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Seasonal and interannual variations in the distributions of
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ABSTRACT

Seasonal and interannual (El Nifio—La Nifia) variations in dolphin distributions in the eastern tropical Pacific Ocean have not been quantified, in
spite of an extensive research vessel database. Fisheries observer data from the yellowfin tuna purse-seine fishery, collected year-round from 1986
through 2015, were used to construct a binned spatiotemporal dataset of the presence/absence of spotted, spinner and common dolphin schools by
month and 1° area. Distribution patterns were predicted from generalised additive logistic regression models applied to the binned data, with dynamic
predictors of surface temperature and salinity, thermocline depth and a stratification index. The dolphin taxa, especially common dolphins, show
some niche separation in relation to these variables. Predicted distributions for each taxon showed seasonal and interannual differences. Spotted
and spinner dolphins responded to changes in the position and size of the eastern Pacific warm pool and avoided the equatorial cold tongue in
September—October and during La Nifia. Common dolphins responded to seasonal and interannual changes in the Costa Rica Dome, the cold tongue,
and the coastal upwelling habitat along Baja California, Peru and Ecuador. These predicted temporal variations are consistent with changes in

preferred habitat driven by environmental variability.
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INTRODUCTION

Species distribution patterns and changes in these patterns
over time are integral to studies of habitat use, population
dynamics, and ecological and evolutionary relationships.
Species distribution models relate spatial patterns of species
to environmental variables that vary in space and perhaps
time. Such models are fundamental to understanding habitat
utilisation in both geographical and ecological (niche) space.
More practically, they are also useful to objectively fill gaps
in survey data, although extrapolation beyond the spatial or
temporal extent of the observations is challenging (Redfern
etal.,2017).

The eastern tropical Pacific Ocean (ETP) is a significant
part of the global tropical ocean and includes several water
masses and habitat types (Fig. 1) that can influence the
distribution of species (Ballance et al., 2006; Fiedler and
Talley, 2006). Among the 10 or more species of dolphins that
reside in the ETP, three species have been the focus of much
research and management concern because of their
involvement with the yellowfin tuna (Thunnus albacares)
purse-seine fishery (Hall, 1998; National Research Council,
1992): the spotted dolphin; the spinner dolphin; and the
common dolphin. The association between tuna and dolphins
in the region is thought to be related to unusual habitat
conditions (Scott et al., 2012).

The eastern Pacific warm pool, characterised by warm
surface temperature and high stratification, is part of the
warm, low-salinity tropical surface water (TSW) mass.
Surface salinity is lowest in the Gulf of Panama. This water
mass is highly stratified, with a shallow mixed layer depth,
which results in a shallow oxygen minimum layer (Fiedler
and Talley, 2006). The warm pool is the centre of the ETP
tuna purse-seine fishery (IATTC, 2018) that targets yellowfin

tuna associated with dolphins. South of the warm pool, the
equatorial cold tongue is cool, moderate-salinity water
overlying an equatorial thermocline ridge resulting from
equatorial upwelling. The equatorial front is the northern
boundary of the equatorial cold tongue. The countercurrent
thermocline ridge lies along 10°N, associated with the
eastward North Equatorial Countercurrent on the south side
and the westward North Equatorial Current on the north side.
The Costa Rica Dome is the eastern end of this thermocline
ridge and is a site of oceanic upwelling and enhanced
productivity (Fiedler, 2002).

Cold, low-salinity eastern boundary currents, the California
and Peru Currents, flow into the ETP along the coasts of
North and South America. These currents are the eastern,
equatorward segments of the North and South Pacific
subtropical gyres. The subtropical gyres encompass warm,
high-salinity subtropical surface water masses. Productivity
is enhanced seasonally in the regions of coastal and oceanic
upwelling: the eastern boundary currents, the equatorial cold
tongue and the Costa Rica Dome.

The spatial patterns illustrated as climatologies in Fig. 1
are dynamic both within and between years. Seasonal and
ENSO (EI Niflo-Southern Oscillation)-related variability in
ETP oceanography are reviewed in Fiedler and Talley (2006)
and Wang and Fiedler (2006). Interannual variability due to
ENSO and seasonal variability are known to be of
comparable magnitude in the ETP (Fiedler et al., 2013). The
intertropical convergence zone (ITCZ) reaches its northern
extreme in September (Hastenrath, 2002) and southeast trade
winds blow across the equator. Equatorial upwelling is high
and the cold tongue is pronounced. To the north of the cold
tongue, seasonal temperature changes are slight, but
warming and cooling do occur to the north and south of a
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Fig. 1. Climatologies of oceanographic predictor variables (1980-2015) and important environmental features in the eastern tropical Pacific. Dotted line marks
the extent of Southwest Fisheries Science Center (SWFSC) research vessel surveys.

thermal equator at ~10°N. Salinity of tropical waters north
of the equator is lower in October—November due to seasonal
rains associated with the ITCZ. Seasonal winds force local
changes in surface temperature, circulation and upwelling
along the equator, the Central American coast and at the
Costa Rica Dome.

ENSO changes are only partially analogous to seasonal
changes. ENSO changes in winds and in surface and
subsurface temperature are most pronounced along the
equator, but similar changes occur in tropical waters north
of the equator (Wang and Fiedler, 2006). During warm EI
Nifo events, surface waters are warmer and the thermocline
is deeper throughout the region, more so along the equator
than to the north. Trade winds are weak, so that wind-driven

upwelling and nutrient input for phytoplankton production
are decreased. During La Nifa, the cold phase of ENSO,
the changes in the ETP go the opposite way, but with a
somewhat lesser magnitude (An and Jin, 2004).
Comparison of the species distributions estimated from
research vessel surveys (Gerrodette et al., 2008) for the
dominant dolphin species in the ETP in warm and cold years
suggests that species/stock ranges may expand or contract in
response to environmental changes (Fiedler and Reilly, 1994;
Ballance et al., 2006). Pantropical spotted dolphins are
globally distributed in tropical and some subtropical waters,
from 30-40°N to 20-40°S. Offshore pantropical spotted
dolphins (Stenella attenuata attenuata, Gray 1846) are the
most abundant species in the ETP (Gerrodette and Forcada,



J. CETACEAN RES. MANAGE. 20: 67-79, 2019 69

2005). Spinner dolphins (S. longirostris, Gray 1828), in
common with spotted dolphins, are circumtropical but show
a different pattern of sub-specific differentiation in the
eastern Pacific than spotted dolphins do (Leslie and
Morin, 2018). There are several distinct sub-species of
spinner dolphin, with the most abundant being the eastern
spinner dolphin (S. /. orientalis, Perrin 1990). A third ETP
spinner stock, referred to as ‘whitebelly’ spinners, is thought
to be a hybrid of the eastern spinner and Gray’s spinner
(S. L longirostris, Perrin 2010; Perrin, 2018b). Whitebelly
spinners are found in the region to the west and south of
eastern spinner dolphins in the ETP. Two forms of common
dolphins occur within the ETP: short-beaked common
dolphins (Delphinus delphis delphis Linnaeus 1758) are the
offshore warm-temperate form found throughout the ETP
and globally, while the long-beaked form (D. d. capensis,
formerly D. capensis; Committee on Taxonomy, 2017) are
found in cooler nearshore waters to the north and south of
the yellowfin tuna fishery (Hamilton et al., 2009).

Although the ETP has some of the most extensive cetacean
line-transect survey coverage in the world (Kaschner ef al.,
2012), there are gaps in temporal coverage (Fig. 2), which
results in an incomplete picture of inter-annual and inter-
seasonal changes in dolphin species distributions. For
example, the only recent ENSO warm/cold event adequately
covered by research vessel surveys was 1986-88; the first
year of the major 1997-99 event was missed. In addition,

(A) SWFSC effort, 103km

all research vessel surveys that completely cover the ETP
have been in August-November (Gerrodette et al., 2008),
and therefore these data cannot resolve seasonality of
distributions.

An alternative source of data for dolphins in the ETP are
the marine mammal sightings data collected by fisheries’
observers onboard tuna vessels searching for and setting on
tuna associated with dolphins (Bayliff, 2001; Wahlen, 1986).
For decades, purse-seiners fishing for yellowfin tuna set nets
on dolphins, primarily pantropical spotted dolphin, eastern
spinner dolphin and common dolphin, to catch the associated
tuna (National Research Council, 1992). Observers have
been placed aboard large purse-seiners to monitor dolphin
bycatch (Bayliff, 2001; National Research Council, 1992)
and, more recently, to collect catch and bycatch data for
many more species involved in the purse-seine fishery
(Joseph, 1994). The tuna vessel observer data (TVOD)
spatial coverage within the ETP is similar to that of the
research vessel data, while the temporal coverage is much
more extensive (Fig. 2). However, as fishery-dependent data,
the TVOD have a variety of known biases (Buckland and
Anganuzzi, 1988; Lennert-Cody et al., 2001; 2016; Ward,
2005) that must be taken into consideration.

The objectives of this paper were to extend understanding
of dolphin distributions in the ETP by describing seasonal
and interannual variation in dolphin habitat use and to
demonstrate that useful inferences about dolphin populations
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Fig. 2. Total search effort for ETP dolphins by month and year: (A) SWFSC research vessel surveys; and (B) tuna vessel
observers. Search effort is km of search, or tuna vessel trackline, while observers were on duty.
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can be derived from fishery observer data. TVOD, post-
processed to minimise the effects of known biases on the
analyses, were used to explore questions that cannot be
addressed using research vessel data, yielding original
insights into seasonal and interannual movement patterns of
tuna-associated dolphins. Species distribution models of
presence-absence (the probability of one or more dolphin
schools) were built for three taxa: spotted dolphin, spinner
dolphin and common dolphin. Model projections are
presented for the climatological spatial distributions and for
differences between the seasonal extremes of March—April
and September—October and between El Nifio and La Nifia
years. These differences are interpreted as responses to
seasonal and interannual changes in dolphin habitat,
extending our knowledge of variability in the distributions
of these rare top predators. Finally, the ecological
significance of the modelled distributions and implied
responses to seasonal and interannual variations in the
environment are discussed.

MATERIALS AND METHODS

Tuna vessel observer data

TVOD were collected by Inter-American Tropical Tuna
Commission (IATTC) observers aboard vessels of the
international fleet and by National Marine Fisheries Service
(NMFS) observers aboard US-flagged vessels. These data
were processed and binned into 1° monthly ‘cells’ for each
of the years from 1986 through 2015. Prior to 1986, the
sampling did not adequately represent all vessels participating
in the fishery (Joseph, 1994). Spatial coverage of the 1986—
2015 TVOD search effort is shown in Fig. 3. As has been
observed previously (cf. Hall ef al., 1999), fishing effort
tends to increase south of the equator in the austral summer
and extend much farther to the west, north of the equator in
the boreal summer. Temporal variability of total search effort
is illustrated in Fig. 2. TVOD dolphin sightings are collected
when purse-seiners fishing on dolphin-associated tuna are
actively searching. Thus, changes in coverage may be
influenced by tuna availability and weather.

The unbinned data included information on vessel activity
(e.g. searching, running, setting), positions, dates and times
of various vessel activities, observer status (on/off duty) and
dolphin school sighting information (species, school size)
for each day during a vessel’s trip. Data processing was
designed to minimise known biases in the TVOD, which
include non-random distribution of search effort and a
tendency for dolphin sightings to be of schools associated
with tuna (Buckland and Anganuzzi, 1988; Lennert-Cody et
al.,2001; 2016), and a positive correlation between dolphin
school size and tuna catch (Hall et al., 1999).

Search effort per 1° monthly cell was computed and used
to exclude cells where effort was too low to have been likely
to represent adequate search for dolphin schools. Very
low effort per cell could have occurred because vessels
were simply transiting the area, and search during transit
appears to have different characteristics to non-transit search
(Lennert-Cody et al., 2016). Search effort by cell was
computed as follows. Trip-days that did not have at least two
valid positions and any days that had no period of on-duty
searching (i.e. observer on-duty and vessel in search mode)

were dropped. Then, during a trip-day, a ‘search segment’
was defined as any pair of records that corresponded to a
period of on-duty searching. For every search segment that
did not have known start and/or end positions, the positions
were estimated from known position information as close
in time as possible to the segments without position
information. The distance spent searching (in km) was then
computed from each segment and summed over segments
(or fractions thereof) within each cell. Only those cells with
at least 50km of search effort were retained for further
analysis, assuming that this level of effort would have been
adequate to detect dolphin schools if present; this excludes
38.7% of cells (mean search effort = 164.7km, median =
99.4km).

Dolphin sightings were summarised by cell for those cells
with more than 50km of search effort. Spotted and spinner
dolphins associated with tuna in the ETP can form pure- or
mixed-species schools (Hall ez al., 1999). In this analysis,
sightings assigned to each species included both pure- and
mixed-species schools. The majority of sightings recorded
by observers were initially detected by the vessel crew
although observers were instructed to make their own
estimates of species composition and school size whenever
possible. Because observers did not have access to high-
powered searching equipment (and were not allowed to
interfere with the searching process of the vessel crew), any
sightings made only by the observer, without being referred
by the crew, were deemed to be of questionable quality and
therefore were also excluded from the analysis.

For sightings referred by the crew, observers made initial
estimates of dolphin school size and species composition if
they were able to adequately view the school. The observer
made a final (‘best’) estimate of school size and species
composition if the dolphins were later involved in a purse-
seine set. When available, observers’ best estimates of school
composition were used, otherwise their initial estimates were
used (Table 1). For spotted dolphins, the estimates of species
composition by the vessel crew were used if no observer
estimates were available. Vessel crew sightings of spinner
dolphins were not used because they were not recorded to
stock. In addition, no vessel crew sighting data were used
for common dolphins because the vessel crew did not
distinguish between common dolphins and whitebelly spinner
dolphins (the crew record both species as ‘whitebelly’
dolphin). To minimise potential bias in the reporting of
dolphin schools that were associated with tuna (Lennert-
Cody et al., 2016) and the positive correlation of school size
with tuna catch (Hall et al., 1999), neither the number of
dolphin schools nor estimates of school size were used. The
number of sightings per cell was converted into presence
(one or more schools sighted) or absence (no schools
sighted), independent of school size.

Predictor variables

Oceanographic predictor variables were extracted from
composites of six ocean reanalysis datasets (Fiedler et al.,
2017): ECDA v3.1% ESTOC v02c¢*; GECCO2 v34 55%

3 www.gfdl.noaa.gov/ocean-data-assimilation/
*www.godac.jamstec.go.jp/estoc/
3 icdc.zmaw.de/1/daten/reanalysis-ocean/gecco?2
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Fig. 3. (A) Coverage of tuna vessel observer data (TVOD) dolphin sightings, total number of months during 19862015 (scale
is months, 360 total). (B) Yearly coverage of TVOD dolphin sightings data for the months of December and June, number of
years during 19862015 for each month (scale is years, 30 total). (C) Monthly coverage of TVOD dolphin sightings data for
two years, 1993 and 2008, illustrating extremes of yearly coverage. Dotted lines indicate the study area for SWFSC research
vessel surveys (August-November in 1986-1990, 1998-2000, 2003, and 2006).

Table 1

TVOD dolphin sighting identifications, 1986-2015, proportions in pure and mixed schools and by quality
of the identification: best (final, post-set) or initial estimate by the observer, or estimate by crew only. N is
the total number of sightings in the monthly 1° cells.

Spotted Eastern spinner Common
Observer best estimate Pure 0.36 0.10 0.44
Mixed 0.32 0.64 0.01
Observer initial estimate Pure 0.15 0.07 0.54
Mixed 0.08 0.18 0.01
Crew-only estimate Pure 0.06
Mixed 0.02

N= 173,556 53,266 18,357
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GODAS?®; ORAS47; and SODA 3.3.18. Each of the monthly
reanalysis data fields (temperature and salinity) were linearly
interpolated onto 0.25-deg longitude-latitude grids and at
depths of 0, 5, 10, 20, 30,...500m (MATLAB interp3). The
six interpolations were then averaged to produce a composite
to minimise biases and uncertainties in each of the six
reanalyses, which use different inputs and methodologies
(Balmaseda et al., 2015). Variables derived from the
reanalysis data (thermocline depth and stratification index)
were derived from the composited temperature and salinity
fields. The monthly composites were then averaged on 1°
longitude-latitude grids for four oceanographic predictor
variables: surface temperature (TEMP, °C); salinity (SAL,
psu); thermocline depth (TD, m); and stratification index (SI,
°C). The thermocline was defined as the depth interval that
included the upper decile (10%) of 1m temperature gradients
in a 0-300m depth profile of temperature; thermocline depth
is the weighted mean of the depths of this set, with each
depth weighted by the value of the I m temperature gradient.
Stratification index is the standard deviation of temperature
in the near-surface layer, 0-300m (Fiedler, 2010). A static
fifth predictor variable, distance to the edge of the continental
shelf (DIST, km), was derived from the geomorphic features
map (GSFM) of the global ocean (Harris et al., 2014),
excluding smaller islands.

Generalised additive models
A logistic regression model was used to model the
probability of one or more dolphin schools (p) as a function
of covariates using the R (v.3.4.0; R Development Core
Team, 2017) generalised additive model (GAM) package
‘mgev’ (v.1.8-4; Wood, 2011):

logit(p) ~ te(SAL,TEMP) + s(TD) + s(SI)

+ s(DIST) + s(effort) (1

where TEMP and SAL were modelled as a tensor product
smooth surface (te) to differentiate surface water masses, and
the other predictors were modelled as univariate smooth
terms based on thin plate regression splines. Correlations
among the environmental predictor variables in our study
ranged from 0.03 to 0.73 in absolute value (Table 2), but
mgcv is robust to strong functional relationships among
predictor variables (termed ‘concurvity’; Wood, 2008). The
gamma parameter was set to 1.4 (Wood, 2006) and a
maximum of two degrees of freedom was allowed for each
spline to capture non-linear relationships but limit over-
fitting. Search effort per cell (effort) was included as a
covariate in the model to account for its possible effect on
the probability of detecting presence.

A model was built for each species using all observed 1°
year-month presence/absence cells for the 19862015 period,
with corresponding environmental data. Predictions for
seasonal and ENSO periods used estimated parameters from
these models but applied to climatological variable fields for
the respective period. Seasonal extremes are represented
by the periods of March—April and September—October.
An empirical orthogonal function analysis of the monthly
climatologies of the four predictor variables showed a
Swww.cpc.ncep.noaa.gov/products/GODAS

" ecmwf.int/en/research/climate-reanalysis/ocean-reanalysis
8apdrc.soest.hawaii.edu/data/

Table 2

Correlations between environmental predictor variables for monthly, 1°
binned TVOD presence/absence data (n = 126,460). Variables are surface
temperature (TEMP), surface salinity (SAL), thermocline depth (TD),
stratification index (SI) and distance to shelf edge (DIST).

SAL D SI DIST
TEMP -0.54 +0.03 +0.73 +0.10
SAL +0.34 -0.18 +0.29
D +0.58 +0.56
SI +0.46

primary mode that explained 89% of the total variance and
peaked in these months (not shown). These periods resolve
important seasonal variations in the oceanography of the
region (Fiedler and Talley, 2006). Two contrasting ENSO
categories were based on mean NINO3.4 SSTa’ from July
through June of the following year:

El Niflo (NINO3.4 > 0.5 °C): 1986, 1987, 1991, 1994,
1997, 2002, 2004, 2009, 2014, 2015

La Nifa (NINO3.4 < -0.5 °C): 1988, 1995, 1998, 1999,
2000, 2007, 2010, 2011

Both these groups of years extend over the entire period
of'the 19862015 TVOD sightings data used to construct the
model, which should help to reduce the influence of any
temporal changes in data biases on the ENSO predictions.
The effects of each of the predictor variables were assumed
to be the same for each season or ENSO period, i.e. separate
models were not built for each period, nor were interactions
between season or ENSO periods (as factors) and the
environmental variables included in the model. This means
that the predicted model responses to season or ENSO period
are directly determined by seasonal or ENSO-related changes
in the predictor variables rather than by changes over time
in the species-environment relationships.

The relative importance or contribution of predictor
variables to a model prediction was estimated as in Thuiller
et al. (2009). For a given model, each of the five variables
were randomly permuted before being used in prediction.
The correlation of the original prediction with the prediction
using a permuted variable is related to the importance of
the variable: permuting an unimportant variable will change
the prediction only slightly and result in a high correlation,
while permuting an important variable will result in more
change in the prediction and a lower correlation. The scores
of variable importance are equal to 1 minus the mean
correlation for 20 random permutations of each variable,
rescaled to sum to 1 across all predictor variables.

RESULTS

Distributions in space: effects of season and El Nifio/La
Niiia

Spotted dolphin predicted probability of presence (Fig. 4) is
highest in the eastern Pacific warm pool, although to the west
of the warmest surface water off southern Mexico,
Guatemala and Honduras (Fig. 1). Moderate levels of
presence are predicted south of the equator, except in the cool
Peru Current region off Peru and Ecuador. During

® www.cpe.ncep.noaa.gov/data/indices/sstoi.indices
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Fig. 4. Spotted dolphin probability of presence climatology (top), and differences between seasonal extremes and El Nifio and La Nifa years (bottom), predicted
by GAM from TVOD, 1986-2015. Cells with <300km total TVOD effort are masked.

September—October and La Nifia years, the normally low
presence in the equatorial cold tongue declines (blue in the
difference maps). From March—April to September—October,
shifts are predicted from south to north across ~10°N, the
thermal equator in the ETP (Fiedler and Talley, 2006) and
away from Central American coastal waters, particularly the
Costa Rica Dome. From EI Nifio to La Nifia years, predicted
presence shifts away from the equatorial cold tongue both to
the north and south and also declines slightly in the region
of the Costa Rica Dome and Gulf of Panama.

Spinner dolphin predicted probability of presence (Fig. 5)
is restricted to the eastern Pacific warm pool between the
equatorial front and the California Current off Baja
California (Fig. 1). From March—April to September—
October, presence shifts toward the northwest extreme of the
warm pool, similar to the prediction for spotted dolphins.
From EI Nifio to La Nifia years, changes are relatively minor.
However, the increased probability of presence off southern
Mexico during La Nifia suggests that suitable habitat
contracts to the warmest waters of the warm pool during cool
years.

Common dolphin predicted probability of presence
(Fig. 6) is high along the coast of southern Baja California,
in the region of the Costa Rica Dome, and in the Peru
Current and equatorial cold tongue. From March—April to
September—October, predicted presence increases in the
region of the Costa Rica Dome and in the equatorial cold
tongue, but decreases in the Gulf of Panama region; the
predicted presence maximum along Baja California moves
to the north. Predicted presence along the countercurrent

thermocline ridge (~10°N) increases slightly during
September—October, when research vessel surveys had
sightings here (see Fig. 8). From EI Nifio to La Nifa years,
predicted presence increases in the equatorial cold tongue
and decreases in the Gulf of Panama, but there is no clear
response to changes in the region of the Costa Rica Dome.
The ENSO phase changes along southern Baja California are
also not consistent with the seasonal changes.

Table 3 summarises the performance of the GAMs. AUC
(area under the receiver operating characteristic curve) is an
integral measure of the ability of the model to distinguish
observed presences and absences, and COR (point biserial
correlation) measures model goodness-of-fit to observations
(Elith ef al., 2006). The models explained a fair proportion
of variance in the data and successfully predicted presence
of dolphins. Correspondence between model-predicted
presence and observed dolphin sightings in a research vessel
database are examined below.

Distributions in niche space
Plots of available and utilised habitat (Fig. 7) illustrate the
distributions of dolphins in ecological or niche space

Table 3

Performance of the GAM models in predicting the observed presence of
three dolphin taxa: deviance explained, AUC and COR.

Deviance explained AUC COR
Spotted 21.4% 0.85 0.64
Spinner 23.6% 0.95 0.78
Common 23.2% 0.82 0.43
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Fig. 5. Spinner dolphin probability of presence climatology (top), and differences between seasonal extremes and El Nifo and La Nifia years (bottom), predicted

by GAM from TVOD, 1986-2015. Cells with <300km total TVOD effort are masked.
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predicted by GAM from TVOD, 1986-2015. Cells with <300km total TVOD effort are masked.
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sampled by the fishery as it searches for tuna associated
with dolphins (for GAM partial response curves see the
Appendix). These are essentially estimates of realised niches
(Colwell and Rangel, 2009). The plot for the surface
temperature-salinity interaction (TEMP-SAL) shows a
predominance of the two major surface water masses in the
region (Fiedler and Talley, 2006). The first is warm,
moderate-salinity TSW centred at 28-29°C and 33—-34psu.
The second is cooler, higher-salinity equatorial surface water
(ESW) centred at 25-26°C and 34-35psu. Spinner dolphins
are more strongly associated with TSW, while spotted
dolphins show a broader distribution extending into ESW.
Common dolphins too show a preference for ESW, but also
for cooler waters representing coastal upwelling.

The other oceanographic variables, thermocline depth
(TD) and stratification index (SI), are of similar relative
importance as TEMP-SAL for all three dolphin taxa (Table
4). Spotted and spinner dolphins show a preference for a
relatively strong but less shallow thermocline. Common
dolphins show a distinctly different response to SI than
spotted and spinner dolphins do; they prefer relatively
unstratified near-surface waters, typical of coastal and
oceanic upwelling regions. Distance to shelf edge (DIST) is
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Table 4

Relative importance or contribution of predictor variables to GAM
predictions of distributions of three dolphin taxa.

TEMP-SAL TD SI DIST Effort
Spotted 0.36 0.27 0.26 0.03 0.08
Spinner 0.18 0.25 0.35 0.20 0.02
Common 0.19 0.20 0.23 0.34 0.04

a relatively important predictor variable only for the more
narrowly distributed spinner and common dolphins. For all
of these predictor variables, the preferences of spotted and
spinner dolphins, often found in mixed schools, are relatively
similar, while they tend to be more distinct from the common
dolphin preferences.

DISCUSSION

The GAMs of species—environment relationships using
TVOD sightings were used to predict distributions for
seasonal and ENSO periods from the climatological
environmental conditions specific for those periods. These
predictions could be made without extrapolating outside the
limits of the TVOD observations, as would be necessary with
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Fig. 7. Observed distributions of presence of three dolphin taxa (used habitat) and all month-deg observations (available habitat)
relative to predictor variables: TEMP (surface temperature, °C); SAL (surface salinity, psu); TD (thermocline depth, m); SI
(stratification index, °C); and DIST (distance to shelf edge, km). For the TEMP-SAL plot, contours are at 0.05, 0.1, 0.2 and
0.3, colour-coded by taxon; availability ranges from 0 (darker grey) to 0.015 (yellow).
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models built from research vessel observations. The GAMs
of species—environment relationships using TVOD sightings
had explained deviance values of 21.4, 23.6 and 23.2% for
spotted, spinner and common dolphins, respectively (Table
3). In comparison, GAMs of species encounter rates using
SWEFSC research vessel sightings and effort data had
explained deviances of 11.6, 25.2 and 18.3% for offshore
spotted, eastern spinner and short-beaked common dolphins
(Forney et al., 2012). The results presented here give new
insight into how these resident dolphins respond to seasonal
and interannual changes within their habitat. Before discussing

Spotted dolphin r = 0.338

30

the ecological significance of the results, consideration is
given to whether it is reasonable to make inferences about
ETP dolphins based on observations of tuna-associated
dolphins.

Do TVOD results represent ETP dolphin populations?

The overall correspondence between TVOD predicted
distributions and the general distribution of Southwest
Fisheries Science Center (SWFSC) research vessel sightings
is good (Fig. 8), with correlations from 0.38 to 0.62, although
there are some discrepancies. For spotted dolphins, the
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Fig. 8. Presence of three dolphin taxa predicted by GAMs from TVOD for August—
November (colour contours) and observed on 10 SWFSC research vessel surveys
(symbols, no or at least one sighting 1986-2006) The outer line is the SWFSC study area
and the inner line shows the core area for SWFSC surveys (Gerrodette et al., 2008).
Predictions for cells with no TVOD effort are not shown. Correlations (r) between TVOD
model prediction and SWEFSC observed presence/absence in 1° squares covered by both

datasets.
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TVOD prediction tends to be higher to the west in the warm
pool region, while SWFSC sightings are more prevalent to
the east, likely because research vessel survey effort was
nominally 2-3 times higher in the core area east of 120°W.
For spinner dolphins, research vessel sightings are most
frequent in the warm pool area where TVOD predictions are
highest. For common dolphins, research vessel sightings are
frequent in three areas of coastal or equatorial upwelling as
predicted: southern Baja California, the Costa Rica Dome
and the coast of Peru-Ecuador extending west into the
equatorial cold tongue. However, the TVOD predictions do
not capture the research vessel sightings to the west of the
Costa Rica Dome along the countercurrent thermocline ridge
at 10°N. Given the similarities, the spatial distributions and
patterns of change presented here represent the responses of
these dolphins to their environment in the ETP, whether or
not they are associated with tuna.

Species distribution models for these species have been
built from SWFSC research vessel survey data from the
ETP, and also from the Central North Pacific and California
Current. These models all estimate -climatological
distributions and may estimate distributions for individual
survey years. For the ETP, Forney et al. (2012) show an
eastern spinner dolphin distribution similar to that presented
here (Fig. 5), with moderate expansion and contraction
between surveys. Their predicted distributions for pantropical
spotted dolphins show a preference for warm tropical water
north of the equator, as in Fig. 4, but predicted levels are
lower at the centre of the TVOD-predicted maximum (120-
110°W) and higher to the west. Predicted density levels vary
among surveys, but changes in distribution were not
predicted. A related study that combined SWFSC data from
the ETP and other regional surveys to model distributions in
the central North Pacific found spatial patterns for
pantropical spotted dolphins and spinner dolphins that are
consistent with our results (Forney et al., 2015), even though
spinner dolphins included whitebelly and Hawaiian spinners.

The distributions predicted for common dolphins by
Forney et al. (2012) show the same three regional maxima
in upwelling centres as in Fig. 6, but they emphasise the
eastern equatorial maximum relative to the Costa Rica Dome
and southern Baja California maxima. Pardo ef al. (2015)
used a single variable — absolute dynamic topography of the
sea surface — to predict the distribution of short-beaked
common dolphin population density using SWFSC survey
data from the ETP and California Current. The pattern of
preferred habitat was very similar to that presented here, but
also had a moderate high corresponding to sightings to the
west of the Costa Rica Dome.

Ecological relevance

The model-predicted presence of spotted dolphins is highest
in a band along the countercurrent thermocline ridge at
10°N, declining towards the coast of Central America, but
extending towards the coast of southern Mexico (Fig. 4).
Warm tropical surface water occupies this region, in a
shallow layer overlying a strongly stratified thermocline
(Fig. 1). Values of predicted presence tend to be greater to
the west of 120°W, although the prevalence of research
vessel sightings of offshore spotted dolphins is greater to the
east, in the core stratum of higher survey effort (Fig. 8).

Moderate levels of predicted presence of spotted dolphins
extend to the south of the equator, but with a minimum along
the equator corresponding to the equatorial cold tongue.
Predicted presence is lower during September—October and
during La Nifia (Fig. 4), when the equatorial thermocline
ridge is shallower and stronger trade winds increase
equatorial upwelling and cool the surface waters. This
exclusion is more pronounced for September—October than
for La Nifa. The primary seasonal change resolved by the
difference map in the lower left of Fig. 4 is a summer—
autumn increase in the northern offshore part of the range
and a decrease south of ~10°N. A decrease in predicted
presence in the region of the Costa Rica Dome occurs during
September—October, when the Dome is most fully developed
(Fiedler, 2002). A similar, but smaller, change occurs during
La Nifla, when the Dome is slightly shallower than during
El Nifio (Fiedler and Talley, 2006).

The centre of predicted presence of spinner dolphins is
confined to the warm, stratified eastern Pacific warm pool
(Fig. 5), corresponding to the known distribution of the
eastern spinner dolphin subspecies. The range limits of
spinner dolphins correspond to the equatorial front to the
south, and the presence of California Current and subtropical
surface waters to the northwest. Seasonal changes in
predicted presence of spinner dolphins are less than for
spotted dolphins but are similar in showing a boreal
summer—autumn increase towards the northwest. Changes
in the region of the Costa Rica Dome are not marked. There
are slight September—October and La Nifia decreases at the
Tehuantepec bowl off southern Mexico, which is also evident
for spotted dolphins in Fig. 4. The Tehuantepec bowl, like
the Dome, is associated with seasonal gap winds and the
regional dynamics of surface circulation (Kessler, 20006).

Common dolphins have a distribution complementary to
spotted and spinner dolphins in the ETP. Au and Perryman
(1985) used early SWFSC abundance survey data to contrast
the ‘tropical water’ habitat of spotted and spinner dolphins
with the “‘upwelling-modified’ habitat of common dolphins.
The model predictions indicate a strong response to the
seasonal cycle of the Costa Rica Dome, with higher
predicted presence of common dolphins in September—
October (Fig. 6). There is no strong response to the Dome
predicted for La Nifia years, but the increase in presence for
the cold tongue region suggests a similar response to
enhanced upwelling conditions during those periods. The
concurrent decrease in predicted presence in the Gulf of
Panama suggests that common dolphins might move to
upwelling areas when habitat conditions are more favourable
in those areas.

In both geographic and niche space, spotted dolphins and
eastern spinner dolphins are partially sympatric, in that the
range of the latter lies entirely within the range of the former,
while common dolphins are more parapatric relative to the
other two. All three dolphin species feed on a variety of small
fishes, cephalopods and crustaceans, but diet differences may
contribute to niche separation. Spotted dolphins in the ETP
are known to feed on mesopelagic fishes and squids of the
deep scattering layer, as it moves toward the ocean surface
at night, and also on epipelagic fishes such as flyingfish
(Robertson and Chivers, 1997). In contrast, spinner dolphins
are known to dive deeper to feed more exclusively on
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mesopelagic prey (Perrin ef al., 2008), potentially reducing
niche overlap even though they are commonly found in
mixed schools with spotted dolphins for at least part of the
day (Scott and Chivers, 2009). Common dolphins feed on a
variety of prey, including small mesopelagic fishes and
squids found in the deep scattering layer and epipelagic
schooling species such as small scombroids, clupeoids and
market squids (Perrin, 2018a). The niche differentiation
among these three species in the ETP is consistent with
studies of other sympatric dolphins (Bearzi, 2005).

Useful information about the temporal and spatial
distribution of dolphin prey species in the large oceanic
region of the ETP does not exist. The predictor variables
likely influence prey availability, notably thermocline depth
and stratification (Scott ef al., 2012). Spotted and spinner
dolphins, which feed on vertically migrating mesopelagic
prey, are associated with shallow thermoclines and high
stratification, while common dolphins that feed on pelagic
fish in upwelling areas show somewhat different associations
with these proxy variables.

Our species distribution models for spotted, spinner and
common dolphins based on TVOD have yielded new
information about how the dolphins respond to seasonal and
ENSO-related changes in their environment. These animals
are highly mobile, opportunistic predators. The variations in
habitat quality that determine model-predicted presence
probably reflect prey availability influenced by the
environmental proxies that were used as predictor variables.
Tagging data for spotted dolphins have shown that they
typically move 100-200km per day, apparently in foraging
activity (Scott and Chivers, 2009). Earlier tag-recapture
studies found that some spotted dolphins moved several
hundred km along the thermocline ridge at 10°N (Perrin
et al., 1979). These observed movements are not true
migration, as observed for some whales between distinct
feeding and breeding/calving grounds (Stern and
Friedlaender, 2018), but they are consistent with our results
suggesting seasonal movements related to habitat seasonality.
Both seasonal and interannual distributional responses to
changes in habitat may indicate future effects of climate
change in the region. Observing or predicting population
responses will require more extensive collection and analysis
of species density and life history data.
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APPENDIX: MODELLED RESPONSES TO PREDICTOR VARIABLES
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Appendix Fig. 1. Modelled responses to predictor variables for three dolphin taxa: TEMP (surface temperature); SAL (surface salinity); TD (thermocline
depth); SI (stratification index); and DIST (distance to shelf edge). For the TEMP-SAL interaction plot, contours are at —1 (dashed), and at 0 and 1 (solid
and filled); the grey area is outside the sample range.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


