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ABSTRACT

We examined patterns of habitat use among schools of dolphins in the eastern tropical
Pacific during the three-year period 1998, 1999, 2000, and compared those patterns to
previously reported results from approximately a decade earlier (1986-1990). We used
canonical correspondence analysis (CCA) to help define relationships between dolphin
distributions and oceanographic conditions, compared CCA models, and the geographic
distributions of preferred habitats between the two periods. When using acommon set of
six basic oceanographic variables the habitat models were essentially the same for the
MOPS and STAR periods, and geographi ¢ distributions of patternsduring 1998-2000 were
withinthesamerangeof interannual variability observed during 1986-1990. After removing
variation associated with the six basic oceanographic variables, remaining variance
associated with inter-decadal differenceswastrivial. Improvementsto the ordination were
reali zed by includinginformation on geographiclocations, separating common dol phinsinto
threestocks, and by including additional explanatory variablesrepresenting seabirds, fishes
and cephalopods. The best model explained approximately 30% of the total variance in
dolphin abundance. Individual species values ranged from 62% for southern common
dolphins, to just 8% for eastern spinner dolphins.

INTRODUCTION

Quialitative descriptions of cetacean habitats have been advanced since the 19" century, but
quantitativestudy of their habitatsisarelatively new endeavor. Initial descriptionswerefor largewhales
intheform of mapsof commercia catchlocations(e.g. Townsend 1935). Thiswasfollowed by mid-20th
century interpretationsof catch patternsinrelationto genera patternsof oceanographic propertiesand
processes(e.g. Nasu 1963). Morerecently, whalecatchlocationshave been analyzed quantitativelyin
relation to oceanographic variables (e.g. Gregr and Trites, 2001).

Study of habitat ecology of dolphinsintheeasterntropica Pacific (ETP) followed alater but smilar
pattern of development. Perrin (1975) described overdl distribution rangesand large-scal e patternsbased
onlocditiesof catchesand visud sightingsfromthe ETPtunapursesainefishery. Auand Perryman (1985)
eva uated di stribution and oceanographi ¢ patternsquditatively, and provided thefirst focused hypotheses
onthe oceanographic patternsand processesunderlying observed distributions. Reilly (1990) tested Au
and Perryman’ s(1985) hypothesesusing multivariate statisti cs, and contrasted seasond patterns. Reilly
and Fedler (1994) fit multivariate, Gauss an model sto dol phin abundances using canonical correspondence
analysis(CCA: Ter Braak, 1986), and examined interannual patternsduring thefive-yr Monitoring of
Porpoise Stocks (MOPS) expedition of 1986-1990. (Details of habitat patterns are presented below).

The primary objective of this study was to compare habitat patterns observed during the three
years of the Stenella Abundance Research (STAR) expedition (1998-2000) with those observed
approximately adecadeearlier duringthe M OPSyears(1986-1990). Wefollowed theana ytical approach
taken by Reilly and Fiedler (1994) for dolphinsintheeasterntropical Pacific, using CCA to quantify
patternsof habitat useinrelationto environmental characteristics. Twotypesof changeswould be of
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particular interest. 1) Changesin theunderlying patternsof association of thedol phin species/stockswith
theregion’ soceanography could indicatethat the patterns observed during the 1970sand1980swerenot
robust, ecol ogi cal-scal e patterns, or, that there had been somefundamental ecosystem shift or changein
theintervening decade. 2) Substantial changesinthe spatial patternsof preferred habitatsmight also be
indi cativethat fundamental ecosystem changeshad occurred sincethelate 1980s. Either of thesetypesof
changeswould bear directly on our interpretations of recent population recovery, or lack thereof, aswe
attempt to answer the question posed by the US Congressasto whether or not the ETPtunapurseseine
fishery is having a significant adverse impact on these dol phin populations.

Anindependent scientific peer review of thiswork wasadmini stered by the Center for Independent
Expertslocated at the University of Miami. Responsesto reviewer’scomments can befound in the
Appendix.

STUDY AREA

Thebasic physical featuresof the upper oceanintheeasterntropica Pacific havebeen described
by Wyrtki (1966), and Tsuchiya(1974). Fiedler (1992) updated thisdescription and summarized seasona
andinterannual variability. Major surfacewater massesand currentsaredepictedinFig. 1. Thecenter
of theregionistheeast Pacificwarm pool, occupied by warm, low-salinity Tropical SurfaceWater. The
equatorial coldtongueof cooler, higher-sdinity Equatorial Surface Water isfound south of about 3/N. Peru
Current and CaliforniaCurrent Watersarefound along the coasts of Peru-Ecuador and BgjaCalifornia,
respectively. Theseeastern boundary currentsfeedinto thewestward South and North Equatoria Currents
(SEC, NEC). TheNorth Equatorial Countercurrent (NECC) flowseastward betweentheNEC and SEC
intothe center of theeast Pacificwarm pool. TheNECC isstrong during September-December and weak
or absent during February-April.

A permanent shallow thermoclineunderliesmost of theregion, shoaing towardsthe coast (Wyrtki
1966). Zonal thermocline ridges are associated with the geostrophic balance of the zonal equatorial
currents. Thus, surfacedivergencesoccur inthe SEC abovetheequatoria thermoclineridgeand between
the NEC and NECC above the countercurrent thermocline ridge along 10/N (Fiedler 1992, 2002).
Upwelling driven by equatorward longshorewinds off Peru and BgjaCaliforniaand by tradewindsaong
theequator bringscold, nutrient-richwater from bel ow the shallow thermocline (nutricline) into the surface
layer. Thisnutrient input mai ntainshigh concentrationsof nutrientsat thesurfaceand resultsinhighlevels
of new production in equatorial and eastern boundary current systems (Chavez and Barber 1987).
Biologicd productivity isal so enhanced by upwe ling at the CostaRicaDome (Wyrtki 1964, Fiedler 2002),
and by intermittent, topographically-induced offshorewinds at severa pointsalongthecoast of Central
America(e.g., theGulf of Tehuantepec, McCreary et d. 1989). Secondary and higher level productivity
and standing stocksaregenerdly highin areasof high primary productivity (Blackburnet a. 1970). Within
thisand other |arge oceanic regions, the abundance of animal sfrom planktontolargenektonispatchy on
avariety of spatial and temporal scales(Haury et a. 1978), with major consequencesfor the ecol ogy of
pelagic predators (e.g., Carr 1987).



ETP Dolphin Habitats

Atleast threecomplementary patterns have been described. Spotted and spinner dol phin habitat
isprimarily north of theequator extending offshorefrom the coast of Centra Americaand Mexico, but dso
south of the Gal apagos|dlands. The dominant offshore pattern iscentered approximately alongthe 10N
thermoclineridge. That is, spotted and spinner habitat ischaracterized generally by stable, warm, low-
salinity tropical waters where the thermocline shoalsin relation to the rest of the open sea (Au and
Perryman, 1985, Reilly, 1990). In contrast, common dol phin habitat ischaracterized by cooler, moresdine
upwel ling-modified waters, with mgor concentrationsoccurring & theterminationsof the CdiforniaCurrent
off BgjaCalifornia, dongtheequator especially east of the Gal apagos|s, and athird concentration of f
Central America, centered around the CostaRicaDome. Striped dol phinsoccupy habitat that isin many
respects intermediate between these two patterns (Reilly, 1990).

There are apparent shifts in the offshore direction by spotted, spinner and striped dolphins,
coincident with seasona shoaling of the 10 N thermoclineridge (Reilly, 1990). Thisseasonal shoalingis
part of the dominant pattern of seasona changeinthe ETP, associated with the north-south movement of
theinter-tropical convergencezone betweenthetradewinds(Fiedler 1992). Statistical testssupportedthe
habitat hypothesesof Auand Perryman (1985) for spotted, spinner, and common dol phins, but not for
striped dolphins. During the summer, striped dolphins occupied habitat that was geographically
complementary with habitats of both common dol phinsand spotted/spinner dol phins. Striped dol phin
habitat wasindi stinguishablestatistically from either thetropical or upwelling-modified habitatswiththe
variablesused, indicating that other factorsor processesact to separate these dol phinsfromthe others
(Reilly 1990).

CCA models clearly reflected the descriptive habitat patterns (Reilly and Fiedler, 1994).
Environmental variablesincludedinReilly and Fiedler’ s(1994) analyseswere: surfacetemperature,
sdinity, sgmart, and chlorophyll, and thermocline depth and thickness. Thedominant patterninthespecies-
environment relationship (1st canonical axis) separated common dol phins from spotted and spinner
dolphins, based ontheir associationswith cool upwelling habitat and warm tropical habitat, respectively.
The second axisseparated whitebel ly spinnersfrom eastern spinners. Both occurred intropical water, but
wereseparated primarily by thermoclinetopography. The species- environment correlationswere 0.67
onthefirst axis, 0.42 onthesecond. Overal, theenvironmentda dataexplained 15% of thevarianceinthe
speciesdata. For individual school typesthisranged from 36% for common dolphinsto 6%for striped
dolphins. When latitude and longitude were added to the anal yses the total variance explained was
increased to 21%. Interannual variability inthespeciesdatawassmal, but judged significant by aMonte
Carlorandomizationtest. Residud interannua variancewasinggnificant after removing varianceassociated
with environmental variables.



METHODS
Data Collection

Doalphin Sightings. Sighting methodsused aredocumentedindetail inBarlow et a. (2001). Inbrief, line
transect sighting surveyswere conducted using teams of three observerswho searched fromaviewing
height of 10 m abovetheseasurface. Two observerssearched with 25x pedestal-mounted binoculars. The
third observer searched with unaided eyeand occasionally with 7x binocul ars, and al so served asdata
recorder. Theship turned toward sighted cetaceansfor speciesidentification, when necessary. Search
effort was consi dered to bewithin acontinuousleg until either sighting conditionschanged, theshipwas
diverted to examine a sighting, or searching stopped for some other reason.

OceanographicData. Shipboard datacollection and |aboratory techniquesaredocumentedin Fiedler
and Philbrick (2002). Inbrief, oceanographi c datawere coll ected in two generd modes: continuoussurface
measurementsasthe shipwasunderway, and at discrete stationswherevertical datawerecollected by
depl oying expendabl e bathythermographs (XBTS) or lowering aconductivity, temperature, depth (CTD)
system equi pped with aseawater collection rosette system. Continuous surface measurementsincluded
temperatureand salinity. Instrumentswerecalibrated regul arly with discretewater samples. CTD casts
were made at least once each day, before sunrise. Water samples were taken on each cast for
phytoplankton pigment analysisand primary productivity estimation. Vertical profilesfrom XBTswere
taken at least twice per day, usualy at 1000 and 1400 local time.

Data Processing

Dolphin Sightings. For thisstudy daily encounter rateswere estimated for the seven typesof dolphin
schools most frequently set upon by the purse seine fishery, i.e. target schools, as in this study’s
predecessor (Reilly and Fiedler 1994):

Spotted Dolphins (Stenella attenuata)

Common Dolphins (Delphinus del phis)

Spotted with Eastern Spinner dolphins (S longirostris orientalis)

Spotted with Whitebelly Spinner dolphins (S longirostris)

Eastern Spinner dolphins

Whitebelly spinner dolphins

Striped dolphins (S. coeruleoalba)

Distinctions by stocks were not made here for spotted dol phins or common dolphins, rather,
patternswereexamined at thespeciesleve for thesetaxa. Eastern and whitebelly spinnersarerecognized
asdigtinct subspecies, and past studieshaveindicated they have somewhat distinct habitat preferences(e.g.
Reilly and Fiedler, 1994). Dolphin abundancewasindexed asencounter rateswith groups, i.e. number
of groups sighted per distance searched. The sightings data, collected for line transect estimation of
abundancewithintheentirestudy area, are separated into effort ssgmentsof uniform sighting conditions.
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We pooled the segmentsof effort collected during fair or better visibility conditions(Beaufort scale4 or
lower) for each calendar day, and computed our rel ative abundanceindex for the day asthe number of
groupssighted divided by thetotal km searched that day. Thisresultedin sampling unitsof about 160 Km
each, separated temporally and spatially by about 10-12 hrs and 130-160 Km, because the ships
continued to run during the nights.

Environmental Data. Asnoted above, for the primary anal yses conducted here oceanographic patterns
and processes were represented by the same six variables as used by Reilly and Fiedler (1994):

Temp, Sea surface temperature, from along-track continuous measurements.

Sal, Sea surface salinity, from along-track continuous measurements.

SIGMAT, Surface water density index (afunction of temperature and salinity).

LogCHL, Sea surface chlorophyll, log-transformed.

Z20, Depth of 20C isotherm, to index thermocline depth.

ZDIFF, Difference in meters between depths of the 20C and 15C isotherm depths to index
thermocline strength.

Wecalculated daily averagesfor comparisonswith thedaily cetacean encounter rates. For the
continuoussurfacevariables(Temp, Sal, and SIGMAT), datawereaveraged from onehour beforethe
start of effort to onehour after theend of effort. Daily averageL ogCH L swerecal cul ated from hydrocast
and underway surface samplesduring thesametimeinterval. Z20 and ZDI FF wereestimated from XBT
and CTD data. For days with missing data, daily average values were interpolated from gridded fields.

For someanalyses, noon position (L at, latitude, and L on, longitude) wereincluded to represent
geographically fixed aspectsof the dol phin habitatsthat are not represented by the six oceanographic
variables. Thiswasfoundto add totheoverall explanatory power of the CCA by Reillyand Fiedler’'s
(1994) analysesof the 1986-1990 data. Y ear and decade effects, represented by categorical variables,
were included in some analyses to determine interannual and interdecadal variability respectively.

Multivariate Analyses of Species-Environment Relationships

Correspondence anaysisisan eigenvector ordination technique, smilar to principa components
andysis, that can beused toinvestigate community structure. These methodsextract dominant, orthogona
axesof variationin abundanceindicesfor multiplespeciesat multiplesites. Typically, theordination axes
aretheninterpretedindirectly withthe hel p of external knowledgeand dataon environmental gradients,
either quaitatively or with regression methods (Gauch 1982). Asour primary focusison habitats, wetake
advantage of anadditional characteristicof CCA, thedirect quantitative description of environmental
gradients and patterns of habitat use, as described below.



In contrast to principal componentsanalysisand other linear methods, correspondenceanaysis
(CA, asocaledreciproca averaging) fitsnon-linear Gaussian (unimodal) model sto speciesabundance
data. Canonical correspondenceanalysisisan extension of CA inwhichthespeciesordinationisdone
directly anditeratively inrdationto environmenta variables. CCA isan efficient ordination techniquewhen
specieshave bell-shaped response curves or surfaceswith respect to environmental gradients(Ter Braak
1986), whichisconsi stent with general ecological knowledge (e.g. Whittaker et al. 1973). Weused the
implementation of CCA inthecomputer program CANOCO (Ter Brask 1988). Themode sand agorithm
used in CANOCO are documented in Ter Braak (1986).

Aspart of the species-environment ordination, CCA estimatesaseriesof sitescores(here, site=
day) that arelinear combinationsof theenvironmental variablesthat maximizethe speci es-environment
correlation. One set of sitescoresisestimated for each canonical ordination axis. Intermsof themodels
specified abovefor oceanographic and geographi ¢ patterns, one set of coefficientswould be estimated for
each ordination axis, sothat in atypical analysistherearefour statistically independent environmental
gradientsestimated i n associ ati on with thefour dominant, independent patternsof speciesvariation. The
interpretation of environmental gradientsrepresented by the axesismadefromthe correlation coefficients
and themultipleregression or canonical coefficientsof theorigina environmental variableswiththe
canonical axes (Ter Braak 1986).

Theresultsof canonical correspondence can bebest interpreted from an ordination biplot, onwhich
species and/or sites can be represented by points and environmental variables by arrows. The biplot
di splaysthe mean species scoresor optimaon two canonical axes, usualy thefirst two, which explainthe
majority of thevariance. Thedirectionsand relativelengthsof thearrowsfor environmental variables
represent their contributionsto the ordination. Moreimportant environmental variablesaretherefore
represented by longer arrows. Inmaking biplotswe used Hill'sscaling (Ter Braak 1986) inwhichsite
scores are computed asweighted averages of speciesscores. Following Reilly and Fiedler (1994) we
found itinstructivea soto map contoursof environmental axesassoci ated with dominant speciesaxes, and
plot sighting localities of relevant species over the contours.

RESULTS
STAR Years: 1988, 1989, 2000

A total of 102,811 Km of search effort from the STAR expedition met our quality criterion
(Beaufort 4 or better). Figure 2 displayscompleted sighting effort, by year. TheM OPSyearsare shown
aswell todlow comparisonsof effort distribution acrossyears. Thecombined STAR yrseffort resulted
in1,570sightingsof the seven species/stock categoriesof immediateinterest here(Table 1). Continuous
oceanographi c measurementswererecorded during periodsadditional to thosemeetingthesighting effort
quality criterion, sothat atotal of 105,060 Km of continuousdataon surfacetemperatureand salinity were
available (Table 2). Additionally there were 2,830 discrete chlorophyll measurements, 2209 XBT
deploymentsand 1352 CTD stations. Considerable additional detail can befound in Philbrick et al.
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(2001).

Table 3 gives the weighted correlation matrix for the STAR years, using the same six
oceanographic variables as reported for the MOPS years by Reilly & Fiedler (1994). The species-
environment correl ationsaretheval uesfor equival ent speciesand environment axes. For example, the
correlation betweenthefirst or dominant speciesaxisand the dominant environment axisis0.7216, the
correlation between the second set of axesis0.4577, and so on. Thefirst environmental axisincludes
negative correl ationswith surfacetemperature (TEMP, -0.6285) and thermoclinedepth (220, -0.5329),
and significant positive correl ationswith surfacewater density (SSIGMAT, 0.4704), surface chlorophyll
(LogCHL, 0.4325) and thermocline strength (ZDIFF, 0.3336). Asdiscussed further below, thisaxis
essentially contrastscool, dense upwelling modified waterswith moretropical, less-productivewarm
waters over deeper thermoclines.

Table4reportsresultsof aCCA ordination of the STAR yrs, structured toreplicatethe basic’
six-variableordination of theM OPSyrsreported by Reilly and Fiedler (1994, Table4). Theeigenvalues
aresimilarinmagnitudeand patternto the M OPSresults, with about 90% of the species-environment
patternsexplained by thefirst two axes. Aswiththe M OPS data, thetotal amount of sighting variance
explained by the ordinationinrelation to these oceanographic variablesismodest (14.7%for MOPS,
16.3%for STAR). Thepatternsamongindividual species/stocksarealso similar overal, but show afew
notabledifferences. Duringthe M OPSyears, the ordination explained 8.1% of spotted dol phinvariance,
35.5% for common dol phins, whilethe ST AR ordination explained 20.5% for spotted and 49.7%for
common. Decreaseswereredized for spinner dol phins, both in mixed and unmixed schools. Anincrease
wasrealizedfor striped dolphins, from 5.9%in MOPSt0 15.9%in STAR. Thisincreaserelated primarily
to axis 2, which overall was not a strong axis.

CCA methods assume unimodal distributions of species data in relation to canonical axes
(multivariate combinations) of environmentd variables. Withtheorigind speciesdefinitionsthisassumption
wasmet adequatdly for the M OPSyears(Reilly and Fiedler 1994) for spotted dol phinsand eastern spinner
dol phins, but common dol phinsshowed evidenceof bimodaity onaxis1. Initid runsfor the STAR years
produced the same pattern, so we separated the common dol phin observations by stock, for thenorthern
stock off BgjaCalifornia, the central stock off Central Americaand thesouthern stock off South America
and alongtheEquator (Dizoneta. 1994). AsshowninFigure 3, the separated common dol phin stocks
all haveunimodeal distributionson both axes1 and 2. However, thedistributionfor thenorthern stock on
axis 1 was very flat in comparison to the other stocks.

Monte Carlorandomi zation testsresulted in rejection of the hypothesisof norelation betweenthe
species and environmental data sets. One thousand permutations randomly pairing species and
environmenta dataproduced no ordinationswith eigenvaueslarger thantheobserved tracevaueof 0.501
(table 4), giving a P-value <0.001.



The species-environment biplot from the base ordination (Figure4a) isvery much likethat for the
MOPSordination (redrafted hereasFig. 4b). The primary axisseparatescommon dol phinsfromthe
spotted and spinner dol phins, whilethe second axis separateseastern spinner fromwhitebelly spinner
dolphins, both in pure schools and in combinations with spotted dolphins. Positive valueson axis 1
represent areas with cooler, more dense surface waters, ashallower thermocline and relatively more
chlorophyll, whicharecharacteristic of cool upwelling habitat, the preferred habitat of common dol phins.
Negativescoreson axis 1 represent warmer, lessdense surfacewater, over dightly deeper thermoclines
(inrelationto upwelling areaswherethe 20C i sotherm reachesnear or to the surface). Theseconditions
arecharacteristicof Tropica Surfacewater (Fig 1) and represent preferred habitat of offshore spotted
dolphins and eastern and whitebelly spinner dolphins.

Axistwois, by definition, uncorrdated with axisone. Axistwo patternsaresignificant, but explain
only asmall part of the speciesvariance (about 3.5%). Environmental patternsrepresented by thisaxis
include, ingenerd, nearshorevsoffshore properties. Axesthreeand four explain very small amountsof
species variance and so are not considered further.

Spatial patterns of axis 1 scores are mapped by year in Figure 5. MOPS years also are
represented here for ease of comparison. Contours are shaded for positive values to aid visual
interpretation. Noon positionsfor dayswhen spotted and common dol phinswere sighted arerepresented
by opentrianglesand closed circles, respectively. Thereisagenerd patternfor spotted dol phinsto occur
in areas of negative scores, and common dol phins to occur in areas of positive scores.

For consistency with the presentation of Reilly and Fiedler (1994) mapsof axis2 scoresareal so
shown by year in Figure 6, with noon positionsdisplayed for dayswhen eastern spinners (open triangl es)
and whitebelly spinners (closed circles) where seen.

Additional Explanatory Variables: latitude, longitude and year
Extension of the primary, six variable ordination to include fixed geographic effects (latitude

andlongitude) notably improved the explanatory power of the ordination, increasing the percentage of
speciesvarianceexplained from 16.3%t0 21.4% (Table5). Greatestimprovementsfrom adding | atitude
and longitudewererealized for mixed school sof spotted and whitebelly spinner dol phins, from 8.9%to
27.9%. Adding year (1998, 1999, 2000) asacovariateimproved theoveral fit just dightly, from 21.4%
t021.7%. No significant among-year differencesremained after removing varianceassociated with the
oceanographic variables.

Analyses with full data set, MOPS plus STAR years
A set of ordinationswiththefull 8-yr dataset, combiningtheM OPSand STAR sets, isreported

in Table 6. As expected, results are quite similar to ordinations of the two sets alone. The combined
ordinationswererun primarily to examine patternsof difference between thetwo decade-apart subsets,
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after removing varianceassociated with oceanography. Thisresult appearsascolumnsix in Table6. The
amount of speciesvarianceexplainedistrivia, 0.9% with aneigenva uesum of 0.021. Thiswasjudgedto
besignificantly different from zero by the permutation tests, but weview it asecol ogicaly of littletono
importance, given the very small eigenvalue.

Thereisapattern of separation among the eight yearsworth noting, however, and the pattern
appears different within the core and outside parts of the study area. Figure 7aisabiplot from the
ordination of combined MOPSand STAR data(with just thesix baseenvironmental variables, for ease
of presentation), including al so themean conditionsobserved throughout thestudy areaineach year. The
first thingto observeisthat asexpected the combined patternsare not notably different from theindividual
MOPSor STAR biplots. A second observationisthat the STAR and MOPSyearsare separated by a
small amount onthebiplot, with STAR yearsclusteringin the upper right quadrant (positive scoreson both
axes). Toaddressthepossibility that thesesmall but apparent differencesbetween thedecadeswerea
result of thedifferencesinallocation of search effort between the decades (Figure 2) wedefined anew
variate, withtwo valueseach year, onefor the corearea, another for theoutsidearea. Figure 7b displays
theyear/areavariatesonthebiplot. It isclear that thereisamuch larger distinction between core and
outs deareasthan between MOPSand STAR periods. All coreobservationscluster closely together, while
outside observationsare more spread and do show acons stent separati on betweenthedecades. That is,
inter-decadal variability issmall, but different patternswereapparent inthe outside part of thestudy area,
but not within the core habitat of both NEO spotted and E spinner dolphins.

Additional Analyses. Separation of Common Dolphins
As reported above for the STAR years and by Reilly and Fiedler (1994) for the MOPS years,

thedistribution of common dol phin observationson canonica axis1 wasbimodal. To addressthisproblem
we separated the common dol phin observations by stock, for thenorthern stock off BgjaCalifornia, the
central stock off Central Americaand the southern stock off South Americaand along the Equator (Dizon
etal. 1994). Thisnot only resulted inunimodal distributionsasreported above, but al soimproved model

fit by amodest amount, from explaining just 13.8% withthebasi ¢ 6 environmentd variables(Table6, col.

1) to 16.1% (Table 6b. Cal. 7).

Additional Analyses: Inclusion of variables on seabirds and surface fauna

In an attempt to increase explanatory power we added a set of recently-devel oped indices of
abundancefor other animals: seabirdsfrom strip-transect sghting surveys(Balanceet a. 2002) and surface
fishesand squids(Pitman et . 2002) that are potentia prey of dolphins. Thefull list of variablesentered
isgivenin Table 7. Thisextensive list of potential variables was screened by stepwise selection in
CANOCO, with variablescontributing lessthan 1% additional explanatory power excluded. Thereduced
set thusselected (Table7) included all six original oceanographic variables, |l atitude and longtude, MOPS
and STAR categorical variables, but just two of nineseabirdindices, and two of sevenfish/squidindices.
Thisreduced set explained atotal of 30% of thedol phinvariance, downjust 1% fromthefull set of all
potentia explanatory variables(Table6b, cols. 9and 10). Thisisanet increaseof 10% fromthe previous
best set which was comprised of the 6 base oceanographic variables, pluslat/long and years.
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DISCUSSION

Intermsof thebas c questionsaddressed inthisstudy, whether there had been substantial changes
inpatternsof habitat use between the decades sampled by the M OPSand ST AR expeditions, theanswer
appearsto beno. Thebasic patternsarevery similar, bothintermsof themultivariate habitat modelsas
depictedinthebiplots, andintermsof thegeographic distributionsof ‘ preferred’ habitats, asdepictedin
the maps of Figures 5 and 6. One conclusion arising from this set of resultsis that the basic habitat
descriptionsarisngfrom CCA of MOPS (Reilly and Fiedler 1994) appear robust. Thesedepictionswere
infact quantificationsof the qualitative descriptionsadvanced by Au and Perryman (1984), based on
observations made during the 1970s, so in total we have three decades of datagiving very consistent
picturesof habitat useby ETPdol phins. These patternsasawholefit clearly within McGowan’ s(1974)
ETPBiotic Provence, which hedefined based onaclimatol ogica anaysisof multipletaxafrommultiple
trophic levels.

Someminor differenceswereobserved between the decades of the 1980sand 1990s. STARyrs
arein general cooler, more productive and with shallower thermoclines, very similar in natureto the
prominent LaNinaof 1988. Thispattern of variability iswithintherangeexpected for ENSO patterns.
When stratum (corevs. outside) wasconsidered in addition to the year sampled, thedominant pattern of
separation wasaccording to stratum, with only minor differencesamong yearsand decades. Interestingly,
thesmall but cons stent separation betweentheMOPSand STAR yearswaslargely confined tothemore
offshoreoutsidestratum. Within the coreareaoccupied by both NEO spotted and E pinner dolphinsthere
was almost no apparent difference between the MOPS and STAR periods.

M odest but notableimprovementsin model resulted from separating the common dolphinsinto
separate stocks. Given the bimodal ity onthedominant axisfor combined common dol phins, thisisnot too
surprising. Theamount of dol phin varianceexplained wasincreased by just over 2%. A moresubstantial
improvement resulted from including information on seabirdsand surfacefauna Thisincreased explanatory
power by an additional 10%, upto atotal of about 30% for the dol phin species. A pparently much of the
correlation structureamong the birdsand fishes/squi dswasredundant, as stepwi se selectionremoved al
but two each of thebird and fish/squid variables. Thefour added variablesindexed the abundance of Tahiti
petrel, white winged petrel, lanternfishes (myctophids) and large squids.

The bird species remaining (white winged petrel and Tahiti petrel) were not the first we
would have predicted, asneither isakey member of themulti speciesflocksthat typically associatewith
dolphinsin the ETP (Ballance et al. 1997) but they do provide representative contrast in both their
geographicd digtributionsandintheir predator-prey rel ationships. Tahiti petrelsarefound alongthe 10N
convergence, with both nearshoreand far offshoreareasof higher density; they scavengefor squidsand
areregarded as not dependent on tunasfor foraging success (Ballance et al. 2002). In contrast, white
winged petrel soccur primarily at the southern edge of thestudy area, i.e. within the south equatorial counter
current (Figure 1); they are also generally independent of tunas for foraging success, and prey on
micronekton, primarily myctophids(Ballanceet d. 2002). Both large squidsand myctophidsare preyed

12



upon by dol phinsof theregion, with spotted dol phinsemphas zing squidsand rardly consuming myctophids,
whilespinner dolphinsare presumed tofeed at different depthsand/or timesof day, and they do consume
mid-water animalssuch asmyctophids. Weintend to pursuethisaspect of the habitat modeling ingreater
depth in the near future.

Intable6b, it appearsthat the added seabird and fish/squid datagavethe greatest increased explanation
for the 3 common dolphin categories (particularly N and S) and striped dolphins.

Some caveatsareworth noting. Thesmall amountsof varianceexplained overall (30%) indicate
that much of the place-to-pl ace variancein dol phin abundance, asindexed by encounter rates, isnot related
to the oceanographic and geographic variablesavailablefor thisanalysis. Group size effectswerenot
includedinthisandysis, and for compl eteness probably should beadded infuture studies. However, Rellly
and Fiedler (1994) found no significant habitat associationswith group sizesfor theM OPSyears, soitis
not likely thiswill have changed substantially in more recent years.
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Table 1. Search effort and number of cetacean schools recorded by year, 1998-2000, from the

Stenella Abundance Research expedition in the eastern tropical Pacific.

Year
1998 1999 2000 Tot al

Km Sear ched 42,724 29, 817 30, 270 102, 811

Nurber of Sightings of

Spotted dol phins® 93 158 100 351

Conmon dol phi ns? 69 226 97 392

Spotted with Eastern Spi nner? 37 89 52 178

Spotted with Wiitebelly Spi nner® 12 16 17 45

East ern Spi nner 18 22 15 55

Wi t ebel I'y Spi nner 4 13 6 23

Striped dol phi ns* 135 240 151 526

Total sightings used in this analysis 368 764 438 1570

O her cetacean sightings 1603 401 698 2702

Total s 1971 1165 1136 4272

! Stenella attenuata.

? Del phi nus del phis.

s ongirostris.

* S, coerul esoal ba.

Table 2. Oceanographic data from the Stenella Abundance Research expedition,
1998-2000, used in the canonical correspondence analyses. Table entries
list numbers of observations for discrete measurements, or number of km
covered during continuous measurements. XBT = expendable
bathythermograph; CTD = conductivity-temperature-depth.

Year

Data type 1999 2000 Tot al

Surface tenmperature, salinity

(km 43, 952 30, 241 30, 867 105, 060

Surface chl orophyl |

measurenent s 1215 809 806 2830

XBT neasurenents (drops) 895 655 659 2209

CTD neasurenents (stations) 547 393 412 1352
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Table 3. Correlation coefficients among environmental variables, canonical species axes and environmental axes estimated by a
canonical correspondence analysis of cetacean abundances in the eastern tropical Pacific during the STAR expedition of
1998, 1999 and 2000.

SPEC AX1 1. 0000
SPEC AX2 . 0242 1. 0000
SPEC AX3 -. 0239 -.1543 1. 0000
SPEC AX4 -. 0580 -. 0507 . 1130 1. 0000
ENVI  AX1 . 7216 . 0000 . 0000 . 0001 1. 0000
ENVI  AX2 . 0000 . 4577 . 0000 . 0000 . 0000 1. 0000
ENVI  AX3 . 0000 . 0000 . 2570 . 0000 . 0000 . 0000 1. 0000
ENVI  AX4 . 0000 . 0000 . 0000 . 1519 . 0000 . 0000 . 0000 1. 0000
Tenp -.6285 . 1704 -. 0745 -.0158 -.8710 . 3723 -. 2899 -. 1039
Sal . 0663 -. 1003 . 0585 . 0130 . 0919 -.2193 . 2275 . 0855
Si ngat . 4704 -.1858 . 0783 . 0150 . 6519 -. 4060 . 3044 . 0987
LogCHL . 4325 . 1831 . 0231 . 0035 . 5993 . 4001 . 0897 . 0231
Z20 -. 5329 -. 0226 . 1635 -. 0272 -.7385 -. 0493 . 6360 -. 1789
ZDl FF . 3336 . 2002 . 0493 -. 0853 . 4623 . 4375 . 1916 -.5618

SPEC AX1 SPEC AX2 SPEC AX3 SPEC AX4 ENVI  AX1 ENVI  AX2 ENVI  AX3 ENVI  AX4
Tenp 1. 0000
Sal -.3192 1. 0000
Si ngat -.8662 . 7484 1. 0000
LogCHL -. 3957 . 0243 . 2802 1. 0000
Z20 . 4553 . 1282 -. 2522 -. 3317 1. 0000
ZDI FF -.2526 . 0423 . 1844 . 1304 -.1872 1. 0000

Tenp Sal Si ngat LogCHL Z20 ZDl FF
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Table 4. Ordination results from a CCA of the 1998-2000 STAR expedition, for the ssimple six variable model reported in Table 3,
including only oceanographic variables. This simple model ordination is presented as a base-case comparison with Table

4 of Reilly and Fiedler (1994), for the 1986-1990 MOPS expedition.

Ei genval ues

Speci es-envi ronnment correl ati ons
Cunul ative percentage variance
of species data :
of speci es-environnment rel ation:

Sum of all unconstrained ei genval ues
Sum of all canonical eigenval ues

Cunul ati ve percentage vari ance
spotted dol phin?t
conmon dol phi n?
spotted and eastern
spi nner? dol phi ns
spotted and whitebelly
spi nner? dol phi ns
eastern spi nner dol phin
whi t ebel I y spi nner
dol phin

sti ped dol phin*

Canoni ca

1 3 4
339 113 . 037 011
. 722 458 257 152
11.0 14. 15.9 16. 3
67.5 90. 97.5 99.7

Species Tota
12.2 18. 20.2 20.5
49. 0 49, 49. 6 49.7
5.5 7.5 9.7 10.5
3.9 6.9 8.1 8.9
3.1 7.3 7.4 7.4
2.8 4.0 4.0
13.7 15.4 15.9

Ei genval ues

3.073
0.501

! Stenella attenuata.

2 Del phi nus del phi s.

3 Stenella longirostris.
4 S. coerul eoal ba
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Tableb. STAR comparative ordinations.

Comparative ordination from canonical correspondence analyses of seven types of
dolphin schools in the eastern tropical Pacific with six different sets of environmental
variablesfor STAR data (1998-2000). Set 1 = surface temperature (SST), thermocline
depth (Z20), thermocline strength (ZD), surface salinity (SAL), surface chlorophyil|
(LOGC) and surface density (SIGMA-T). Set 2 = Set 1 plus years (1-3) as categorical
variables. Set 3 = Set 1 plus latitude and longitude. Set 4 = Set 1 plus both latitude and
longitude and years. Set 5 = years (1-3) as categorical variables, after removing
variance associated with all other environmental variables (Set 3).

Envi ronnental vari abl e set

1 2 3 4 5

Ei genval ue sum 0.501 0. 513 0. 659 0.672 0. 013
P-val ue 0.001 0. 001 0.001 0. 001 0. 154
Percent variance accounted for

total species data 16. 3 16.5 21. 4 21. 7 0.5
Spot t ed dolphinsl 20.6 20.7 21.0 21.1 0.2
Comon dol phi ns® 49.7 50.5 51.0 51.9 0.8
Spotted with Eastern Spinner3 10.5 10.8 11.3 11.6 0.2
Spotted with Witebelly Spinner3 .9 9.0 27.9 28.1 0.2
East ern Spi nner 7.7 7.7 8.1 8.1 0.0
Wi t ebel |y Spi nner 4.0 4.9 8.9 9.7 0.8
Stri ped dolphins4 15.9 16.2 18.7 19.2 0.6

' Stenella attenuata.

Del phi nus del phis.
S. longirostris.
*'s. coerul esoal ba.

2

3
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Table 6.

Combined MOPS and STAR ordinations.
Comparative ordination from canonical correspondence analyses of seven types of dolphin schools

in the eastern tropical Pacific, with six different sets of environmental variables for the combined

MOPS and STAR data. Set 1 = surface temperature (SST), thermocline depth (Z20), thermocline
strength (ZD), surface salinity (SAL), surface chlorophyll (LOGC) and surface density (SIGMA-T).
Set 2 = Set 1 plus years (1-8) as categorical variables. Set 3 = Set 1 plus latitude and longitude. Set
4 = Set 1 plus both latitude and longitude and years. Set 5 = years (1-8) as categorica variables,

after removing variance associated with al other environmental variables (Set 3). Set 6 =

expedition (MOPS and STAR) as categorical variables, after removing variance associated with Set

3.
Envi ronment al vari abl e set
1 2 3 4 5 6

Ei genval ue sum 0. 422 0. 469 0. 588 0.633 0. 044 0.021
P-val ue 0. 001 0.001 0. 001 0.001 0. 001 0. 001
Percent variance accounted for

total species data 13.8 15.1 19.2 20. 4 1.8 0.9
Spot t ed dolphinsl 12.9 14. 3 13.5 15.0 1.4 0.7
Common dol phi ns® 38. 2 41.5 42.9 45. 9 3.0 1.9
Spotted with Eastern Spinner?® 15. 4 15. 7 17.5 17.8 0.3 0.0
Spotted with Wiitebelly Spinner3 8.6 9.5 18.5 20.0 1.5 0.4
East ern Spi nner 7.3 7.9 8.5 9.0 0.6 0.1
Vi t ebel | y Spi nner 4.9 6.0 14. 3 14.8 0.5 0.1
Stri ped dol phi ns’ 3.8 7.2 11. 4 14. 5 3.1 1.8

Stenella attenuata.
Del phi nus del phis.
S. longirostris.
S. coerul esoal ba.

A~ W N
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Table 6b.

Combined MOPS and STAR ordinations, continued.

Comparative ordination from canonical correspondence analyses of nine types of dolphin schoolsin the eastern
tropical Pacific (the same as those in table 6 but with Common dolphins divided into 3 new categories:
Northern Common, Central Common and Southern Common dolphins). Four different sets of environmental
variables for the combined MOPS and STAR data were run with the inclusion of these new dolphin categories.
Set 7=Set 1 (see Table6). Set 8 = Set 7 plus years (1-8) within the core study area and years in the outer
study area as categorical variables. Set 9 = Set 7 plus latitude and longitude, expedition (MOPS and STAR),
and 16 additional variables representing seabirds and surface fauna (detailed in Table 7). Set 10 = Set 9 after
stepwise selection of variables, reducing the predictor set (detailed in Table 7).

Envi ronnental vari abl e set

7 8 9 10

Ei genval ue sum 0.742 0. 968 1.504 1.441
P-val ue 0. 001 0. 001 0. 001 0. 001
Percent variance accounted for

total species data 16.1 20.0 31.0 30.0
Spotted dolphinsl 12.9 15.6 20.1 18. 4
Nor t hern Cormon dolphins2 17.5 22.2 48.9 48.1
Central Conmon dolphins2 17.0 19.5 27.6 26.8
Sout hern Common dol phi ns? 42.6 46.2 65. 0 62. 8
Spotted with Eastern Spinner3 15.4 17.5 24.8 22.5
Spotted with Wiitebelly Spinner3 8.6 20.9 30.8 30.2
East ern Spi nner 7.3 10.2 10.8 8.1
Wi t ebel | y Spi nner 4.9 11.7 20.3 20.0
Striped dol phi ns* 3.8 9.6 26. 1 23.2

' Stenella attenuata.
? Del phinus del phis.
3 . .

S. longirostris.

4
S. coerul esoal ba.
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Table 7.  Full and reduced variable sets for ordination of combined

MOPS and STAR data.

Variables Entered

Varaibles Selected

Temperature
Salinity
Simgat
LogCHL
Z20
ZDIFF
Latitude
Longitude
MOPS
STAR
White-winged Petrel
Tahiti Petrel
Myctophids
Large Squid
Red-footed Booby
Sooty Tern
Wedge-rumped Storm Petrel
Phalarope spp.
Wedge-tailed Shearwater
Juan Fernandez Petrel
Leach's Storm Petrel
Oxyporhamphus
Exocoetus
Four-winged Flyingfish
Medium Squid
Small Squid
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Figure5. Maps of distribution of canonical axis 1 for 1986-2000. Positive areas are shaded. Spotted
dolphin, Senella coeruleoalba, sightings are represented by open triangles and common dol phin,
Delphinus delphis, by closed circles.
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Canonical Axis 2
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Figure 6. Maps of distribution of canonical axis 2 for 1998-2000. Negative areas are shaded.
Eastern spinner dolphin, Stenella longirostris, sighting localities are represented by closed circles and
whitebelly spinner dolphin, S. longirostris, by open triangles.
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Figure 6 (Continued).
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represented by solid and open squares and outer area values by solid and open traingles for STAR and
MOPS years respectively.
APPENDIX

Responsesto CIE Reviewer Comments
Hunt

Deter mine whether the degree of clumping, size, or frequency of observed foraging of
cetacean groups hasvaried over time.

Response: Thiswould be very interesting, but it is out of the scope of analyses possiblein this CCA
application. Further, it would be limited by the manner in which the sightings data are collected, with
approximately 100km lengths of effort separated by roughly equivalent distances from the ships
transiting at night. Clumping could be examined only on arelatively large scale, given the 100km
average length of aunit of effort. Thisisasubject that we could pursue later, given timeto dig into the
data archives for other cruises (not standard line transect, dol phin abundance cruises) that could
provide long sections of uninterrupted effort.

Where possible, it would be useful to examine whether data gathered prior to 1986 could be
used in these analyses.

Response: We have looked into this, and it appears it could be done for some earlier cruises, but only
with asubset of the basic six-variable set used here. Thiswould require a procedure similar to that we
used in an earlier paper (Fiedler and Reilly, 1994), estimating a reduced model for a subset of
variables. Ininitial attempts recently we found this produced a model with substantially worse predictive
ability (down to less than 10% variance explained) and so we judged it to be of limited help in
addressing the larger questions related to possible decadal-level changesin habitat use patterns.

41
Oxenford

I ncor por ate some index of prey abundance (e.g. myctophidae, hemiramphidae and
exocoetidae) for which good data exist (see Pitman et al. 2000, wor king paper 7) and bird
associationsinto the CCA.

Response: Done. Good suggestion - it increased the model performance substantially.

Distinguish between common dolphin stocks, particularly asthe models appear to be
particularly strong for this species.

Response: Done. This eliminated the nagging bimodality for the combined commond dol phins on the
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dominant axis.

Post-stratify thedatain all of the studiesinto core and outer areas, and further emphasison
looking for signalsin the core area since thisrepresentsthe key habitat of the target dolphin
Species.

Response: Done. This clarified that there was a small difference between the decades, but only in the
outside stratum, which is of small importance to the stocks of primary interest, the NEO spotted and E
spinners.

Dower
Include data on the presence of tuna or flyingfish.

Response: We did include data on flyingfish, other surface fishes and squids represented in the dip net
data, and seabirds. Tuna data were not available contemporaneous with our daily sampling.

Drinkwater

Perform stepwise elimination as part of the CCA in order to highlight those independent
variables contributing most of the explained variance of the dependent variables.

Response: Done, after also including the additional biological variables. Thisworked very effectively.

Include moreindependent variablesin the CCA such asthe SOI, an Equatorial Front index,
nutrients, prey fishes and squids.

Response: Done for the prey fishes, squids and seabirds. Not feasible for the physical indices
suggested, as they are not estimated on the spatial and temporal scales of our sampling (in the case of
SOI and related climate/ocean summary statistics). It would be possible to estimate linear distance for
each point in the ETP from the Equatoria Front (seasonally depicted, from satellite images?), but this
would involve more new work than time allow for the present. We will look into this and similar
distance measurements for follow up analyses we hope to conduct in the Fall.

Examine changes in the amplitude and frequency variability, not just mean values.

Response: This potentially could be done outside the context of the current paper, which somewhat
specifically addressed habitat patterns using CCA viathe software package CANOCO. This tool does
consider variances explicitly, but not perhaps in the sense intended here. An entirely separate analysis,
perhaps using GAMs could examine changes in amplitude and frequency variability. Thisis something
we could purse later, but not within the time constraints we now face.
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Provide information on seasonal variability.

Response: Done. A brief section has been added to the text to summarize the seasonal patterns
reported in my 1990 paper in Marine Ecology Progress Series.

Provide physical inter pretation of each axis.

Response: Done, at least for the first two, dominant axes.

Clearly lay out hypothesesin the paper

Response: Casting the analyses within the context of hypothesis testing is not straightforward, nor does
it seem to us to provide clear improvement to the presentation. [needs more text]

Thompson

Consider using a smaller suite of environmental variables, and using only those variables that
are also available from other sources so that thetemporal changesin the availability of
preferred habitats across the whole ETP can be assessed.

Response: This of course can be done, and in fact we did so in an earlier publication (Fiedler and
Reilly, 1994). However, our study area covers the entire range of eastern spinners and the vast
majority of the range of NE spotted dolphins, so it isn’t clear how much additional insight would be
gained. Thisreduction to fewer variables also results in areduction of explanatory power, to less that
10% of the dolphin abundance variances, so for this reason as well it might not help too much.

Additional analysis of cetacean distribution patternsshould consider incorporating both
oceanogr aphic variables and infor mation on potential prey and tuna catchesto improvetheir
predictive power.

Response: Done. Good suggestion. It increased the predictive power by adding an additional 10% to
the approximately 20% explained, which is a notable improvement.

Alternativesto the softwar e package surfer should be investigated for providing a more
representative picture of inter-annual patternsin the distribution of key faunal groups.

Response: We have used other graphing packages in the past including coding our own, but have found
SURFER to perform best, at least of those we' ve tried.
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