: Status of the world fisheries for tuna. ISSF
Technical Report 2015-03. International Seafood Sustainability Foundation, Washington,
D.C., USA.

IUCN. 2015. The IUCN Red List of Threatened Species. http:/www.iucnredlist.org/
details/198921/0.

Jing, H.; E. Rocke; L. Kong; X. Xia; H. Liu and M. R. Landry. 2015. Protist communities in
a marine oxygen minimum zone off Costa Rica by 454 pyrosequencing. Biogeosciences
Discuss. 12: 13483-13509. doi:10.5194/bgd-12-13483-2015.

Joseph, J. 1994. The tuna-dolphin controversy in the Eastern Pacific Ocean: biological,
economic, and political Impacts. Ocean development and International Law 25: 1-30.

Kahru, M; P.C. Fiedler; S.T. Gille; M. Manzano and B.G. Mitchell. 2007. Sea level
anomalies control phytoplankton biomass in the Costa Rica Dome area.
Geophysical Research Letters. 5pp. (http:/dx.doi.org/10.1029/2007gl031631)

Kessler, W.S.. 2006. The circulation of the eastern tropical Pacific: A review. Progress in
Oceanography 69: 181-217.

Kohin, S.; R. Arauz; D. Holts and R Vetter. 2006. Behavior and habitat preferences of
silky sharks (Carcharhinus falciformis) and a big eye threser shark (Alopias superciliosus)
tagged in the Eastern Tropical Pacific. Rojas and Zanela (editores).. Memorias Seminario
Estado del Conocimiento de la Condrictiofauna de Costa Rica. INBio, 2 Febrero. 3 pp.

Kohl, A. 2013. Evaluation of the GECCO2 ocean synthesis: transports of volume, heat and
freshwater in the Atlantic, quarterly journal of the royal meteorological society 141 (686):
166-181

Kong L.; H. Jing; T. Kataoka; C.Buchwald and H. Liu. 2013. Diversity and spatial distribution
of hydrazine oxidoreductase (hzo) Gene in the oxygen minimum zone off Costa Rica.
PLoS ONE 8(10): €78275. doi:10.1371/journal.poone.0078275

Kotlyar, A. N. 2004. Family Melamphaidae Gill 1893-bigscales. Calif. Acad. Sci. Annotated
Checklists of Fishes No. 29. 11 pp.

Laffoley, D.A.; H.S.J. Roe; M.V. Angel; J. Ardron; N.R. Bates, |.L. Boyd; S. Brooke; K.N.
Buck; C.A. Carlson; B. Causey; M.H. Conte; S. Christiansen; J. Cleary; J. Donnelly; S.A.
Earle; Edwards, R., Gjerde, K.M., Giovannoni, S.J., Gulick, S., Gollock, M., Hallett, J., P.
Halpin; R. Hanel; A. Hemphill; R. J. Johnson; A.H. Knap; M.W. Lomas; S.A. McKenna;
M.J. Miller; P.I. Miller; FW. Ming; R. Moffitt; N.B. Nelson; L. Parson; A.J. Peters; J. Pitt;
P. Rouja; J.Roberts; J.Roberts; D.A. Seigel; A.N.S.Siuda; D.K. Steinberg; A. Stevenson;
V.R. Sumaila; W. Swartz; S.Thorrold; T.M. Trott and V. Vats. 2011. The protection and
management of the Sargasso Sea: The golden floating rainforest of the Atlantic Ocean.
Summary Science and Supporting Evidence Case. Sargasso Sea Alliance. 44 pp.

MARVIVA

99



Laist, D.W.; A. R. Knowlton; J. G. Mead; A. S. Collet and M. Podesta. 2001. Collisions
between ships and whales. Marine Mammal Science 17 (1) : 35-75.

Landry, M.R., A. de Verneil, J.I. Goes and J.W. Moffett. 2015. Plankton dynamics and
biogeochemical fluxes in the Costa Rica Dome: introduction to the CRD Flux and Zinc
Experiments. J. Plankton Res. 03-18  doi: 10.1093/plankt/fbv103

Li, W.K.W.; D.V. Suba Rao; W.G. Harrison; J.C. Smith; J.J.Cullen; B. Irwin, and T. Platt.
1983. Autotrophic picoplankton in the tropical ocean. Science 219:292-295.

Liu, B.; X. Chen and Q. Yi. 2013. A comparison of fishery biology of jumbo flying squid
Dosidicus gigas outside three Exclusive Economic Zones in the Eastern Pacific Ocean.
Chinese Journal of Oceanology and Limnology 31 (3): 523-533. http:/dx.doi.org/10.1007/
s00343-013-2182-3

Lluch-Cota, S.E.; S. Alvarez-Borrego; E. M. Santamaria-del Angel; F. E. Miiller-Karger
and S. Hernandez-Vazquez. 1997. El Golfo de Tehuantep y areas adyacentes: variacion
espaciotemporal de pigmentos fotosintéticos derivados de satélite. Ciencias Marinas.
23(3):329-340.

Lizano, O. 2016. Distribucion espacio-temporal de la temperatura, salinidad y oxigeno
disuelto alrededor del Domo Térmico de Costa Rica. Revista de Biologia Tropical. 64
(Suppl. 1: 135-152.

Longhurst, A.R., 1967. Vertical distribution of zooplankton in relation to the eastern Pacific
oxygen minimum. Deep-Sea Research 14: 51-63.

Longhurst, A.R. 1985. Relationship between diversity and the vertical structure of the
upper ocean. Deep-Sea Research 32:1535-1570.

Lusseau, D., D.E. Bain, R.Williams and J.C. Smith. 2009. Vessel traffic disrupts the foraging
behavior of southern resident killer whales Orcinus orca. Endangered Species Research 6:
211-221.

Lowe, T.E.; R.W.Brill y K.L. Cousins. 2000. Blood oxygen-binding characteristics of bigeye
tuna (Thunnus obesus), a high-energy-demand teleost that is tolerant of low ambient
oxygen. Marine Biology 136: 1087-1098.

Mass, A.E., K. F. Wishner and B. A. Seibel. 2012. Metabolic suppression in thecosomatous
pteropods as an effect of low temperature and hypoxia in the eastern tropical North Pacific.
Marine Biology 159 (9): 1955-1967.

Maas, A. E.; S. L. Frazar, D.M. Outram, B.A. Seibel and K.F. Wishner. 2014. Fine-scale
vertical distribution of macroplankton and micronekton in the Eastern Tropical North
Pacific in association with an oxygen minimum zone. Journal of Plankton Research. 36 (6):
1557-1575.

Macnaus, M.A. and C.B. Woodson. 2012. Plankton distribution and ocean dispersal. The
Journal of Experimental Biology. 215: 1008-1016.

Martin, J . 1990. Glacial-interglacial COz change: the iron hypothesis. Paleoceanography.
5: 1-13.

Martinez-Rincén, R.O.; S. Ortega-Garcia; J.G. Vaca-Rodriguez and S.P. Griffiths. 2015.
Development of habitat prediction models to reduce bycatch of sailfish (/stiophorus
platypterus) within the purse-seine fishery in the eastern Pacific Ocean. Marine and
Freshwater Research 66: 2-10. http://dx.doi.org/101071/MF14062

Mate, B.; B.A. Lagerquist and J. Calambokidis. 1999. Movements of north pacific blue

whales during the feeding season off southern California and their southern fall migration.
marine mammal science 15(4): 1246-1257.

100

THE THERMAL DOME OF COSTA RICA

Mate; B.; J. Schaefers; M.L. Mate; C. Hayslip; L. Irvine; R. Matteson; W. Schlecter; G.
Fox; J. Calambokidis; E. Oleson; F. Nicklin; K. Brower; E. Kovacs; S. Houghton. 2008.
Preliminary cruise report for expedition to Costa Rica Dome: 3-29 January 2008. Oregon
State University. 10 pp.

Matteson, R.S.. 2009. The Costa Rica Dome: A study of physics, zooplankton and blue
whales. M.Sc. Thesis. Oregon State University. 36 pp.

McClain, C.R.; J.R. Christian; S.R. Signori; M.R. Lewis; |l. Asanuma; D. Turk and C. Dupoy-
Douchement. 2002. Satellite ocean-color observations of the tropical Pacific Ocean.
Deep Sea Research Il 49:2533-2560.

McPhaden, M.J. 1996. Monthly period oscillations in the Pacific North Equatorial
Countercurrent. Journal of Geophysical Research: Oceans . Vol. 101 (C3): 6337-6359. DOI:
10.1029/95JC03620

Minas, H.J. and M. Minas. 1992. Net community production in “High Nutrient-Low
Chlorophy!” waters of the tropical and Antartic Oceans: grazing vs. iron hypothesis.
Oceanologica Acta. 15(2):145-162.

Moser, H.G.; P. E. Smith; R. L. Charter; D. A. Ambrose; W. Watson; S. R. Charter, and E. M.
Sandknop. 2002. Preliminary report on ichthyoplankton collected in manta (surface) net
tows on marine mammal surveys in the eastern tropical pacifici: 1987-2000. Administrative
Report LJ-02-18. Southwest Fisheries Science Center, La Jolla, California. 71 pp.

Miiller-Karger, F.E. and C. Fuentes-Yaco. 2000. Characteristics of wind-generated rings
in the Eastern Tropical Pacific Ocean. Journal of Geophysical Research 105:1271-1284.

Nakamura, 1. 1985. Billfishes of the World. An annotated and illustrated catalogue of
marlins, sailfishes, spearfishes and swordfishes known to date. FAO Species Catalogue.
Vol. 5. FAO Fisheires Synopsis 5 (125). 65 p.

NOOA. 2014. South West Fisheries Science Center. The Tuna-Dolphin Issue. https:/swfsc.
noaa.gov/textblock.aspx?Division=PRD&ParentMenuld=228&id=1408

Olson, R.J. and F. Galvan-Magaiia. 2002. Food habits and consumption rates of common
dolphinfish (Coryphaena hippurus) in the eastern Pacific Ocean. Fishery Bulletin 100(2):
279-298.

Olson, R.J.; B. N. Popp; B. S. Graham; G. A. Lépez-lbarra; F. Galvian-Magaia; C. E.
Lennert-Cody; N. Bocanegra-Castillo; N. J. Wallsgrove; E. Gier; V. Alatorre-Ramirez; L.
T. Ballance and B. Fry. 2010. Food-web inferences of stable isotope spatial patterns in and
yellowfin tuna in the pelagic eastern Pacific Ocean. Progressin Oceanography. 86 (1-2):
124-138.

Olson R.J. and J. W. Young. 2007. The role of squid in open ocean ecosystems. Report
of a GLOBEC-CLIOTOP/PFRP workshop, 16-17 November 2006, Honolulu, Hawaii, USA.
GLOBEC Report 24: vi, 94pp.

Ortiz-Astudillo, A.F. 2013. Efecto de la variabilidad ambiental interanual en la distribucion
y abundancia de larvas de dorado (Coryphaena sp.) en el Pacifico Central Oriental. Tesis
De Maestria. Instituto Politécnico Nacional. Centro Interdisciplinario de Ciencias Marinas.
97 pp.

Palacios, D.M. and S.J. Bograd. 2005. A census of Tehuantepec and Papagayo eddies in
the northeastern tropical Pacific. Geophysical Research Letters. 32. L23606.

Panigada S.; G. Pesante; M. Zanardelli; F. Capoulade; A. Gannier and M.T. Weinrich.
2006. Mediterranean fin whales at risk from fatal ship strikes. Marine Pollution Bulletin 52:
1287-1298.

Pardo, M.A.; T. Gerrodetter; E. Beier; D. Gendron; K.A. Forney; S.J. Chivers; J.Barlow
and D.M. Palacios. 2015. Inferring cetacean population densities from the absolute

MARVIVA

101



dynamic topography of the ocean in a hierarchical bayesian frammework. PLoS ONE 10(3):
e0120727. doi:101371/journal.pone.0120727 .

Paulmier, A. and D. Ruiz-Pino. 2009. Oxygen minimum zones (OMZs) in the modern
ocean. Progress in Oceanography. 80 (3-4): 113-218. <10.1016/j.pocean.2008.08.001>

Peavey, L.; B. N. Popp; K. E. Arthur; S. Kelez and J.A. Seminoff . 2014. Isotopic evidence
of a specialized diet for the generalist Pacific Olive Riddley Sea Turtle from the Costa rica
Dome. In: Session 4. Applications of Stable Isotope Techniques to Ecological Studies. 9th
International IsoEcol Conference. The University of Western Australia, Perth. 3-8 Augusto.
2014. http://bukibuki.eu/isoecol/IsoEcol2014_files/IsoEcol2014FullBookletFinal.pdf

Pendleton, L.; F. Krowicki; P. Strosser and J. Hallett-Murdoch. 2014. Thevalue of marine
and coastal ecosystem services in the Sargasso. Sea Working Paper EE 14- Duke
Environemntal and Energy Economics Working Paper Series. Nicholas Institute for
Environmental Policy Solutions. Duke University, North Carolina, U.S.A.. 38 pp.

Pennington, J.T.; K. L. Mahoney, V.S. Kuwahara; D.D. Kolber; R. Caliens and F.P. Chavez.
2006. Primary productivity in the Eastern Tropical Pacific. Progress in Oceanography 69:
285-317.

Perry, R.l.; P.Cury; K.Brander; S. Jennings; C. Mélmann and B. Planque. 2010. Sensitivity
of marine systems to climate and fishing: Concepts, issues and management responses.
Journal of Marine Systems Vol. 79 (3-4): 427- 435.
http://dx.doi.org/10.1016/jjmarsys.2008.12.017.

Pitman, R.L.; H. Fearnbach; R. LeDuc; J. W. Gilpatrik Jr.; J.K.B. Ford; and L. T. Ballance.
2007. Killer whales preying on a blue whale calf on the Costa Rica Dome: genetics,
morphometrics, vocalisations and composition of the group. Journal of Cetacean
Research and Management 9(2):151-157.

Poisson, F.; J. D. Filmalter; A. Vernet and L. Dagorn. 2014. Mortality rate of silky sharks
(Carcharhinus falciformis) caught in the tropical tuna purse seine fishery in the Indian
Ocean. Canadian Journal of Fisheries and Aquatic Sciences 71(6): 795-798.

Potier, M.; E. Romanov; Y. Cherel; R. Sabatié; V. Zamorov and F. Ménard. 2008. Spatial
distribution of Cubiceps pauciradiatus (Perciformes: Nomeidae) in the tropical Indian
Ocean and its importance in the diet of large pelagic fishes. Aquatic Living Resources 21,
123-134 . DOI: 10.1051/alr:2008026

Prince, E. D. and C. P. Goodyear. 2004. Hypoxia based habitat compression of tropical
pelagic fishes. Fisheries Oceanography 15: 451-464.

Prince, E. D. and C. P. Goodyear. 2007. Consequences of ocean scale hypoxia constrained
habitat for tropical pelagic fines. Gulf and Caribbean Research 19(2): 17-20.

Prince, E. D.; D.B. Holts; D. Snodgrass; E.S.Orbesen; J. Luo; M.L. Domeier and J.E.
Serafy. 2006. Transboundary movements of Sailfish, /stiophorus platypterus, off the
Pacific coast of Central America. Bulletin of Marine Science. 79(3): 827-838.

Pusch, C., A. Beckmann, F. Mora-Porteiro and H. von Westernhagen. The influence of
seamounts on mesopelagic fish communities. Archive of Fishery and Marine Research,
51(1-3): 2004.

Quirds, G.E. and F. Miiller-Karger. 1999. View of ring dynamics in the Nor-Eastern Tropical
Pacific as seen in CZCS and AVHRR imagery. Geofisica internacional. IPGH. México. Vol Il.

Redfern, J. V.; M.F. Mckenna; T.J. Moore; J. Calambokidis; M.L. Deangelis; E.A. Becker;
J. Barlow; K.A. Forney; P.C. Fiedler and S.J. Chivers. 2013. Assessing the Risk of Ships
Striking Large Whales in Marine Spatial Planning. Conservation Biology, 27 (2): 292-302.

Reilly, S.B. 1990. Seasonal changes in distribution and habitat differences among
dolphins in the eastern tropical Pacific. Marine Ecology Progress Series 66: 1-11.

102

THE THERMAL DOME OF COSTA RICA

Rochette, J.; R. Billé; E.J. Molenaar; P. Drankier and L. Chabason. 2015. Regional oceans
governance mechanisms: A review. Marine Policy 60: 9-19.

Reilly, S. B. and V. G. Thayer. 1990. Blue whale (Balaenoptera musculus) distribution in the
eastern tropical Pacific. Marine Mammal Science 6(4): 265-277.

Robinson, C.; D.K. Steinberg; T.R. Anderson; J. Aristegui; C.A. Carlson; J.R. Frost; J.F.
Ghiglione; S. Hernandez-Ledn; G.A. Jackson; R. Koppelmann; R.; B. Quéguineri; O
Ragueneau; F. Rassoulzadegan; B.H. Robison; C. Tamburini; T. Tanakak; K.F. Wishner
and J. Zhango. 2010. Mesopelagic zone ecology and biogeochemistry - a synthesis. Deep
Sea Research Part II: Topical Studies in Oceanography. 57 (16): 1504-1518.

Rodriguez-Grana, L.; L. Castro; M. Loureiro; H.E. Gonzalez and D. Calliari. 2005. Feeding
ecology of dominant larval myctophids in an upwelling area of the Humboldt Current.
Marine Mammal Science 290: 119-134

Romero-Centeno. R.; J. Zavala-Hidalgo; A. Gallegos; J. J. O’Brienand and G. B. Raga,
2007: Midsummer gap winds and low level circulation over the eastern tropical Pacific.
Journal of Climate 20: 3768-3784.

Romero, O.E.; G. Leduc; L. Vidal and G. Fischer. 2011. Millennial variability and long term
changes of the diatom production in the eastern equatorial Pacific during the last glacial
cycle. Paleoceanography 26: 2212, DOI:10.1029/2010PA002099

Rosa, R. and B.A. Seibel. 2008. Synergistic effects of climate-related variables suggest
future physiological impairment in a top oceanic predator. Proc Natl Acad Sci USA.
105(52): 20776-20780. DOI: 10.1073/pnas.0806886105

Saito, M.A.; G. Rocap and J.W. Moffett. 2005. Production of cobalt binding ligands in a
Synechococcus feature at the Costa Rica upwelling dome. Limnology and Oceanography
50(1): 279-290.

Sakagawa, G. T. 1989. Trends in fisheries for swordfish in the Pacific Ocean. In : Stroud, R.
H. (Ed.). Proceedings Second International Billfish Symposium, Kailua-Kona, Hawaii, 1-5
August 1988. Fisheries and Stocks Synopsis, Data Need and Management, pp. 61-79.

Sanders, N.K. and J. Childress. 1990. Adaptations to the Deep-Sea Oxygen Minimum
Layer: Oxygen Binding by the Hemocyanin of the Bathypelagic Mysid, Gnathophausia
ingens Dohrn. The Biological Bulletin 178: 286-294.

Sameoto, D. 1986. Influence of the biological and physical environment on the vertical
distribution of the mesozooplankton and micronekton in the eastern tropical Pacific.
Marine Biology 93: 263-279.

Sameoto D.; L. Guglielmo and M.K. Lewis. 1987. Day/night vertical distribution of
euphausiids in the eastern tropical Pacific. Marine Biology 96:235-245

Samuelsen, A. 2005. Modeling the effect of eddies and advection on the lower trophic
ecosystem in the Northeast Tropical Pacific. Dissertacion Departmento de Oceanografia
Florida State University. Available from: http:/etd.lib.fsu.edu/theses/available/etd-
03242005-175448/

Sasai, Y.; H. Sasaki; K. Sasaoka, A. Ishida and Y. Yamanaka. 2007. Marine ecosystem
simulation in the eastern tropical Pacific with a global eddy resolving coupled physical-
biological model. Geophysical Research Letters. 34: L23601: doi:10.1029/2007GL031507.

Sasai, Y.; K.J. Richards, A. Ishidaa and H. Sasaki. 2012. Spatial and temporal variabilities
of the chlorophyll distribution in the northeastern tropical Pacific: The impact of physical
processes on seasonal and interannual time scales. Journal of Marine Systems 96-97:24-31

Schaefer, K.M.; D.W. Fuller and B. Block. 2009. Vertical movements and habitat utilization
of skipjack (Katsuwonus pelamis), Yellowfin (Thunnus albacares), and Bigeye (Thunnus
obesus) tunas in the equatorial Eastern Pacific Ocean, Ascertained Through Archival Tag

MARVIVA

103



Data. En: pp:121-144. J.L. Nielsen et al. (eds.), Tagging and Tracking of Marine Animals with
Electronic Devices, Reviews: Methods and Technologies in Fish Biology and Fisheries 9,
DOI101007/978-1-4020-9640-2 8, Springer. 452 pp.

Shillinger, G. L.; A.M. Swithenbank; S. J. Bograd; H. Bailey; M.R. Castelton; B.P.
Wallace; J.R: Spotila; F. Paladino; R. Piedra and B. Block. 2070. Identification of high-
use internesting habitats for eastern Pacific leatherback turtles: role of the environment
and implications for conservation. Endangered Species Research 10: 215-243.s. Vol. 10:
215-232. DOI: 10.3354/esr00251

Shimode, S.; K. Takahashi; Y. Shimizu; T. Nonomura and A. Tsuda. 2014. Distribution and
life history of two planktonic copepods, Rhincalanus nasutus and Rhincalanus rostrifrons,
in the northwestern Pacific Ocean. Deep Sea Research Part I: Oceanographic Research
Papers. Vol. 65: 133-145.

Schénau, M.C. and D. L. Rudnick. 2015. Glider observations of the North Equatorial
Current in the western tropical Pacific. Journal of Geophysics Research (Oceans). 120
(5): 3586-3605.

Segura, L.; R.M. Herndndez and L. Morones. 1992. Distribucion y abundancia de los
guetogantos (Chaetognatha) en la region del Domo de Costa Rica. Revista de Biologia
Tropical. 40(1): 35-42.

Seibel, B.A. 2011. Critical oxygen levels and metabolic suppression in oceanic oxygen
minimum zones. The Journal of Experimental Biology 214: 326-336.

Sims, D.W.; E.J. Southall; V. A. Quayle and A. M. Fox. 2000. Annual social behaviour of
basking sharks associated with coastal front areas. Proceedings of the Royal Society of
London. 267:1897-1904.

Staff, D.J.; J.V. Redfern; W.F. Gilly; W. Watson and L.T. Balance. 2013. Distribution of
ommastrephid paralarvae in the eastern tropical Pacific. Fishery Bulletin. 111; 78-89.

Stafford, K.M.; S.E. Moore and C.G. Fox. 2005. Diel variation in blue whale calls
recorded in the eastern tropical Pacific. Animal Behaviour. 69: 951-958. doi:10.1016/].
anbehav.2004.06.025

Stramma, L.; G. C. Johnson; J. Sprintall and V. Mohrholz. 2008. Expanding Oxygen-
Minimum Zones in the Tropical Oceans. Science. 320 (5876): 655-658.

Stramma, L.; S. Schmidtko; L.A. Levin and G.C. Johnson. 2010. Ocean oxygen minima
expansions and their biological impacts. Deep-Sea Research. Part |. Oceanographic
Research Papers. 57(4): 587-595.

Stramma, L.; E. D. Prince; S. Schmidtko; J. Luo; J. P. Hoolihan; M. Visbeck; D. W. R.
Wallace; P. Brandt and A. Kértzinger. 2012. Expansion of oxygen minimum zones may
reduce available habitat for tropical pelagic fishes. Nature Climate Change 2: 33-37.
doi:10.1038/nclimatel304.

Strutton, P.G. and F.P. Chavez. 2000. Primary productivity in the equatorial Pacific
during the 1997-1998 EI Nifo. Journal of Geophysical Research 105 (C11): 26089-26101.

Stukel, M., M. Décima, K.E. Selph, D.A. Taniguchi and M. R. Landry. 2013. The role
of Synechococcus in vertical flux in the Costa Rica upwelling dome. Progress in
Oceanography 112-113 (2013) 49-59.

Sudrez M., E. and Gasca S., R. 1989. Copépodos calanoides epiplancténicos del Domo
de Costa Rica (julio-agosto, 1982). Ciencias Marinas, 15(1):89-102.

The Billfish Foundation. 2013. Pesca recreativa en Panama: una mina de oro econdmica
natural. 16 pp.

The Economist. 2014. The tragedy of the high seas. Edicion Impresa. Febrero 22, 2014.

104

THE THERMAL DOME OF COSTA RICA

Teuber L; A. Schukat; W. Hagen and W. Aue. 2013. Distribution and ecophysiology
of calanoid copepods in relation to the Oxygen Minimum Zone in the Eastern Tropical
Atlantic. PLoS ONE 8(11): €77590. doi:10.1371/journal.pone.0077590

Tournadre, J. 2014. Anthropogenic pressure on the open ocean: The growth of ship traffic
revealed by altimeter data analysis. Geophysical Research Letters. 41( 22): 7924-7932.

Travassos, M.; J.D. Filmalter; P.Bach; P. Travassos; B. Seret and L. Dagorn. 2015. Banning
is not enough: The complexities of oceanic shark management by tuna regional fisheries
management organizations. Global Ecology and Conservation 4:1-7.

Trebilco, R.; B. S. Halpern; J.M. Flemming; C. Field; W. Blanchard and B. Worm. 2011.
Mapping species richness and human impact drivers to inform global pelagic conservation
prioritisation. Biological Conservation. 144:1758-1766.

Triibenbach, K.; T. Teixeira; M. Diniz and R. Rosa. 2013 a. Hypoxia tolerance and
antioxidant defense system of juvenile jumbo squids in oxygen minimum zones. Deep Sea
Research 95:209-217.

Triibenbach, K., M.R: Pegado, B.A. Seibel and R. Rosa. 2013 b. Ventilation rates and
activity levels of juvenile jumbo squid under metabolic suppression in the oxygen minimum
zone. The Journal of Experimental Biology. 216: 359-368.

Ulloa, O.; D. E. Canfield; E. F. DeLong; R. M. Letelierd and F. J. Stewart. 2012. Microbial
oceanography of anoxic oxygen minimum zones. PNAS. 109 (40): 15996-16003.

Umatani, S. and T. Yamagata. 1991. Response of the eastern tropical Pacific to meridional
migration of the ITCZ: the generation of the Costa Rica Dome. Journal of Physical
Oceanography 21: 346-363.

Vecchione. M. 1987. Juvenile ecology. En: Boyle, P. R. (Ed.). Cephalopod life cycles.
Volumen Il, Comparative reviews. Academic Press, London, pp. 61-84

Vecchione, M. 1999. Extraordinary abundance of squid paralarvae in the tropical eastern
Pacific Ocean during El Nifo of 1987. Fisheries Bulletin 97: 1025-1030.

Vicencio-Aguilar, M. and Fernandez-Aalamo, M.A ., 1996. Zooplancton del Domo de Costa
Rica, taxonomia y biogeografia. Revista de Biologia Tropical 44 (2): 631-642.

Vilchis, L.1.; L.T. Balance and P.C. Fiedler. 2006. Pelagic habitat of seabirds in the eastern
tropical Pacific: effects of foraging ecology on habitat selection. Marine Ecology Progress
Series 315: 279-292

Vilchis, L. I.; L. Balance and W. Watson. 2009. Temporal variability of neustonic
ichthyoplankton assemblages of the eastern Pacific warm pool: Can community structure
be linked to climate variability? Deep-Sea Research | 56: 125-140.

Vinogradov, M.Y.; E.A. Shushkina; A.. Gorbunov and N.L. Shashkov. 1991. Vertical
distribution of the macro- and mesoplankton in the region of the Costa Rica Dome.
Oceanology 31, 559-565.

Waluda, C.M. and P.G. Rodhouse. 2006. Remotely sensed mesoscale oceanography of
the Central Eastern Pacific and recruitment variability in Dosidicus gigas. Marine Ecology
Progress Series 310: 25-32.

Weng, K. and Block. B. 2004. Diel vertical migration of the bigeye thresher shark (Alopias
superciliosus), a species possessing orbital retia mirabilia. Fishery Bulletin 102 (1): 221-229.

Wild, A. 1994. A Review of the biology and fisheries for yellowfin tuna, Thunnus albacares
in the eastern Pacific ocean, http://www.faoc.org/docrep/005/t1817¢/t1817e03.htm  En:
pp: 52-107.R. S. Shomura, J. Majkowski y S. Langi (Eds.). Interactions of Pacific tuna
fisheries. Proceedings of the First FAO Expert Consultation on Interactions of Pacific Tuna

MARVIVA

105



Fisheries. 2- Papers on biology and fisheries. 456 pp.

Williams, R. 2013. Trophic Ecology of oxygen Minimum Zone Zooplankton reveled by
carbon and nitrogen stable isotopes. Ph.D. Dissertation. University of Rhode Island. 150
PP.

Williams, R.; C. Erbe; E. Ashe; A. Beerman and J.Smith. 2014. Severity of killer whale
behavioral responses to ship noise: A dose-response study. Marine Pollution Bulletin. 79
(1-2): 254-260.

Wishner, K.F., C. Gelfman; M.M. Gowing; D.M. Outram; M. Rapien and R.L. Williams.
2008. Vertical zonation and distributions of calanoid copepods through the lower oxycline
of the Arabian Sea oxygen minimum zone. Prog Oceanogr, 78: 163-191.

Wishner, K.F., D. M. Outram, B. A. Seibel, K.L. Daly and R.L. Williams. 2013. Zooplankton
in the eastern tropical north Pacific: Boundary effects of oxygen minimum zone expansion.
Deep Sea Research Part I: Oceanographic Research Papers. 79:122-140.

Woodson, C.B. and M.A. MacManus. 2007. Foraging behavior can influence dispersal of
marine organisms. Limnology and Oceanography 52(6), 2007, 2701-2709.

Wyrtki, K. 1964. Upwelling in the Costa Rica Dome. Fishery Bulletin: Vol. 63(2): 355-372.

Wyrtki, K. and R. Kendall. 1967. Transports of Pacific equatorial countercurrent. Journal of
Geophysical Research. 72 (8): 2073-2076. DOI: 10.1029/J7072i008p02073

WWEF. 2013. Finding Management Solutions for Underwater Noise in Canada’s Pacific.
Vancouver Aquarium and WWF-Canada, Vancouver, B.C. 96 pp.

Xie, S.P.; H.Xu; W.S. Kessler and M.Nonaka. 2005. Air-sea interaction over the eastern
Pacific warm pool, gap winds, thermocline dome, and atmospheric convection. Journal of
Climate, 18: 5-20.

Xue,Y.; B. Huang; Z. Hu, A. Kumar, C. Wen, D. Behringer and S. Nadiga. 2011. An
assessment of oceanic variability in the NCEP climate forecast system reanalysis. Climate
Dynamics 37:2511-2539.

Zhang S.; M. J. Harrison; A. Rosati and A. T. Wittenberg, 2007: System design and
evaluation of coupled ensemble data assimilation for global oceanic climate studies. Mon.
Weather Rev. 135(10): 3541-3564. DOI:10.1175/MWR3466.1

Zhang, W.; T. Kataoka; M. Landry and H- Liu. 2014. Tintinnid Community (Ciliophora:
Tintinnina) in estern tropical Pacific off Costa Rica in summer 2010. In: Ocean Science
Meeting. Honolul Hawaii, Poster: 3196. http:/www.sgmeet.com/osm2014/viewabstract.
asp?AbstractID=15654

Zhao, J.; Y. Li; and F. Wang. 2013. Dynamical responses of the west Pacific North Equatorial
Countercurrent (NECC) system to El Nifo events. Journal of Geophysical Research 118:
2828-2844. doi:10.1002/jgrc.20196.




FUMNDACICON MARVIVA 15 8 reglonal,
non-govermnmental. non-profit organization
that focuses its actions In selected areas of
the Tropical East Facific. It alms to promote
the conservation and sustainable use of
marine and coastal resources In the Eastern
Tropical Pacific, in order to maka it
blodivarse, healthy and generator

of well-being for present and future
generations.

CUR OFFICES,

COLOMBIA +571 743 - 5207
PAMAMA +570 317 - 4350
COSTA RICA +506 2290 - 3647

FIMDY LS QM

To collaborate with our work:
donacionesamanyiva.nat
Wi marviva.net

Capported by

o

Federal Mlirisiry

i i Ervercniindl, Niduin Cofigivalian,

asldng aed Muchyar Saluty

based o & deciilon of 1k Garman Bundeslag

G328l

Gliskal Opean Bindhwersity Inilatie



