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Abstract

Movement, habitat, and foraging behavior of Weddell seals (Leptonychotes
Weddellii) in the western Ross Sea, Antarctica
by
Kimberly Thea Goetz

Weddellseals (Leptonychotes weddellii) are one of Antarctica’s top predators,
yet surprisingly little information exists about their year-round movement, habitat,
and foraging behavior. Previous attempts to determine the overwinter behavior of
Weddell seals were met with limited success due to early tag failure. Conductivity
Temperature and Depth — Satellite Relay Data Loggers (CTD-SRDL tags) now make
it possible to collectanimal movement and o ceanographic dataon thesame scale.
These tags are deployed on marine vertebrates with the assumption that
oceanographic data collected by miniaturized sensors are on par with standard
oceanographic equipment. Movementdata collected by thetags, in combinationwith
oceanographic data can be usedto study the seasonal habitat preference and foraging
behaviorof Weddell seals. Tracking datacan also be linked to diet to providea
complete picture of the seasonal ecology of the southernmost mammal on Earth.
Unlike previous studies which were biased towards prey with indigestible hard parts,
stable isotopes can be used to provide a more complete picture of both digestible and

indigestible components of prey species.
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In the first data chapter (chapter 2), | assess the accuracy ofthe temperature
and conductivity sensors onthe CTD-SRDL tags to determine their performance
relative to standard oceanographic equipment. | foundthat CTD tags were not
comparable to high-precision oceanographic equipment, but still provided invaluable
oceanographic data andwere fully capable of identifying water mass characteristics
and seasonal changes in otherwise inaccessible areas. This study provides the first
independentassessment of CTD tag performance in laboratory (pre-and post-
deployment, andafter battery replacement) and under in situ conditions (before and
during deployment). In the second data chapter (chapter 3), | explain and predict
Weddellseal habitatand foraging behavior froma suite of environmental variables as
well as examine the relationship between foraging behavior and dive metrics. | found
that seasonal sea-ice extent, openwater polynyas, and the diversetopography ofthe
Ross Sea were important in determining the habitat preference and foraging behavior
of Weddellseals in the western Ross Sea. This work provides insight into how
Weddell seals might adjust their habitat preferences and foraging behavior in light of
increased climate change. Finally, in the last data chapter (chapter 4), | used stable
isotopes (5°Cand 3'°N) to examine the diet of Weddell seals over two time scales. |
found that Antarctic silverfish (Pleurogrammaantarcticum), Antarctic icefish
(Neopagetopsis ionah) and several Tremamtomus species were importantprey items,
but their proportional contributionto Weddell seal diet varied amongindividuals and

acrosstime scales. Overall, this dissertation provides critical insightinto the

xXiv



movement, habitat, and feeding ecology of this important top predator of the Ross

Seaecosystem.
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Introduction

Weddellseals (Leptonychotes weddellii) play an important role in the
Antarctic ecosystemas oneofthe only residenttop predators, yet very little data exist
on theiryear-round movementand foraging behavior. In addition, oceanographic data
are severely lacking in the Southern Oceanand the highly productive waters ofthe
Ross Sea, particularly in the winter (Arrigo et al., 1998). As aresult, abiotic-biotic
mechanisms that link oceanographic features with Weddell seal behavior are
unknown. Consequently, outfitting Weddell seals with Conductivity, Temperature,
and Depth — Satellite Relay Data Loggers (CTD-SRDL or CTD tags) has great
potential for providing valuable biological and oceanographic data. During the eight
months Weddell seals spendforaging at-sea, they sample conditions under the pack-
ice, dive deep enoughto collectdatafromthe whole water column, andcovera large
geographic area.

While data collected by CTDtags are paramount to understanding the
movement and foraging behavior ofa seal, one must first consider the limitations of
their on-board oceanographic sensors to ensure the data are used appropriately by
both the biological and oceanographic communities. CTD tags have beendeployed on
marine animals around the world with the implicit trust thattags are performing
accordingto the accuracy and precision specified by the manufacturer. These
specifications are on par with highly accurate and precise oceanographic equipment
used for decades to measure physical properties of the ocean. However, sensor

limitation, such as measurementdrift ornoise, cannotonly lead to incorrect linkages



between animals and their environmentbutalsoto the distribution of erroneous
oceanographic data.

Once correctedfor deviceerror, data from CTD tags allow us to extend the
scope of ourstudy beyond coarse linkages of prey and predator distributions to
correlate the foraging behavior of marine animals with their physicaland
oceanographic environment (Blocket al., 2002; Lydersen et al., 2002; Biuw et al.,
2007; Simmons et al., 2007). Data collected bythese tags can be used to characterize
habitat and identify foraging areas for Weddell seals in the Ross Sea, a process that is
particularly challengingdueto the 3-dimensional and highly dynamic nature ofthe
marine environment. Understanding how Weddell seals respond behaviorally to both
abiotic and biotic features is fundamental for forecasting how climate change may
impact these top predators.

Logistical challenges limit the collection of dietary information onmarine
predators, especially those thatoverwinter in Antarctic ecosystems. Therefore, we
lack a comprehensive understanding of trophic linkages between Weddell seals and
their prey. While scat and stomach contentanalyses have provided some data on
Weddellseal diet, these analyses were limited to non-assimilated prey parts, suchas
indigestible fish otoliths, andso can be highly biased towards particular prey species
while completely missing others (Bodeyetal., 2011). Some prey species, suchas the
Antarctic toothfish (Dissostichus mawsoni) cannot be detected using traditional
methods because hard parts are notconsumed. Stable isotope analysis is a powerful

biochemical tool for studying foraging ecology that bypasses the limitations of



traditional methods by quantifying the ratios of carbonand nitrogenisotopes present
in sealtissues; these isotopes indicate thetrophic levelat which a predator is feeding
as well as broad-scale habitatcharacteristics. Stable isotope analyses can be further
extended by usingstatistically robustmixing models to determine the proportional
contributionof prey species to theoverall diet, provided 5 *Cand "N values for
potential prey species are available. This method is especially valuable since it can
estimate the proportionoftoothfishin the diet of Weddell seals, which may provide
insight on the impact thatthe proposed 50% reduction in toothfish dueto commercial
long-lining (Pinkerton et al., 2007) may have on this seal population.

In chapter 2, | assessed theaccuracy of CTD tag sensors relativeto the
manufacturer stated accuracy in both laboratory and in-situ conditions. | quantified
the error in temperatureand conductivity measurements at various stages ofthe tag’s
conditionand showed that, despite not performing within the manufactured-stated
accuracy, results were useful at the level ofanimal behavior. In addition, | provided
recommendations for the re-deployment oftags, and offered suggestions thatare
likely to improve the performance oftag sensors.

In chapter 3, | used datacollected by CTD tags to describe and predict habitat
preferences and foraging behaviors of Weddell seals in the western Ross Sea. These
models showed thatthe diverse bathymetry, seasonal ice concentration, and
oceanographic features were important in determining seasonal habitat preferences
and foraging behaviors. In addition, | showed that foraging was highest whenseals

were either less than 30% to the bottom(pelagic) or were near or at the bottom



(bentho-pelagic). Overall, Weddell seal foraging behavior was relatively lowin the
summer compared to the restofthe year which may be attributed to energetic
limitations imposed by reproduction and molt life history stages.

In chapter 4,1 1) examined carbon and nitrogen isotopic variation in relation
to Weddellseal mass, sex, season, year, tagging location, body condition, andage, 2)
quantified the contribution of prey species to overalldiet, and 3) linked diet to animal
distribution and foraging patterns. My analysis showed that mass was a significant
predictor of8**Cand N in both red blood cells (RBC) and vibrissae, though the
strengthand directionofthe relationship varied by year. In addition, | found that
olderindividuals (> 10 years) had significantly enriched RBC 5**C and N,
suggesting they were feedingat a higher trophic level than younger seals. The prey
group consisting of Antarctic silverfish (Pleurogramma antarcticum) and
Trematomus newnesi was the dominantprey of Weddell seals fromthe Ross Sea,
although their relative importance varied among tissue types, suggesting temporal
variation in diet. The Antarctic icefish (Neopagetopsis ionah) contributed between
39% and 57% to the diet of Weddell seals overa shorter time scale, while the
Antarctic toothfish contributed < 10% to overall diet. However, given the high
energetic density of toothfish, I suggestthat this species may be an important prey
item for Weddell seals, especially during the post-molt recuperation period when
animals are at their leanest. Year-round movement anddiving data revealed that

foraging patterns were associated with differentdiets.



Together, chapters 2, 3 and 4 identify the limitations of CTD tags and show

how movement datacollected fromthese tags can beused to model the seasonal
movement, habitat preference, foraging behavior, and dietof Weddell seals. Finally,
in chapter 5, | synthesis the data presented in these three chapters and discuss the

findings in relation to anthropogenic threats and future directions.



CHAPTER 2

Assessing the accuracy of animal-borne CTD tags under laboratory
and in situ conditions

ABSTRACT

Electronic animal-borne tags capable of collecting oceanographic dataare at
the forefront of bio-logging technology. Conductivity Temperature and Depth —
Satellite Relay Data Loggers (CTD-SRDL tags), manufactured by the Sea Mammal
Research Unit (SMRU), are deployed on marine vertebrates with the assumption that
oceanographic data are within the manufacturer stated accuracy of +0.005 °C for
temperature and+0.01 mScm™* for conductivity. We tested this assumption by
comparing mean error (ME) and mean absoluteerror (MAE) in temperature and
conductivity produced by the manufacturer calibrationand our independent
calibration in both laboratory and in situ conditions. Furthermore, we tested the
impact of deployment, battery replacement, and tagattachmenton theaccuracy of
temperature and conductivity for both calibrations. Our results show that MAE in
temperature and conductivity under laboratory and in situ conditions was higher than
the manufacturer’s statedaccuracy. In the laboratory, ME of the manufacturer
calibration was within the stated accuracy of +0.005 °C for temperatures>0°C.
MAEacrossalltemperatures was greater thanthe stated accuracy of+£0.005 °C. For
conductivity, MEvalues produced fromthe manufacturer calibration were higher
than the stated accuracy of +0.01 mScm™, ranging from0.011 mScm'* (SD=0.031) to

0.046 mScm™ (SD=0.058). Post-deployment, ME values forthe manufacturer



calibration were higher than before deployment for temperatures >0 °C. Overall,
MAEwas 0.017 °C (SD=0.019) post-deployment comparedto 0.013°C (SD=0.017)
pre-deploymentand0.028 (SD=0.022) post-battery replacement. This study provides
the first independent assessmentof CTD tag performance in laboratory (pre-and
post-deployment and after battery replacement) and under in situ conditions (before
and during deployment). Ultimately, this analysis will help researchers assess the
accuracy of oceanographic data collected by marine vertebrates and provide the

information necessary to determine when an independent calibration is warranted.

INTRODUCTION

Bio-logging technology has longbeenusedto study the behavior of wide-
ranging marine vertebrates (Fedak, MA, 2004; Naito, 2004; Ropert-Coudert and
Wilson, 2005; Ropert-Coudertet al., 2009; Rutzand Hays, 2009; Bograd et al.,
2010). Until recently, relating the movementand dive behavior of marine animals to
habitat features was limited to remotely-sensed data (Hooker et al., 1999; Hamazaki,
2002; Goetzetal., 2007; Torres etal., 2008) or shipboard measurements of
oceanographic features (Joiris, 1991; Ribic etal., 1991; Chapman etal., 2004; Tynan
etal., 2005). While thesestudies continueto provide importantinsights into species’
behavior, suchenvironmental dataare too coarse in spaceand time to assess
individual fine scale behavior in a multidimensional oceanographic environment.

The miniaturization of oceanographic sensors and recentadvancements in bio-
logging technology have facilitated the creation of electronic tags capable of

collecting oceanographic dataon thesame temporal and spatial scale as animal



behavior (Costa, 1993; Costa and Crocker, 1996; Campagna et al., 2000; Charrassin
and Bost, 2001; Block et al., 2002; Biuw et al., 2007; Simmons et al., 2007; Robinson
etal., 2012). Inaddition, environmental data collected by animal-bornesensors can
increase our understanding of physical oceanography, especially in areas where high
ice density prevents ship and Argo float operation, or where high cloud coverage
impedes data collectionfromremote sensing platforms. Oceanographic data collected
by marine animals have increased our understanding of ocean variability and heat
flux, deep waterturnover, frontal structure, bathymetry, and currents (Wilsonetal.,
1994; Lydersenetal.,2002; Simmons etal., 2006; Boehme et al., 2008; Charrassin et
al., 2008; Costaetal.,2008; Roquet et al., 2009; 2009; Padman et al., 2010; Grist et
al., 2011; Robinsonetal., 2012).

Due to the increasing popularity of using marine animals as oceanographic
samplers, voids wherelittle or no data exist are being filled with oceanographic data
collected by free-ranging animals. Forexample, over 1.4 million oceanographic casts
collected by marine mammals are available fordownload in the World Ocean
Database (WOD), which seeks to make quality oceanographic data available without
restriction. If calibrated and attached properly, animal-borne sensors have great
potential to increase our oceanographic understanding in remote or inaccessible areas.
However, tag performance is rarely validated under laboratory or in situ conditions
(Hookerand Boyd, 2003; Simmons et al., 2009; Roquet et al.,2011; Nordstrometal.,

2013). Because data derived fromanimal-borne sensors are likely to increasein the



future, itis critical to assess whether the accuracy of oceanographic sensors attached
to free ranging animals is comparable to other oceanographic platforms.
Conductivity Temperature and Depth — Satellite Relay Data Loggers (CTD-
SRDL tags, referred to ‘SRDLtags’ hereafter) were developed by the Sea Mammal
Research Unit (SMRU, Scotland) and contain an inductive conductivity sensoranda
fast response PlatinumResistance Temperature Detector (PRT) manufactured by
Valeport Ltd (UK). The sensorsare calibrated by Valeport, sent to SMRU where they
are integrated with the SRDL platform, and returnedto Valeport foran additional
calibration. According to the manufacturer, thesesensors collect temperatureand
conductivity profiles with an accuracy of +0.005°C and +0.01mScm’™, respectively.
However, an independentassessment of the accuracy of thesetags under laboratory
and in situ conditions has notbeen performed. In addition, there are no data on the
sensor drift associated with these tags after deployment, and after battery
replacement. Therefore, the objectives of this study were to assess the performance of
SRDL tag sensors relative to the manufacturer’s stated accuracy 1) in the laboratory:
before and after deployment, and after battery replacement, and (2) underin situ

conditions while attached to a CTD profiler and while deployed on a seal.

METHODS
Independent laboratory calibration

A total of 44 2009-2012 generation CTD-SRDL tags were independently
calibrated at the Naval Postgraduate School (NPS, Monterey Bay, California) prior to

deployment. We alsore-calibrated the tags post-deployment on Weddell seals to



examine the effect ofa nine month deploymentin Antarctic waters ontag
performance. Finally, each tagwas calibrated again after battery replacement.

Temperature and conductivity calibrations were conducted sequentially.
During the temperature calibration, all tags were placed in atemperature bathand
allowed to equilibrate to each of five sequential temperatures between -2 and 25 °C.
Temperatures below 0°Cwere achieved by the addition of ethanol. The temperature
bath was equipped with both a mixer and a computer-controlled heating/cooling
element to maintain temperature stability. In addition, a high precisionthermistor
(Sea-bird Electronics, model 3F, accuracy = 0.001 between -5and 35°C) interfaced
with a computerwas usedto record temperature readings at leastonce persecond.
These temperatures were considered ‘truth’ when calibrating the temperature sensors
of the tags.

The conductivity calibrations were conducted using five seawater baths
ranging in salinity from16 to 37. All seawater baths were thoroughly mixed during
the calibrations. Tags were hung by their antennae and positioned suchthatthey were
at least 15 cmaway from the bath walls, the mixer, and othertags toeliminate near-
field effects. Alltags were allowed to equilibrate fora minimum of 5 minutes. Water
samples were collected fromeach bathat the beginning, middle, and end ofthe
calibration period. Each collectionbottle and cap was rinsed before the sample was
taken fromthe middle (distance and depth) of the bath. Weused seasoned glass
seawater bottles with a plastic stopperand capto store samples until processing using

a salinometer (Guildline, model 8400B, accuracy < 0.002 between 2and 42 PSU)
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within 24 hours. The salinometer was calibrated using standard seawater before and
after processing the water samples.

To determine the new temperature calibration string, first we plotted time
against temperature as recorded by the tag sensorandthe thermistor in the
temperature bath. For each temperature equilibration period (five distinct
temperatures), we selected the most stable two-minute period, measured by the lowest
standard deviation in temperature collected by the SRDL tag. Foreach of five, two-
minute stable temperature periods pertag, we calculated the mean raw (uncalibrated)
temperature recorded by both the tag (observed) and thethermistor (actual). Like the
manufacturer, we fit a quadratic function to the actualand observed values and the
resulting coefficients were used to constructa temperature calibration string for each
tag.

A similar approach was usedto compare mean raw (uncalibrated)
conductivity values collected by the tag (observed) to the conductivity measured in
the lab (actual). Foreach of five conductivity baths, we identified the moststable
two-minute period as measured by the lowest standard deviation in conductivity.
Next, we calculated conductivity (actual) for each water sample fromthe following
variables: conductivity ratio measured by the salinometer, bath temperature,
salinometer temperature, and pressure. Salinometer temperature and pressure
remained constantat 24°Cand 1 dbar, respectively. The conductivity ratio of the bath
at the time each water sample was collected was determined by applyinga linear fit to

the time and conductivity ratio measured by thesalinometer during three periods
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(beginning, middle, and end) in which the tags were submergedin the baths. Using
the midpoint of the selected two-minute stable period and the coefficients fromthis
fit, we calculated the conductivity ratio of eachbath foreverytag. Because the
conductivity measurementis dependenton theaccuracy ofthe temperaturesensor, we
applied a tag-specific linear regressionto the temperature data collected in the salinity
bathsand the temperature calibrationdatacollected earlier the same day. The mean
raw temperature (observed) collected by thetag during the selected two-minute stable
period in each conductivity bathwas used in the function to determine the actual
temperature ofthe bath. Finally, like the manufacturer, we used a cubic functionto fit
the actualand observed conductivity values and the resulting coefficients were used

to construct the conductivity calibrationstring for each tag.

Comparison of manufacturer and independent calibrations

Laboratory
Once tags were programmed with the new calibration strings, we examined

the performance of these calibrations to reproduce the water temperature and
conductivity ofthewater baths. The mean raw temperature and conductivity values
(observed) collected by SRDL tags duringeach selected two-minute stable period
were input into the calibration strings (manufacturer and independent) to calculate
actualtemperature and conductivity measured by thetag. Weassessed theaccuracy
and precision ofthe manufacturer and our independent calibration by taking the mean
and standard deviation of the differences betweentemperature and conductivity

values measured by the manufacturer calibrationandthose measured by highly
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accurate oceanographic equipment (mean error, referred to ME hereafter). The mean
of the absolute error (mean absolute error, referred to as MAE hereafter) and standard
deviation were also calculatedin order to assess the magnitude of temperatureand
conductivity error. MEand MAE were also examined relative to the accuracy stated
by the manufacturer (+0.005 °C fortemperature and+0.01 mScm™* for
conductivity). Data were placed in one of four bins based on quantiles to ensure
roughly equalsample size in each bin.

This same procedure was used to assess whether deployment or battery
replacement impacts the accuracy and precision of SRDL tag sensors. We examined
the performance of boththe manufacturerand our independent calibration relative to
the stated accuracy ofthe SRDL sensors through time and condition (eight tags
before and after deploymentandfive after battery replacement). Differences between
SRDL tag temperature and conductivity values andthose collected by highly accurate
laboratory equipmentwere used to calculate ME, MAE, and standard deviations.

In situ

Of the 44 SRDL tags thatwere independently calibrated in the lab, 16 were
furthertestedin the field near McMurdo Station, Antarctica to determine the accuracy
and precisionoftemperatureand conductivity measured by the sensorsin anon-
laboratory setting. Temperature and conductivity values obtained fromnewly
purchased SRDL tags were compared to those collected froma CTD profiler (‘truth”)
(Sea-bird Electronics, model 19-03, hereafter referred to as ‘SB profiler’) before and

during deployment onaseal. Data collected fromthe SB profiler (measurement
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accuracyof+0.01 °C and + 0.01 mScm'* for temperature and conductivity,
respectively) were corrected for conductivity and temperature drift based on pre and
postinstrument calibrations.

Before deployment, tags were attached to the SB profilerand lowered into the
water column up to two times to a maximum of 180 mor untilreaching the seafloor.
CTD casts were conducted in waters ranging in temperature from-1.8 to -1.3 °C and
conductivity from26.5 to 27.5 mScm'™.

Pressurerecorded by SRDL tags was correctedto accountforthe initial 10
decibar offsetautomatically appliedto the pressuredatawhile in calibration mode.
Raw values collected by each tagwere processed using the manufacturerand our
independentcalibration stringto calculate real temperature and conductivity values.
Finally, we calculated mean temperature and conductivity for each one-meter depth
bin for all CTD casts collected by boththe SRDL tags and the SB profiler.

We examined ME, MAE, and standard deviations in temperature and
conductivity of SRDL tags (calculated fromthe differences between SRDL tags and
the SB profiler) forboth the manufacturer calibrationandour independent calibration.
Due to memory limitations, SRDL tags only record CTD profiles afteran animal
reaches a specified depth. Therefore, only dataforthe upcastwas used for
comparison. To eliminate noise associated with equipmentexiting the water, we also
limited ouranalysis todatabelow five meters.

In addition toassessing in situ SRDL tag performance before deployment, we

compared temperature and conductivity of CTD casts collected by the tag sensors to
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thosecollected by the SB profiler while deployed on a seal. During January -February
2012, we used the SB profilerto collect 20 CTD casts at ice holes proximate to the
locations where Weddell seals with SRDL tags were collecting data. We calculated
distances between each SB cast and the casts collected by the 16 SRDL tags deployed
on seals. Because we found that the water column appeared stable over five km
(sometimes as much as 50 km depending onlocation) and over a five day period we
chose casts collected from SRDL tags within two days and five kilometers of casts
collected by the SB profiler for comparison. Because SRDL tags only transmit
salinity via satellite, for this subset of casts, we useda custombuilt MATLAB
function developed by James Stockel (2008) to convert salinity to conductivity for
comparisonpurposes. These values were usedto back-solve the polynomial
calibration equations for raw temperature and conductivity values whichwere then
processedthroughthe original manufacturer and our independent calibration
equations. We calculated ME, MAE, and standard deviation of thedifferences
between the temperature and conductivity values recorded by the SRDL tags (for both
the manufacturerand our independentcalibration) and the SB profiler across three
depth bins. Because very fewseals dove below 150 m, we did notinclude depth data

below 150 m.
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RESULTS
Comparison of manufacturer and independent calibrations
Laboratory — Newly purchasedtags

With the exception of temperatures below 0 °C, ME ofthe manufacturer
calibrations was within thestated accuracy of+0.005 °C (Table 2.1, Fig. 2.1).
However, standard deviation ranging from0.008 to 0.188 °C across temperatures
suggests low precision. The overall MEand MAE produced by the manufacturer
calibration was 0.005 (SD=0.015) and 0.009 (SD=0.012), respectively. MAEacross
all temperatures was greater thanthe stated accuracy of +0.005 °C (Table 2.1).
Dependingon temperature bin, 34-61% of the data were within £0.005 °C (Fig. 2.1).

Forourindependentcalibrations, MEand MAEwere less than the
manufacturer stated accuracy of £ 0.005 °C forall temperature bins, including those
below0 °C (Table 2.1). The standard deviationsaround MEand MAEforour
independentcalibration were smaller than those produced by the manufacturer
calibration, indicating higher precision (Table 2.1). Over 90% ofthe data were within
than the stated accuracy ofthe tag (Fig. 2.1).

Forconductivity, ME values produced fromthe manufacturer calibration were
higherthan the stated accuracy of +0.01 mScm*, ranging from0.011 mScm™
(SD=0.031) t0 0.046 mScm™ (SD=0.058) across conductivity bins (Table 2.1).
Similarly, MAEvalues were less accurate with increasing conductivity (Table 2.1).
The standard deviation around MEand MAE values increased with increasing

conductivity values. Overall, MEand MAEvalues produced by the manufacturer
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calibration were 0.026 (SD=0.042) and 0.040 mScm* (SD=0.030). The majority of
the errors were positive, indicating that the tag sensor tended to overestimate
conductivity values (Fig. 2.1). Approximately 15% of the conductivity errors within
the 25-29 mScm* bin were within the stated accu racy of the sensor, while 3-8% of
the error values fromthe three remaining bins were within 0.01 mScm™* (Fig. 2.2).
Forourindependentcalibration, conductivity MEand MAEvalues were all
within the stated accuracy. However, MEand MAE were highest for conductivity
values between 29and 34 mScm'* (ME=0.004, SD=0.010; MAE=0.007, SD=0.009)
(Table 2.1). Overall, the conductivity MEand MAE produced by our independent
calibration was 0.000 (SD=0.007) and 0.004 mScm™* (SD=0.005), respectively.
Standard deviations around MA and MAE values for our independent calibration
were lower than those produced fromthe manufacturer calibration (Table 2.1). After
ourindependent calibration, 84-100% of the data were within the stated accuracy of

0.01 mSem'® (Fig. 2.2).
g

Laboratory — Impactofdeployment and battery replacement

Aftera 9-10 month deploymenton eight individual Weddell seals, eight
SRDL tags were recoveredandrecalibrated in the lab. For this subset oftags, we
compared MEand MAEbefore and after deployment and after battery replacement
(Table 2.2). Similar to results fromthe 44 tags combined, beforedeployment, ME and
MAEvalues fromthe manufacturer calibration were highest for temperatures below 0
°C (ME=0.029, SD=0.026; MAE=0.029, SD=0.026) and lowest for temperatures > 6

°C (ME=-0.001, SD=0.008; MAE=0.005, SD=0.006) (Table 2.2). The manufacturer
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calibration produced temperature MEand MAE within the stated accuracy of £ 0.005
°C only fortemperatures >6 °C (Table 2.2). Before deployment, the overall ME
produced by the manufacturer calibration was 0.010 °C (SD=0.019) (Table 2.2). The
percentage of data within the manufacturer specified accuracy for temperature
increased with increasing temperature, ranging from4 to 76% (Fig. 2.3).

With our independent calibration, before deployment, temperature MEand
MAEvalues were within the manufacturer stated accuracy of £ 0.005 °C for all
temperature bins (Table 2.2). The overallaccuracy for our independent calibration
was 0.000 °C (SD=0.004) compared to 0.010 °C (SD=0.019) for the manufacturer
calibration. In addition, the standard deviations around MEand MAEvalues
produced by our independentcalibration were smaller than those produced by the
manufacturer calibration (Table 2.2). With our independent calibration, 62-100% of
the temperature values were within the specified accuracy of the tag prior to
deployment(Fig. 2.3).

Post-deployment, MEvalues for the manufacturer calibration were higher
than before deployment for alltemperatures greater than0°C (Table 2.2). Forthese
temperatures, MEvalues post-deployment were negative with 24-41% ofthe data
within the stated +0.005 °C accuracy (Table 2.2, Fig. 2.3). Before deployment, most
of the temperature errors were positive or within £0.005 °C. However, after
deployment, negative temperatureerrors increased. Because temperature errors
between -2and 0 °C were primarily positive before deployment, this downward shift

upon deploymentincreased the accuracy of the temperature values (Table 2.2, Fig.
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2.3). The standard deviation in the manufacturer ME values for each temperature bin
was greater after tag deployment thanbefore (Table 2.2). Overall, MAEwas 0.017 °C
(SD=0.019) post-deployment comparedto 0.013°C (SD=0.017) pre-deployment.

While ourindependent calibrationimprovedthe accuracy of the temperature
sensors pre-deployment, like the manufacturer calibration, accuracy was reduced
post-deployment; MEafter deployment was -0.019 °C (SD=0.020) compared to 0.000
(SD=0.004) before deployment (Table 2.2). MAEfor ourindependent calibration was
0.020 °C (SD=0.019) compared to 0.017 °C (SD=0.019) forthe manufacturer
calibration. The standard deviation in temperature errors was similar for both the
manufacturerand our independent calibration (Table 2.2). Temperature errors for our
independentcalibration shifted fromvalues thatwere within the stated accuracy
before deploymentto negative vales after deployment (Fig . 2.3). Acrossthe four
temperature bins, 17%, 20%, 43% and 0% of the data were within the £0.005 °C
accuracy (Fig. 2.3).

Afterbatteryreplacementin five ofthe eight recovered SRDL tags, the
manufacturer calibration produced temperatures thatwere less accurateand precise
(ME=-0.008, SD=0.035) than those produced during both pre- (ME=0.010,
SD=0.019) and post-deployment (ME=-0.005, SD=0.025) calibrations (Table 2.2).
Forall temperatures greater than 0 °C, the manufacturer calibration produced ME
values that were higherthanboth pre-and post-deployment MEvalues. MAE values
produced by the manufacturer calibration followed the same trend (Table 2.2). Across

all temperatures, the percentage of negative errors increased frompre-deployment to
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post-deployment and againafter battery replacement(Fig. 2.3). After battery
replacement, 0-18% of the temperatureerrors was within the specified accuracy of
the sensor (Fig. 2.3).

While our independent calibration was more accurate than the manufacturer
calibration overall, temperature accuracy decreased frombefore deployment
(ME=0.000, SD=0.004) to afterdeployment (ME=-0.019, SD=0.020), and further
decreased after battery replacement (ME=-0.022, SD=0.024), following the same
trend as the manufacturer calibration (Table 2.2). A higher percentage of errors were
negativeafter battery replacementthaneither pre- or post- deployments (Fig. 2.3).
The percentage of datawithin the 0.005 °C stated accuracy of the temperature sensor
was 0, 2, 6 and Oacross increasing temperature bins (Fig. 2.3).

Before deployment, the manufacturer calibration produced conductivity
values that followed the same patternas those fromthe larger datasetof 44 tags
examined previously; MAE increased from0.042 mScm™ (SD=0.034) to 0.095
mScm™ (SD=0.065) with increasingconductivity (Table 2.2). Overall, ME was 0.004
(SD=0.076) and MAEwas 0.059 (SD=0.048). The percentage of datawithin the 0.01
mScm™* statedaccuracy for the tags ranged between 0and 10, with the majority of the
conductivity values overestimated by the manufacturer calibration (Fig . 2.4).

Our independent calibration produced MEand MAEvalues that were within
the stated accuracy of £0.01 mScm™* forall conductivity bins (Table 2.2). The
standard deviation in conductivity errors produced by our independent calibration was

smaller than those produced by the manufacturer calibration. Pre-deployment, MAE
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for ourindependent calibrationwas 0.005 (SD=0.007) forall conductivities measured
in the lab, compared to 0.059 (SD=0.048) forthe manufacturer calibration. Forour
independentcalibration, data within thespecified accuracy of the conductivity sensor
ranged from76-100% (Fig. 2.4).

Afterdeployment, MEand MAE produced by the manufacturer calibration
were higher than the manufacturer stated accuracy of £ 0.01 mScm™ for newly
purchased tags (Table 2.2). MAEwas higher post-deployment (MAE=0.091,
SD=0.034) than pre-deployment(MAE=0.059, SD=0.048) (Table 2.2). A larger
proportion oferrors was positive compared to post-deploymenterrors for ofall
conductivity bins (Fig. 2.4). With the exception of 1% of the 25-29 mScm* data, all
conductivity errors were higher thanthe+0.01 mScm™ manufacturer accuracy (Fig.
2.4).

Post-deployment, MAE for ourindependent calibration ranged from0.052
mScm™* (SD=0.044) to0 0.117 mScm* (SD=0.127), increasing across increasing
conductivity bins. Overall, MAEfor our independent calibration (MAE=0.074
SD=0.081) was lower than the MAE for the manufacturer calibration (MAE=0.091,
SD=0.034). Afterdeployment, the majority ofthe conductivity errors were positive
and 0-14% ofthe errors within the differentconductivity bins were within the £ 0.01
mScm* stated accuracy (Fig. 2.4).

Afterbattery replacement, conductivity ME values produced by the
manufacturer calibration were shifted below both pre-and post-deploymentvalues

(Table 2.2). The standard deviationin error values was higher after battery
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replacement than before. MAE across all conductivity bins for the manufacturer
calibration was 0.081 mScm™ (SD=0.088) (Table 2.2). After battery replacement, the
percentage of positive conductivity errors decreased frompre-and post- deployment
values anda higher percentage of data (0-17%) was within the manufacturer stated
accuracy of+0.01 mScm™ (Fig. 2.4).

Forourindependentcalibration, MAE after battery replacement (M AE=0.076,
SD=0.082) was higherthan the post- (MAE=0.074, SD=0.081) and pre-deployment
(MAE=0.005, SD=0.007) (Table 2.2). ME values for our independent calibration
followed a similar pattern to those produced by the manufacturer calibration; after
deployment, ME values were shifted above pre-deployment ME values. However,
following battery replacement, ME values were shifted below pre-deployment ME
values (Table 2.2). Similar to data produced by the manufacturer calibration, the
percentage of positiveerrors produced by our independent calibration post-
deployment, decreased after battery replacement (Fig. 2.4). However, the percentage
of data within the manufacturer stated accuracy for conductivity ranged from3-16%,
an increase frompost-deploymentvalues produced by our independent calibration

(Fig. 2.4).

In situ - SRDL tags as received by manufacturer

The overall MEfor in situ temperature produced by the manufacturer
calibration were 0.021 °C (SD=0.016) (Table 2.3). The majority of the temperature
errors forall depthbinswere positive, indicating that the manufacturer calibration

overestimated temperature in the field (Fig. 2.5). Six percent ofthe data in the 5-50m
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bin were within the manufacturer’s +0.005 °C stated accuracy. However, SRDL
temperature accuracy decreased with increasing depthsuchthat0% of the data in the
150-200 m depthbinwere within £0.005 °C (Fig. 2.5).

Acrossdepths, ME produced by our independent calibrationwas 0.018 °C
(SD=0.015) (Table 2.3). Similar to results produced by the manufacturer calibration,
temperature errors produced by ourindependentcalibration increased with increasing
depth (Table 2.3). Ourindependentcalibrationalso produced positiveerrors similar
to the manufacturer calibration (Fig. 2.5).

Forconductivity, MEand MAE produced by the manufacturer calibrationwas
0.043 (SD=0.018) and 0.044 (SD=0.016) mScm™, both ofwhich were higher thanthe
manufacturer stated accuracy of +0.01 mScm* for newly purchasedtags (Table 2.3).
Similar to the in situ temperature errors, the majority of conductivity errors produced
by the manufacturer calibration were positive (Fig. 2.6). In addition, over 90% ofthe
data in each depth bin were higher than the+0.01 mScm™ accuracy.

AlthoughMEand MAE produced by ourindependent calibration (ME=0.031,
MAE=0.032 mScm™) were less than MEand MAE fromthe manufacturer
calibration, the standard deviation in conductivity errors was higher for our
independentcalibration (Table 2.3). While the majority ofthe data in each depth bin
was positively skewed, a larger percentage of the data produced by our independent
calibration (18-26%) was within the stated +0.01 mScm™" accuracy than thedata

produced by the manufacturer calibration (2-4%) (Fig. 2.6).
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In situ - Impact of SRDL attachment

In total, there were 18 CTD-SRDL casts collected by nine seals thatwere
within five kilometers and two days of eight SB CTD casts (Fig. 2.7). Temperature
ME and MAE produced by the manufacturer calibration during deployment
(ME=0.040, SD=0.0126; MAE=0.094, SD=0.093) were higherthan those produced
when the nine SRDL tags were attached tothe SB profiler (ME=0.021, SD=0.015;
MAE=0.023, SD=0.012) (Table 2.4). During deployment, temperature MEand MAE
were higherthan thestated accuracy of £ 0.005 °C across alldepths (Table 2.4). For
depthsbetween5and 100 m, temperatures measured by the manufacturer calibration
were less precise than temperatures measured at depths between 100and 150 m
(Table 2.4). The majority of the data in each depth bin was positively skewedand less
than sixpercent ofthe data were within the manufactured stated accuracy of £ 0.005
°C (Fig. 2.8).

During deployment, our independent calibration produced MAE values
between 0.068 °C (SD=0.060) and 0.104 °C (SD=0.095) across depth bins (Table
2.5). While Temperature ME produced by our independent calibration (ME=0.033,
SD=0.127) was less than ME for the manufacturer calibration (ME=0.040,
SD=0.126), overall MAEvalueswere the same for the two calibrations (Table 2.4).
MAEvalues forthe SRDL tags before deploymentwere less than MAE values during
deploymenton a Weddell seal. Similar to results produced by the manufacturer

calibration, the majority of the errors produced by our independent calibration were
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positively skewed with less than eight percent of the data within the stated accuracy
for the temperature sensor (Fig. 2.8).

Like temperature, conductivity MEand MAE produced by the manufacturer
calibration duringdeployment (ME=0.277, SD=0.239; MAE=0.331, SD=0.155) were
higherthan pre-deployment values (ME=0.044, SD=0.019; MAE=0.044, SD=0.018)
(Table 2.4). Similar to the trend for temperature, standard deviation of conductivity
ME and MAEdecreased with increasing depth for both the manufacturerandour
independentcalibration (Table 2.4). Over 80% ofthe error values produced bythe
manufacturer calibration were positively skewed with only two, zero, and three
percent ofthe data within the stated +0.01 mScm™ accuracy ofthe tagacross the
three depthbins (Fig. 2.9).

Our independent calibration produced slightly lower conductivity MEand
MAEvalues (ME=0.265, SD=0.239; MAE=0.319, SD=0.149) than the manufacturer
calibration (Table 2.4). However, these MEand MAE values produced while SRDL
tags were attachedto a seal were higher than those produced when tags were attached
to the SB profiler (Table 2.4). The majority ofthe conductivity errors produced by
our independent calibration were positively skewed and less than seven percent of the

data were within the +£0.01 mScm™ accuracy (Fig. 2.9).

DISCUSSION

Our understanding ofanimalbehaviorandour ability to collectoceanographic
data in remote areas has been revolutionized by the miniaturization of oceanographic

sensorsthat canbe incorporatedinto electronic tags and deployed onmarine animals.
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SRDL tags provide the perfect solution for merging biologists’ interestin animal
behaviorand habitatutilization with oceanographers’ interest in the physical
properties of seawater. To further enhance this synergy, we need to understand the
intricacies and limitations of using SRDL tags deployed on marine animals to collect
oceanographic data. While SRDL tag sensors are accurate enoughto detect water
masses, in order to detect changes within a water mass, defining MEand MAEis
essential. A clear understanding of the errors and limitations inherent in temperature
and conductivity measurements obtained fromanimal-borne CTDtags is critical
when integrating these data with those collected fromother oceanographic platforms.
In the laboratory, the manufacturer calibration performed within the stated
accuracy of+0.005 °C forall temperatures exceptthose below 0 °C. Therefore,
independentcalibration may be necessary when SRDL tags are deployed onanimals
that frequent waters less than 0 °C. Our in situ calibration testin the Ross Sea,
Antarctica, where temperatures were below freezing, confirmed this finding.
Temperature MEand MAEwere higher thanthestated accuracy of the sensor forall
temperatures below 0 °C, regardless of depth. While our independent calibrations
produced temperatureerrors thatwere slightly less than the manufacturer calibration
underin situ conditions, these errors were also higher thanthe manufacturer stated
accuracy. The difference in the temperature errors produced by our independent
calibration in the lab and in the field may be due to sensor delay; in the laboratory,

tags were allowed to equilibrate, at a constantdepth, to arange of temperatures and
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the most stable period was selected for analysis whereas under in situ conditions,
SRDL tags actively sampled the water column.

The manufacturer calibration overestimated conductivity in the laboratory
beyondtheexpected +0.01 mScm*, while our independent calibration produced
highly accurate values across allmeasured conductivities. While both calibrations
overestimated conductivity under in situ conditions, ~ 20% ofthe data in each depth
bin produced fromour independent calibration were within the+0.01 mScm™
accuracy. Less accurate conductivity values in the field than in the lab for both
calibrations may be a byproductofour calibrationmethods in which depthwas held
constant and only the most stable two minute duration in conductivity was used to
create the new calibration strings.

Our independent calibration performed better under laboratory conditions than
the manufacturer calibration, whichwas expected sincethe manufacturer calibrated
tag sensors under different environmental conditions. The large spread in temperature
and conductivity errors for both the manufacturer and our independentcalibrations in
Ross Seawaters lessthan 100m, also suggestthat SRDL tag sensors may be slowto
respond in a dynamic environment typical of surface waters. A previous study found
that rapid changes in temperature induced larger errors in both temperature and
derived salinity likely resulting fromathermal mass effect in which the core
temperature of the tag leads to slower response times (Roquet et al., 2011). Also,
pressure effects on the sensors themselves may lead to differences in accuracies

between lab andfield conditions.
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Boehme et al. (2009) concludedthat theconductivity sensor is highly
sensitive to obstructions in the external field. The higher than expected conductivity
errors created by the manufacturer calibration in the lab may have beenrelatedto the
addition ofan epoxy baseplate to the bottomofthe SRDL tag forattachment in the
field. However, contactbetweenthebottomofthe tag and the wall of the conductivity
bath ina previous study produced deviations in salinity thatwere less thanwhen
interference was introduced to other parts of the tag (Boehme et al., 2009) suggesting
that any conductivity error due to theadditionofa base plateto the bottomofa
SRDL tag should be negligible. Even after our independent calibration, which
corrected any possible error created by theaddition ofa base plate, conductivity MAE
in the field was higherthanthe stated accuracy ofthe sensor.

Researchers must consider how sensor characteristics change over the period
of deployment, Further, is some cases, SRDL tags are recoveredand re-deployed and
thus knowledge of sensor durability becomes important. Our results show that
temperature and conductivity MAE for both calibrations were higher aftera 9-10
month deploymenton a Weddell seal. Based on typical Weddell seal behavior of
reaming ice to maintain breathing holes and feeding immediately belowthe ice
surface, these higherrors were notsurprising; SRDL tags were subject to rough
conditions and recovered damaged and often with broken antennae. The proximity of
ice and damaged antennae tothe sensor, in combination with the sensitivity ofthe
conductivity cell, may have created higher than expected drift in conductivity and

probably representa worst case scenario thatmay not be representative for other

28



marine animals like elephant seals thatexist in less hostile oceanic environments. In
fact, tags recovered fromelephantseals are oftenin considerably better condition
than tags recovered fromWeddell seals (Costa, unpublished data).

In addition to deployment, battery replacement also impacted the accuracy of
temperature and conductivity measurements produced by the manufacturerand our
independentcalibration. While overall temperature MAE was higherthanpre-or
post-deployment values, conductivity MAE was lower after battery replacement than
post-deployment. However, the higher standard deviation in conductivity MEand
MAE for both calibrations indicates lower precision after battery replacement. The
improved accuracy is likely due to the power-intensive nature of the conductivity cell.
The accuracy ofthe SRDL temperature sensor appeared to degrade over time. Before
deployment, the majority of the temperatures produced fromthe manufacturer
calibration was either within the expected + 0.005 °C accuracy or was higherthanthe
temperatures measured in the laboratory. After deployment, a higher percentage of
the temperature data were lower than those measured in the laboratory. This pattern
continued after battery replacementat which time most temperature values were
underestimated by the manufacturer calibration. Our independent calibration
produced results thatalso showed a downward shift frompositive to negative
temperature errors. However, because the majority of the temperature datawere
within the expected accuracy beforedeployment, a higher percentage ofthe datain
each temperature range was underestimated after deployment and battery replacernent

than data produced by the manufacturer calibration.
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Based on observations ofthermal responsetime, sensitivity of the
conductivity sensor to objects proximate to its external magnetic field, and theunique
insulative and conductive properties of Weddell seals, we suspected that tag
deploymentwouldimpact the accuracy of temperature and conductivity
measurements. In fact, we found that temperature and conductivity MAEwas higher
during deployment than before deployment. Becausewe used CTD casts fromSRDL
tags collected within days of SRDL tag deployment, it is unlikely that low battery
power ora damaged antenna influenced the results. However, casts collected by
SRDL tags were compressed into 16 representative values for depth, temperature and
conductivity for transmission via ARGOS satellite. Due to limitations in bandwidth
when SRDL tags communicate with ARGOS, precision in depthvalues decreases
with increasing depth. Forexample, precision is + Imat 20 mand £5 m at 200 m
depth. Thisdecreasein precisionmay introduce error when seals dive to deeper
depths. Similarly, Weddell seal behavior (three-dimensional dynamic movement,
reaming ice holes, and feeding proximate to the ice) cannotbe controlled and
undoubtedly influences theaccuracy ofthe SRDL sensors. Therefore, temperature
and conductivity MEand MAEreported during deploymenton aseal should be
considered the maximum error due to the additive effect of tag attachment and other
possible influences.

AlthoughMEand MAE values betweenthe manufacturerand our
independent calibration under in situ conditions were not as disparate as those

produced by the two calibrations under laboratory conditions, our calibration
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produced more accurate results overall. However, MEand MAEtemperatureand
conductivity values for both calibrations were higher thanthestated accuracy of the
sensors under in situ conditions. These results suggest that theaccuracy of
oceanographic data canbe increased by performing independent calibrations on the
SRDL sensors, especially when in situ conditions are expectedto be outsidethe
manufacturer calibration range for temperature and conductivity. Due to the
substantial loss in accuracy after deployment, we strongly recommend re-calibrating
tags before re-deployment. Similarly, if SRDL tags are recoveredaftera 6-9 month
deployment, we advise replacing the battery (due to the power requirements ofthe
conductivity sensor) and re-calibrating the tag sensors.

Even after performing independentcalibrations, researchers using SRDL tags
should be aware thattemperature and conductivity shifts associated with in situ
conditionsare likely to be higherthan 1) offsets producedin the lab and 2) the
manufacturer stated accuracy of the sensors. In addition, under in situ conditions, the
quality of data collected by SRDL sensors may also be impacted by measurement
drift, sensor fouling, and interference of the magnetic field around the conductivity
sensor (McCafferty et al., 1999; Hooker and Boyd, 2003; Fedak, Mike, 2004;
Boehme et al., 2009; Roquetetal.,2011). Based on the results of this study, we
believe that in orderto improve the quality of data collected by SRDL tags, attention
shouldbe directed towards 1) improving the stability of the conductivity s ensor when
exposed to external objects, 2) calibrating the temperature sensor to a minimum of -2

°C, and 3) decreasing theresponse time ofthe tag.
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As long as researchers are aware ofand able to correct for temperature and
conductivity errors, data collected by SRDL tags deployed on marine animals are a
powerful complement to data collected by traditional oceanographic equipment. Even
without independent calibrations, corrections can be made post-deploymentusing
methods presented in Roquetet al (2014). In this approach, the SMRU tag is
calibrated against a known CTD measurementthatis obtained during some time
when the tag is in the vicinity ofa deep stable water mass. The SMRU-CTD dataare
then post-processed according to that known profile. SRDL tags providea cost
effective methodfor collecting large quantities of oceanographic data in remote areas
and during times when other technologies are limited or cannotbe used. Forexample,
Weddell seals outfitted with SRDL tags were able to collect the mostextensive
oceanographic dataset ever recorded for the Ross Sea during the winter when 24-
hours of darkness and heavy seaice prevail. The miniaturization of oceanographic
sensorsandthedevelopmentof SRDL technology enable tags to be attached to
marine animals evolvedto thrive in some of the mostextreme environmental
conditions on earth. Asaresult, CTD-SRDL tags are able to record both behavior
data and oceanographic data in areas that might otherwise go unstudied. While
temperature and conductivity collected by SMRU CTD tags may not be comparable
to high-precision oceanographic equipment, they provide invaluable oceanographic
data. SRDL tag sensorsare as or more accurate thanexpendable bathythermographs
(XBT; Temperature £0.15 °C) and expendable CTDs (XCTD; Temperature +0.01

°C; Conductivity +0.03 mScm™) (Sy and Wright, 2000), and fully capable of
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identifying water mass characteristics and seasonal changes in otherwise inaccessible

areas.
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TABLES

Table 2.1: Laboratory calibration results from44 newly -purchased SRDL tags. Mean (ME) and mean absolute error (MAE)
with standard deviations (SD) for temperature and conductivity values produced fromthe manufacturerand our independent
calibration are provided foreach of four bins. MEand MAEare relative to temperature and conductivity values measured by
laboratory equipment (Sea-bird Electronics, model 3F thermistor and Guildline, model 8400B salinometer).

re

Temperature (°C) 2-0 0-4 4-6 >6 Overall
ME + SD 0.013+0.188 0.004 £0.014 0.000+0.014 0.002 £0.008 0.005+0.015
Manufacturer
MAE + SD 0.014+0.018 0.011+0.11 0.009+0.011 0.006 £ 0.006 0.009+0.012
ind q ME + SD 0.000+0.003 0.000+0.002 -0.001£0.002 0.000+0.001 0.000+0.002
ndependent
P MAE + SD 0.002 £ 0.002 0.001 +£0.002 0.001 £0.002 0.001 +£0.001 0.001 £0.002
Conductivity (mScm™) 25-29 29-34 34-47 47 -55 Overall
ME + SD 0.011+£0.031 0.028 £+ 0.032 0.029+0.041 0.046 £ 0.058 0.026+£0.042
Manufacturer
MAE £ SD 0.027 £0.019 0.038 £0.020 0.042 +0.027 0.061 +£0.042 0.040+0.030
ind dent ME £ SD -0.001 £ 0.007 0.004 £0.010 -0.001 £ 0.004 0.000+0.001 0.000+0.007
ndependen
MAE * SD 0.005 £ 0.005 0.007 £ 0.009 0.002 £ 0.003 0.001 +£0.001 0.004 £ 0.005
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Table 2.2: Laboratory calibration results fromeight SRDL tags before and after
deployment, and after battery replacement. Mean and mean absolute error (MEand
MAE) with standard deviations (SD) for temperature and conductivity produced from
the manufacturerand ourindependentcalibration are provided foreach of four bins.
All errorvalues are relative to temperature and conductivity values measured by
laboratory equipment (Sea-bird Electronics, model 3F thermistorand Guildline,
model 8400B salinometer).

Temperature (°C) -2-0 0-4 4-6 >6 Overall
Before ME + SD 0.029+0.026 0.006+0.011 0.007 +£0.017 -0.001 +0.008 0.010+0.019
g deployment MAE + SD 0.029+0.026 0.008+0.010 0.010+0.015 0.005+0.006 0.013+0.017
g After ME + SD  0.008 £0.022 -0.009 +0.026 -0.009 +0.024 -0.010 + 0.028 -0.005 *+ 0.025
E deployment MAE £ SD 0.018+£0.014 0.017+0.021 0.015+0.020 0.021+0.020 0.017 £0.019
(25 Afterre- ME £ SD  0.023+0.038 -0.015+0.031 -0.017 £0.028 -0.012 + 0.043 -0.008 + 0.035
battery MAE + SD 0.034+0.026 0.025+0.022 0.025+0.021 0.030+0.026 0.028 +0.022
Before ME + SD  0.001+0.005 -0.001+0.004 0.001+0.005 -0.001+0.002 0.000 +0.004
‘é deployment MAE + SD 0.003+0.003 0.003+0.003 0.003+0.003 0.001+0.001 0.003+0.003
2 After ME £ SD 0.000+0.003 0.000+0.003 0.001+0.002 -0.001+0.001 0.000+£0.002
:,1) deployment MAE + SD 0.002+0.002 0.002+0.002 0.002+0.001 0.001+0.001 0.002+0.001
g Afterre- ME £ SD 0.004+0.001 -0.003+0.006 0.003+0.005 -0.003 +0.000 0.000 £ 0.006
battery MAE + SD 0.004+0.001 0.006+0.004 0.006+0.002 0.003+0.000 0.005 +0.003
Conductivity (mScm-1) 25-29 29-34 34-47 47 - 56 Overall
Before ME + SD -0.015+0.054 0.006+*0.064 -0.002+0.077 0.039+0.113 0.004 £0.076
g deployment MAE + SD 0.042+0.034 0.051+0.034 0.057+0.049 0.095+0.065 0.059 +0.048
§ After ME + SD 0.020+0.069 0.059%0.053 0.049+0.097 0.113+0.036 0.066 +0.072
E.’ deployment MAE £ SD 0.062+0.027 0.075+£0.020 0.101+0.027 0.113+0.036 0.091+0.034
§ Afterre- ME £ SD -0.049+0.092 -0.028 +0.107 -0.082 +£0.158 0.038 +0.072 -0.033 +0.116
battery MAE + SD 0.069+0.075 0.066+0.083 0.111+0.136 0.072+0.028 0.081 +0.088
Before  ME + SD -0.003+0.008 0.007+0.014 -0.002+0.005 0.001+0.002 0.000 + 0.009
g deployment MAE + SD 0.005+0.006 0.009+0.013 0.003+0.005 0.001+0.001 0.005+0.007
2 After ME £ SD 0.008 £0.028 0.000+0.038 0.004 +0.056 -0.024 £ 0.056 -0.005 +0.048
:J-)- deployment MAE + SD 0.013+0.025 0.022+0.030 0.030+0.046 0.024 +0.056 0.023 +0.042
g Afterre- ME + SD -0.001+0.002 0.002+0.004 -0.001+0.002 0.000+0.000 0.000 +0.002
battery MAE + SD 0.002+0.001 0.003+0.003 0.001+0.001 0.000+0.000 0.002 +0.002




Table 2.3: Insitu results from 16 newly-purchased SRDL tags. Meanand mean absolute error (MEand MAE) with standard
deviations (SD) for temperatureand conductivity produced fromthe manufacturer and our independentcalibration are
provided foreachof fourdepth bins. MEand MAEvalues are relative totemperature and conductivity values measured by a
CTD profiler (Sea-bird Electronics, model 19-03).

o€

Temperature (°C) 5-50m 50-100m 100-150m 150-200m Overall
+ SD 0.015+0.025 0.018+0.011 0.024+0.007 0.029+0.008 0.021+0.016
Manufacturer
MAE + SD 0.022+0.018 0.020+0.008 0.024+0.007 0.029+0.008 0.023+0.012
ind dent ME + SD 0.012+0.024 0.016+0.010 0.021+0.006 0.026+0.008 0.018+0.015
ndependen
’ MAE + SD 0.021+0.018 0.017 £0.007 0.021+0.006 0.026+0.008 0.021+0.011
Conductivity (mScm™) 5-50m 50-100m 100-150m 150-200m Overall
+ SD 0.042 +£0.026 0.042 +0.015 0.044+0.013 0.045%+0.013 0.043%0.018
Manufacturer
MAE % SD 0.044 +0.022 0.042 +£+0.014 0.044+0.013 0.045+0.013 0.044+0.016
Ind dent ME + SD 0.031+0.031 0.030+0.024 0.032+0.022 0.024+0.022 0.031%0.025
ndependen
MAE + SD 0.035+0.027 0.031+0.023 0.032+0.022 0.034+0.022 0.032+0.024




Table 2.4: In situ results fromnine newly-purchased SRDL tags deployed onnine Weddell seals in the Ross Sea, Antarctica.
Mean and mean absolute error (MEand MAE) with standard deviations (SD) for temperatureand conductivity values
produced fromthe manufacturerand our independentcalibration are provided foreach ofthree depth bins. MEand MAE
values are relative to temperature and conductivity values measured by a CTD profiler (Sea-bird Electronics, model 19-03).
Data collected during seal deploymentare comparedto results collected before deployment for the same nine tags (right
column).

LE

Seal CTD Profiler

Temperature (°C) 5-50 50-100 100-150 Overall Overall
Manufacturer E +SD 0.035+0.136 0.067 £0.125 0.006+0.090 0.040+0.126 0.021+0.015
MAE + SD 0.097 £0.100 0.105 £ 0.096 0.064 £ 0.057 0.094 + 0.093 0.023 +£0.012
Independent ME + SD 0.032+0.136 0.065+0.125 0.004 +0.091 0.033+0.127 0.019+0.014
MAE + SD 0.097 £0.100 0.104 + 0.095 0.068 £ 0.060 0.094 + 0.091 0.021+0.011

Conductivity (mScm™) 5-50 50-100 100- 150 Overall Overall
ME + SD 0.274+£0.248 0.316+0.228 0.217 +£0.227 0.277 £0.239 0.044+£0.019

Manufacturer

MAE + SD 0.328£0.168 0.361+0.145 0.287+0.124 0.331+0.155 0.044+0.018
ME + SD 0.026 £0.248 0.306+0.230 0.202+0.224 0.265+0.239 0.037+0.024
Independent MAE + SD 0.318£0.167 0.353+0.147 0.275+0.120 0.319+0.149 0.038+0.022
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Figure 2.1: Percent data by direction of error (left column) and cumulative
probability distribution across absolute temperature errors (right column) for four
temperature bins (-2-0, 0-4, 4-6, >6 °C). Error values are the differences between
values measured by the SRDL temperature sensor and those measured by the SB
thermistor in the laboratory for the manufacturer calibration (top row) and our
independentcalibration (bottomrow). Dotted lines indicate the manufacturer’s stated
accuracy of +0.005°C fortemperature.
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Figure 2.2: Percent data by direction of error (left column) and cumulative
probability distribution across absolute conductivity errors (rightcolumn) for four
conductivity bins (25-29, 29-34, 34-47, 47-55 mScm'l). Error values are the
differences betweenvalues measured by the SRDL conductivity sensorandthose
measured in the laboratory for the manufacturer calibration (top row) and our
independentcalibration (bottomrow). Dotted lines indicate the manufacturer’s stated
accuracy of+0.01 mScm™ for conductivity.
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cumulative probability distribution across absolute temperature errors (second and
fourth columns) for four temperature bins (-2-0, 0-4, 4-6, >6 °C). Error values are the
differences betweenvalues measured by the SRDL temperature sensor andthose
measured by the SBthermistor in the laboratory for the manufacturer calibration (left
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battery — bottomrow). Dotted lines indicate the manufacturer’s stated accuracy of +
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Figure 2.4: Percent data by direction of error (first and third columns) and
cumulative probability distribution across absolute conductivity errors (second and
fourth columns) for four conductivity bins (25-29, 29-34, 34-47, 47-55 mScm?).
Error values are the differences between values measured by the SRDL conductivity
sensorandthose measured in the laboratory for the manufacturer calibration (left two
columns)and our independent calibration (right two columns) for tags of varying
condition (beforedeployment—top row; after deployment— middle row; after re-
battery — bottom row). Dotted lines indicate the manufacturer’s stated accuracy of +
0.01 mScm™ for conductivity.
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Figure 2.5: Percent data by direction of error (left column) and cumulative
probability distribution across absolute temperature errors (right column). Data were
collected fromthe Ross Sea, Antarctica, anderror values are thedifferences in
temperature values measured by the SRDL sensorand those measured bya CTD
profiler (Sea-bird Electronics, model 19-03) for the manufacturer calibration (top)
and ourindependentcalibration (bottom) for four depth bins (5-50, 50-100, 100-150,
and 150-200 m). In situ temperature values ranged from-1.8 to -1.3 °C. Dotted lines
indicate the manufacturer’s stated accuracy of £ 0.005°C for temperature.
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Figure 2.6: Percent data by direction oferror (left column) and cumulative

probability distribution across absolute conductivity errors (rightcolumn). Data were
collected fromthe Ross Sea, Antarctica, anderror values are thedifferences in
conductivity values measured by the SRDL sensor and thosemeasuredby a CTD
profiler (Sea-bird Electronics, model 19-03) for the manufacturer calibration (top)
and ourindependentcalibration (bottom) for four depth bins (5-50, 50-100, 100-150,
and 150-200 m). In situ conductivity values ranged from26.5 to 27.5 mScm'*. Dotted
lines indicate the manufacturer’s stated accuracy of £0.01 mScm™ for conductivity.
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Figure 2.8: Percent data by direction of error (left column) and cumulative
probability distribution across absolute temperature errors (right column). Data were
collected fromthe Ross Sea, Antarctica, anderror values are thedifferences in
temperature values measured by the SRDL sensor while deployed onthe head ofa
sealand those measured by a CTD profiler (Sea-bird Electronics, model 19-03) for
the manufacturer calibration (top) and our independentcalibration (bottom) for three
depth bins (5-50, 50-100, and 100-150 m). In situ temperature values ranged from
-1.8 t0-1.3 °C. Dotted lines indicate the manufacturer stated accuracy of +0.005°C
for temperature.
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Figure 2.9: Percent data by direction of error (left column) and cumulative
probability distribution across absolute conductivity errors (rightcolumn). Data were
collected fromthe Ross Sea, Antarctica, anderror values are thedifferences in
conductivity values measured by the SRDL sensor while deployed on theheadofa
sealand those measured by a CTD profiler (Sea-bird Electronics, model 19-03) for
the manufacturer calibration (top) and our independentcalibration (bottom) for three
depth bins (5-50, 50 100, and 100-150 m). In situ conductivity values ranged from
26.5 t0 27.5 mScm™. Dotted lines indicate the manufacturer stated accuracy of

+ 0.005°C fortemperature.
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CHAPTER 3

Seasonal habitat preference and foraging be havior of Weddell seals
in the western Ross Sea, Antarctica

ABSTRACT

Weddell seals (Leptonychotes weddellii) are top predators in the Southern
Ocean and have thesouthernmost distribution of any mammal on Earth. While the
McMurdo Sound population ofseals has been extensively studied in the summer,
over 20 years have passed sinceattempts were made to understand their overwinter
behavior. Between January and February 2010-2012, we tagged 60 Weddellseals in
McMurdo Sound andnorthalongthe Victoria Land coastusing bio-logging
technology. Weused generaladditive models to explain and predictthe probability of
Weddell seal presence and foraging behavior fromeight environmental variables: ice
concentration, distance fromthe 10% ice concentration contour, bathymetry,
bathymetric slope, mixed layer depth, modified circumpolar deep water index,
distance fromthe coast, and distance fromthe continental shelf break. Furthermore,
we examined the relationship between foraging behaviorandthree dive metrics: dive
duration, descentrate, and divedepthrelative to bathymetric depth. The
environmental variables thatwere significant in explaining Weddell seal presence
showed differentrelationships fromthoseexplaining foraging behaviorand changed
seasonally. Overall, we found that Weddell seal foraging behavior was relatively low

in the summer compared to therestofthe year, which may be attributed to the limited
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foraging thatoccurs during reproduction and molting. Habitat and foraging models
showedthe importance of the seasonal sea-ice extent, openwater polynyas, and the
diverse topography in explaining the habitat preference and foraging behavior of
Weddell seals in the western Ross Sea. In addition, using dive parameters to predict
foraging behavior, we found thatforaging was higher whenseals were either less than
30% to the bottom(pelagic) or were near or at the bottom(bentho -pelagic). Across
seasons, Weddell seals preferentially exploited the diverse topography ofthe Ross
Sea, which is composedofaseries of shallow banks (<400 m) and deeper troughs (>
500 m) that provides pathways for productive circumpolar deep water (CDW)to flow
onto the shelf. This study highlights the importance of overwinter foraging,
specifically in recouping body mass lost during the previous summer due to the
energetic demands associated with breedingand molting. Knowing how seals respond
to seasonal shifts in their naturalenvironmentmay provideclues as tohow Weddell
seals will modify their habitat preferences and foraging behavior in response to

climate change.
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INTRODUCTION

Accurately describingand understanding animal movement is a fundamental
challenge in ecology and is necessary for determining habitat use and foraging
behavior. Theadvent of bio-logging technology and the increased accessibility of
remotely-sensed data have revolutionized our understanding of ecology andthe
interplay between an animal’s behavior and its environment (Costaet al., 2010; Costa
etal., 2012). Furthermore, the integration of Global Positioning System (GPS) and
Advanced Research and Global Observation Satellite (ARGOS) technologies into
animal attachment devices, haveallowed us to extend our knowledge of species
behavior fromcoarseobservations toa continuous temporal record. These continuous
movement datasets, in combination with real-time and remotely-sensed
environmental features, make it possible to predict the geographic distribution and
habitat use of species (Guisanand Zimmermann, 2000; Pearce and Ferrier, 2000;
Thuilleret al., 2009).

Animals respondto environmental features either because they havedirect
preferences fora given habitat (perhaps dueto physiology), or indirect preferences
for certain environmental features that are associated with prey aggregations. When
the latteris true, optimal foraging theory predicts that organisms maximize fitness by
behavingin ways thatincreasetheir ability to capture and consume prey (MacArthur
and Pianka, 1966). Therefore, predators should adjusttheirmovementto reflect prey
densityandavailability. Forexample, organisms are likely to spend more time in

areas where prey are abundant, resulting in noticeable changes in behavior suchas
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increasedturn angles and decreased travel speeds. These behavioral changes are
referred to as Area Restricted Searches (ARS) and are likely to occurwhenprey are
aggregately distributed, thus, resulting in increased search activity in agiven area
(Fauchald and Tveraa, 2003).

Quantifyingthe movement and preferred habitat characteristics of marine
mammals is challenging becausetheir underwater behavior cannot be easily observed
and theirmovement is four-dimensional, varying over spaceandtime. Apexmarine
predators are knownto target areas where oceanographic features such as currents,
frontal systems, thermal layers, water masses, seamounts and continental shelf breaks
increase primary productivity andtheavailability of prey (Tynan et al., 2005; Etnoyer
etal., 2006; Bluhmet al., 2007). These oceanographic features aggregate prey and,
therefore, allow predators to forage more efficiently (Keiperetal., 2005; Bailleul et
al., 2007; Hyrenbachetal., 2007). For many marine predators, persistent regions of
localized productivity appear to be essential for reproductionandsurvival (Crocker et
al., 2006), however, many ofthe oceanographic features aggregating prey create a
heterogeneous environment thatcan change fromday to day andacross seasons.

The Southern Ocean is home to sixspecies of pinnipeds: Antarctic fur seals,
(Arctocephalus gazelle), crabeater seals, (Lobodon carcinophagus), Weddell seals,
(Leptonychotes weddellii), Ross seals, (Ommatophocarossii), leopardseals,
(Hydrurga leptonyx), and southern elephant seals, (Mirounga leonine) (Laws, 1977).
These pinnipeds are high-level predators and play an important role in the predator-

prey dynamics of the ecosystem. Sea-ice provides a platformfor Antarctic seals to

50



rest, breed, and/or give birth and is therefore essential for survival. However, the
climate around Antarctica is changingandsea-ice is predicted to decrease by 7% per
decade along the west Antarctic peninsula and increase by at least 5% per decadein
the Ross Sea (Smith et al., 2007). In orderto predict the impact of climate change on
top predators, it is important to understand existing predator-prey dynamics.

Weddell seals are the southern-most mammal to reside year-round in
Antarctic waters. Theyare the second deepestdiving phocid after the southern
elephantseal, with recorded dives greater than 600 m (Kooyman, 1966). Weddell
seals are thought to feed primarily on Antarctic silverfish (Pleuragramma
antarcticum), although other recorded prey species include Antarctic toothfish
(Disssostichus mawsoni), Trematomus species, cephalopods, and invertebrates
(Dearborn, 1965; Pl6tz et al., 1991; Burns etal., 1998). During the austral spring
(October-November), Weddell seals return fromforaging to established colonies on
the fast-ice where they give birth, and later breed and molt in austral summer
(January-February). Although Weddell seals are considered capital breeders, research
has shown thatthese animals forage sporadically duringthe reproductive season
(Wheatleyetal., 2008). In otherwords, Weddell seals adjust their behavior to balance
physiological demands with locally available prey resources. Thesefour months on-
ice are energetically costly, with females losing approximately 38% of theirbody
mass during lactationalone (Wheatley et al., 2006). Therefore, the overwinter

foraging trip (February-September) is critical for Weddell seals to recoup body mass
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and increasebody condition while spending mostoftheir time within the Ross Sea
pack-ice.

Due to theiraccessibility and relatively docile nature, Weddell seals have been
studied extensively since the 1960s (DeVries and Wohlschlag, 1964; Dearborn, 1965;
Kooyman, 1966; Stirling, 1968; Stirling, 1969) with research being conducted as far
backas the early 1900’s (Wilson, 1907). In addition, because of their circumpolar
distribution, several populations have beenstudied around Antarctica (Atka: Mcintyre
etal., 2013; Weddell Sea: Plotz et al. 2001 & 1991, Bornemann et al., 1998; Dumont
D’Urville: Heerah et al. 2013; Prydz Bay: Lake et al., 2003, 2006 & 1997).

The most intensely studied populationof Weddell seals is that of McMurdo
Sound, where research has focused on both physiology and ecology during the austral
spring and summer. To date, studies have focused onbroad-scale movement anddive
behavior (Castellinietal., 1992; Burns and Castellini, 1998; Burns et al., 1999), fine-
scale three-dimensional tracking using acoustics devices or accelerometers (Harcourt
etal., 2000; Hindell et al., 2002; Mitanietal., 2003; Davis et al., 2004; Davis et al.,
2013), populationdynamics (Stirling, 1968; Stirling, 1969; Cameron et al., 2007;
LaRueet al., 2011; Rotellaetal., 2012), physiology (Kooyman et al., 1980a; Burns et
al., 1997; Wheatleyetal., 2006; Wheatley et al., 2007; Hindle et al., 2009; Hindle and
Horning, 2010), and foraging (Davis et al., 1999; Fuiman et al., 2002; Ponganis and
Stockard, 2007). In contrast, very little is known about Weddell seal habitat use or
foraging behavior duringtheeightmonths ofthe year whenthey are foraging within

the Ross Sea pack-ice. Previousto thiswork, Testa (1994) was the only study to show
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that some Weddell seals fromthe western Ross Sea (WRS) travel north during thefall
and into the winter. However, tag failure and the lack of remotely-sensed satellite
data limited the interpretation of behavior.

The Ross Sea ecosystemis particularly unique due to its vast shallow regions,
significant polynyas, diversetopography, and extensive ice shelf (Smith et al., 2007).
Unlike most places in Antarctica, theRoss Sea is entirely ice free during the austral
summer (except embayments) and 100% ice covered duringaustral winter. In
addition, sea-ice concentration on the shelf is routinely lower than off-shelf, deeper
waters (Jacobsand Comiso, 1989). In early autumn (late February and March) ice
growth advances southward fromoff-shelf waters where it eventually meets sea-ice
advancing northward fromthe Ross seaice shelfand Victoria Land coast. This
polynyadrives much ofthe Ross Sea’s physical oceanography and the laterice
formation in the western central shelf waters in autumn, resulting in lower ice
concentrationand destratification of the water column throughout the winter (Jacobs
and Comiso, 1989; Smith etal., 2007; Petty etal., 2014). Sea-ice extent continues to
increase until late September, after which the fast-ice retreats southward until mid-
February (Jacobsand Comiso, 1989).

The combinationof fast-ice retreating southwards and pack-ice advecting
northwards dueto persistent katabatic winds off the continent, exposes the Ross Sea
polynyain the austral spring (Smith and Gordon, 1997). During this time, increases in
nutrients and phytoplankton biomass cause increased phytoplankton growthrates.

This increaseis facilitated by the transportof warm, nutrient-rich Circumpolar Deep

53



Water (CDW) onto the Ross Sea continental shelf through a series of north -south
deep troughs separated by shallow banks. Once on the shelf, this water mass becomes
modified (MCDW) and creates warmsubsurface waters in both springandwinter
(Dinniman et al., 2003). By December or January, themaximum phytoplankton
growth rate is reached within the polynya and, at this point, the Ross Sea is the most
productive region in the Southern Ocean (Smith and Gordon, 1997; Arrigo et al.,
1998).

While atremendous amountofinformation exists aboutWeddell seals in the
WRS as well as about the hydrography and ocean circulation of the Ross Sea shelf,
no information exists on how theseanimals interact with environmental features
acrossseasons. Our study examines seasonal habitat preferences and foraging
behaviorof Weddell seals in the WRS using bio-logging technology and remotely-
senseddatathatwere not previously available. Specifically, our goals were to model
Weddell seal seasonal habitat and foraging behavior in relation to environmental
variables as wellas to model seasonal foraging behavior in relation to various dive
parameters. Our models provide thefirst year-round description of Weddell seal
habitat preference and foraging behavior in the WRS. Our findings also provide
insight on howatop-predator, suchas the Weddell seal, may adjust its behavior in

response to climate change.
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METHODS
Animal capture and handling

Between January and February (2010-2012), we deployed 60 Satellite Relay
Data Loggers (SRDL), developed by the Sea Mammal Research Unit (SMRU Ltd,
Scotland), on Weddell seals (9 males, 51 females). Field work was conducted from
McMurdo Station, Antarctica, and tag deploymentoccurred around Ross Island
(n=20) and along the Victoria Land coastnorth to the Drygalski Ice Tongue (n=40)
(Fig. 3.2).

Weddell seals were chemically immobilized with an intramuscular injection
of atiletamine HCL/zolazepam HCL mixture (0.5 mg kg™). Twelve minutes post-
injection, animals were captured using a hoop net. Subsequent intravenous injections
containing a combination of ketamine hydrochloride and diazepamwere administered
intravenously, when necessary, to maintain immobilization. Tags were attachedto the
head ofeach seal with five-minute epoxy (Devconor Loctite brand). Allhandling
techniques and tagging methods conformto standard protocols and were approved by
National Marine Fisheries Service permit #87-1851, the Antarctic Conservation Act,
and the Institutional Animal Care and Use Committee at the University of California,

Santa Cruzand the University of Alaska, Anchorage.

Environmental data

Parameters used in this analysis include: ice concentration (ICECON),
distance fromthe 10% ice contour (DICEL0), bathymetric depth (BATH),

bathymetric slope (SLOPE), mixed layerdepth (MLD), the modified circumpolar
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deep water indexvalue at 150 m (MCDW), distance fromthe continental shelf break
(DSHELF), and distance fromthe coast (DCOAST) (Table 3.1).

We useddaily Advanced Microwave Scanning Radiometer (AMSR-Eor
AMSR2) sea ice concentration data with a 6.25 km resolution fromthe University of
Bremen (http://www.iup.uni-bremen.de/seaice/amsr/, accessed Jan 2010-Jan 2014).
Because daily sea ice concentration values were stored in byte format (0to 200), we
used theraster calculatortoolin ArcGIS 10.1 (Environmental Systems Research
Institute) to convert ice concentration datato percent ice cover. We also calculated
distance to 10% ice concentration contours using the ‘Spatial Analyst’ extension in
ArcGIS.

To examine ocean depth, we used ETOPO-1, a one arc-minute global relief
model of the earth’s surface (Amanteand Eakins, 2009)
(http://www.ngdc.noaa.gov/mgg/global/, accessed April 2013). From bathymetric
depth, we calculated bathymetric slope, the degree change fromone depth value to
the next. The 1000 m bathymetric contour was usedto denote the continental shelf
break (Knox 2007) and the ‘Spatial Analyst’ extensionin ArcGIS 10.1 was
employed to create a distance surface representing distance fromthe Antarctic shelf
break. In addition, we obtained a high resolution coastline, Global Self-consistent
Hierarchical High-resolution Shorelines (GSHHS) (Wesseland Smith, 1996)
(http://www.ngdc.noaa.gov/mgg/shorelines/gshhs.html, accessed January 2012) and

calculated distance to the continental coastline.
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A meso-scale regional oceanographic model system (ROMS) developed by
Dinniman et al. (2007) was usedto obtain daily estimated oceanographic data from
2010 through 2012 (temperature and modified circumpolar deep water). This model
had five-kilometer horizontal grid spacingand 24 vertical layers whosethickness
varied with water column depth but was focused towards the top and bottomsurfaces
(e.g.for a typical Ross Sea depth of 500 m, the maximum thickness was 40.47 m
while the top and bottom layers were 4.97 m and 6.32 m thick, respectively)
(Dinniman et al., 2007). Using model parameters, we calculated the depth, pressure,
salinity, and temperature foreach vertical layer and theninterpolated to a one-meter
vertical resolution. Weusedthe seawater toolbox
(http:/Imww.cmar.csiro.au/datacentre/ext_docs/seawater.htm, accessed March, 2010),
to calculate seawater density (Millero et al., 1980; Fofonoff, 1983). Density was used
to calculate MLD, defined asa 0.01 kgm® difference in density fromthe stable
surface value (Smith Jr et al., 2000). Finally, we obtained MCDW at 150 m, the

average dive depthforall taggedseals.

Tracking and diving data

Position estimates obtained from ARGOS were filtered using a basic speed
filter to remove unrealistic locations (i.e., locations resulting in a maximum horizontal
speed >15km h™* were removed). Weddell seal positions were interpolated every two
hours usinga forward looking particle filtering model (Tremblay et al., 2009), which
accounts for the errors associated with each ARGOS location class. Dive locations

were determined by linking dive time with time along the trackline, and linearly
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interpolated to the nearest minute. Finally, tracklines were truncated based on the
time of the first and last transmitted dive times. One tag was eliminated fromall dive
analysissince partialtag failure resulted in animal location datawith no associated
dive data.

Using the Geospatial Modelling Environment (MGET, Version 07.2.1), we
created 50 correlated randomwalks (CRW) for each animal by making randomdraws
fromthe distribution ofangles and step lengths between subsequent points along each
track (Beyer, 2004). Each CRW had the same number of steps as the corresponding
sealtrack for comparison purposes. We randomly selectedsixofthe 50 CRW to
represent the possible behavior of each animal, unbiased by environmental drivers, to
create >2:1 ratio for the number of CRW to seal locations each season. Previous
work suggests thata 2:1 ratio leads to stable model coefficients (Aarts et al., 2008).
Forthis analysis, points along an animal’s track were categorized as ‘present’ (where
an animal was tracked) while those along each CRW were categorized as ‘absent’
(where an animal could have beenbased on movementparameters butwas not
observedin ourtracking data).

To determine probable foraging areas along each track, we identified area
restricted searches by calculating first passage time (FPT), a measure of search effort.
FPT, orthe time required foran animalto cross acircle ofa given radius (Fauchald
and Tveraa, 2003), was calculated foreachtrack after removing all haul-out periods
and data gaps longer than a week. We used a modification ofthe Fauchald and Tveraa

(2003) method in which the circle radius associated with the peak log variance was
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determined separately foreach animalto account for individual variability (Robinson
etal., 2007). Afterexamining the average log variance in FPT forevery one
kilometer increase in radii values ranging fromone to fifty kilometers, we were able
to identify the scale of operation for Weddell seals as three kilometers. Usingthis
scale, we calculated FPT forevery locationalongthetrack foreach animal.

Using the ‘Spatial Analyst’ extensionin ArcGIS 10.1, we extracted values for
each point (presence and absence) to representthe following covariates: ICECON,
DICE10, BATH, SLOPE, DCOAST, DSHELF, MLD, and MCDW. Because
ICECON, DICE10, MLD, and MCDW were available daily, these values were
extracted foreach unique date along the tracks. Locations thathad null values forany
of the eight environmental variables were eliminated fromthe dataset.

Each trackand dive locationwas categorized into oneof four seasons,
delineated using the equinoxand solstice dates. Note thatthe number of days and
individuals in eachseasonis a function oftag deployment duration. Finally, we
calculated the following metrics foreachdive: maximum dive depth (MXDEP), dive
duration (DDUR), time spent in the bottomphase ofa dive (within 80% of the max
dive depth) (BOTDUR), descentrate (DRATE), and maximum dive depth relativeto
bathymetric depth, or percentwithin the water column (PWC) with 0%=surface and
100%=seafloor (Table 3.1).

We calculated population means (average of individual means) and standard
deviations forthe eight environmental variables and five dive parameters per season.

In addition, we used the ‘coin’ package in R3.0.2 to run Wilcoxon signedrank tests,
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a non-parametric version ofthe paired t-test, to compare: (1) mean values ofeach
environmental variable for seal presence and absence, (2) mean values ofeach
environmental variable for each season usingthe 25 individuals with data across all
seasons, and (3) mean values ofeach dive variable per seasonusing the 30

individuals with data spanning all seasons.

Weddell seal habitat and foraging models

Habitatmodels

We ran correlation matrices to test the level of dependency between
environmental variables and found no evidence of correlation (r>0.70). Using both
tracking and CRW data, we modeled the presence/absence of Weddell seals relative
to environmental variables for each season using a generalized additive model
(GAM) with a logistic link (Wood, 2011; R Development Core Team, 2013). We
used GAMs because they are non-parametric and can model non-linear relationships
that are typical of complexenvironments. Animal ID was included in each model as a
randomeffect in order to account for individual behavior. In these models, the effect

of the predictor variables are additive (Redfern et al., 2006) and follow the form:

o exp[fB, + I, f; (x;)]
U 14 exp[f, + I,f(x]]

(1)

where P; is the probability of presence for each individual seal j, f, is the intercept to
be estimated by the model and x is the value of the ith explanatory variable whose

function f;is to be estimated.
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A GAM with a cubic regressionspline, allowing for shrinkage, was fit to the
data. By shrinking the degrees of freedomto zero foreach variable judged tobe
unimportantto themodel, the shrinkage termprovides an effective way of removing
variables (Durussel et al., 2009). All models within three AICunits ofthe model with
the lowest AICwere considered equivalent, and the most parsimonious was selected
as the finalmodel. We used thegeoR package in R (Ribeiro Jr and Diggle, 2001;
Diggle and Ribeiro Jr, 2007) to check for spatial autocorrelation within the model.
Due to presence of spatial autocorrelation, we selected only points along each track
(both realand CRW) that were at least 6.5 km apart (the lowest cellresolutionofthe
included environmental variables). Spatial autocorrelationwas no longer present and
we re-ran the models usingthis reduced dataset.

Foreach ofthe four finalmodels (one per season), we useda ‘receiver
operating characteristic’ (ROC) curve to assess the diagnostic accuracy ofthe model
(Goetzetal., 2007; Goetzetal., 2011). ROC analysis measures howwella receiveris
ableto detectasignalin the presenceofnoise. In this case,a Weddell seal is either
presentorabsent in a particular habitatunit and the ROC curve predicts a threshold at
which the seal is present (Legendre and Legendre, 2012). This optimal threshold
optimizes errors of omission versus errors of commission. The ‘area under the curve’
(AUC) measuresthe discriminationability of the modelto correctly classify a
Weddellsealas present orabsent (Thuiller et al., 2009). AUCvalues range from0.5
(no discrimination ability to 1 (perfect discrimination ability) (Pearce and Ferrier,

2000). We used theROC library (Atkinson and Mahoney, 2004) for ROC and AUC
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analysis ofthe model. Based on thethreshold value, we classified habitatsuitability
as Weddell seal habitat or non-habitat.

In orderto predict habitat in areas where animal behavior was unknown, we
ran each ofthe final four models without the randomeffect term. The ‘predict GAM
fromrasters’ toolin the Marine Geospatial Ecology Toolbox(MGET, Version
0.8a54) (Roberts etal., 2010) was usedto createdaily habitat probability grids for
each respective season. Within each season, daily habitat probability grids were
averagedto create a single probability surface. The ROC value was then used to
determine habitat preference for summer, fall, winter, and spring. Thepredictive
probability models were limited to the data extent for each seasonand mapped into

geographic spaceusing ArcGIS 10.1.

Horizontal foraging models

To examine foraging behavior, we used the same locationdata as in the
habitat preference models except haul-out periods and CRW datawere removed. We
predicted foraging intensity by fittinga GAM with a cubic regressionspline, with
shrinkage, to the data. The responsevariable, FPT, was log-transformed and the

GAM model was fit to equation (2) using an identity link:

log(FPT);, = By + Z:fi(x) (2)
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where FPT; is the predicted FPT of an individual Weddell seal j, 5, is the intercept to
be estimated by the model and x is the value of the ith explanatory variable whose
function f;is to be estimated.

Animal ID was included as a random effect in all models to account for
individual animal behavior, though this term was removed when predicting foraging
areas in places were animals did not visit. Using the same methods described for the
habitat model, we removed spatial autocorrelation and reran models using a reduced
dataset.

The MGET toolbox was used to create daily foraging prediction surfaces that
were averaged per season to create overall foraging predictions for summer, fall,
winter, and spring. The analysis extent was limited to the data boundary created from
the kemel density analysis and mapped into geographic space. Finally, we mapped
the product of each predictive foraging surface with its corresponding predictive
habitat preference surface to create an overall grid depicting areas with high foraging
within preferred habitat for each season.

Because we wanted to understand how foraging behavior changes throughout
the year, we fit an additional GAM model using log FPT as theresponse variable and
day ofyear (DOY) as the explanatory variable. GAM models and theremoval of

spatial autocorrelation follow the methods described above.

Verticalforaging models

To understandthelinks between horizontal searchingand dive behavior, we

used GAM models toexamine the relationship between FPT and dive parameters
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(DDUR, BOTDUR, MXDEP, DRATE, PWC) foreach season. Each dive was
assigneda FPT value based on theencompassing three kilometer FPT search radius.
Only dives within this search radius were usedin this analysis. Because MXDEP and
PWCas well as BOTDUR and DDUR were highly correlated (r>0.70), MAXDEP
and BOTDUR were not included in the models. Spatial autocorrelation was

accounted forand seasonal GAMSs were run using methods describedabove.

RESuULTS

Weddell seals tagged near Ross Islandand along the Victoria Land coast
dispersedandtraveled throughout the entire WRS but remained entirely onthe
continental shelf (Fig. 3.1). The mean values for the majority of the eight
environmental variables for absence data were significantly different (p <0.05) from
the presencedata in each ofthe four seasons (Table 3.2). In addition, nearly all
environmental variables in the summer were significantly differentfromthose in the
otherthree seasons — fall, winter, and spring (Table 3.3).

While bottomand dive duration were similar in summer and fall, durations
increasedin winterand spring (Table 3.4). A similar trend was seenin maximum dive
depth in which Weddell seals dived deeper as the seasons progressed. In fact,
maximum dive depthin springwas nearly twice thatof summer despite diving to
similar locations within thewater column (PWC). The majority of the five dive
parameters were significantly different (p <0.05) between seasons (Table 3.5).
Interestingly, values for all dive parameters in summer were significantly different

from winter.
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Habitat models

In the summer, all environmental variables were significant and accounted for
42% of the deviation in Weddell seal occurrence (Table 3.6). The probability of
Weddell seal presence increased with increasing ice concentration upto ~40%, after
which probability of occurrence decreased (Fig. 3.2). Seal presence alsoincreased
with increasing MCDW indexvalues and with increasing distance fromthe 10% ice
concentration contour (preferring openwater), butdecreased with increasingdistance
fromthe coast and the continental shelf break. Weddell seals were leastlikely to
occupy waters 500-600 m deep in the summerand preferred either shallower or deep
waters (Fig. 3.2). During this time of year, Weddell seals also occupied areas with
steep bathymetric slope.

During the fall, all environmental variables were significantexcept ICECON
and they explained 48% ofthe deviationin Weddell seal occurrence (Table 3.2).
Weddell seals were more likely to be present further than 200 km from the coast and
within 200 km of the ofthe continental shelf break (Fig 3.2). In the fall, the
probability of Weddell seal presence decreased with increasing depthand bathymetric
slope. During this season, the probability of seal presence was highest when MLD
was less than50 mand when MCDW indexwas greater than 45 (Fig. 3.2). In general,
seals tended to preferareas within 200 km of the 10% ice contour.

All environmental variables were significant in explaining Weddell seal
presence during the winter, explaining 41% of the variationin seal occurrence. The

relationship between seal presenceand ice concentration was negative and, in
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general, seals preferredice concentrations <60%. Seal presence increased < 200 km
and >1200 km fromthe 10% ice concentration contour (Fig. 3.2). In addition, the
probability of Weddell seal presence was highest at intermediate depths and increased
with increasing bathymetric slope (Fig. 3.2). The relationship between Weddell seal
occurrence anddistance fromthe coast was negative while the opposite was truefor
seal presenceand distance fromthe shelf break. In general, Weddell seal presence
increasedwith increasing MCDW indexvaluesand MLD (Fig. 3.2).

In the spring, the only environmental variables significantin explaining
Weddellsealoccurrence were BATH, MCDW, DCOAST, and DSHELF. Together,
these variables explained 32% of the deviation in Weddell seal presence. Seals
showeda preference for water depths ~400 m as well as intermediate MCDW index
values (Fig. 3.2). The probability of Weddell seal occurrence increased with
decreasing distance fromthe shelf break.

The ROC value foreach habitat preference modelwas 0.36, 0.42, 0.28, and
0.31 for summer, fall, winter, and spring, respectively. Values abovethese thresholds
were considered ‘habitat’ forthe corresponding season and values below the
thresholds were classified as ‘non-habitat’ (Fig. 3.3A-D). The AUC value for the
seasonal models ranged from0.90 to 0.92, meaning that each model correctly
distinguished between Weddell seal presenceand absence at least 90% of the time
afteraccounting formodel variables. Preferred habitat across all seasons was located

in the central WRS towards the continental shelf break (Fig. 3.3A-D). From summer
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throughspring, only 9%, 10%, 15%, and 14% of the seasonal extent for Weddell

seals was non-preferred habitat.

Horizontal foraging models

Atthe three-kilometer scale, allenvironmental variables, except SLOPE, were
significant predictors of FPT during summer (Table 3.6). FPT, a metric for foraging,
increasedwith increasing ice concentration and decreased with increasing distance
fromthe 10% ice concentration (Fig. 3.4). In addition, FPT increased with depthup to
200 m. Finally, FPT was highest when MLD was between~20and 70 m and when
the MCDW indexwas <20. In the summer, FPT increased >150 km from the coast
and when animals were closest and furthestfromthe continental shelf break (Fig.
3.4).

Like summer, all environmental variables except SLOPE were significant in
predicting FPT in fall. FPT increased with ice concentrations greater than 90% and
water depths <500 m (Fig. 3.4). However, FPT was lowest closest toand furthest
fromthe 10% ice concentration contour. In fall, the relationship between FPT and
distance to theshelfbreak was positive while the relationship between FPT and
distance to thecoast was negative. Finally, FPT decreased at extreme high and low
MCDW values butincreased with increasing MLD (Fig. 3.4).

In winter, Weddell seals exhibited highest FPT when ice concentration was
greaterthan90% (Fig. 3.4). FPT was also highestwhenwater depths were less than

320 m or greater than 800 m and where bathymetric slopewas greater than~0.8
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degrees. In winter, FPT for Weddell seals increased with increasing distance fromthe
shelf break.

The relationship between FPT and bathymetric slopein spring was the same
as winter, with a positiverelationship between FPT and slope (Fig. 3.4). FPT was
highestwhenwater depthwas less than 500 m and distance fromthe 10% ice
concentration contour was <800 km. In spring, the relationship between FPT and
distance fromthe shelf break showed a decreased to ~ 320 km, followed by a peak,
and a subsequentincrease after 500 m. In addition, FPT generally increased with the
MCDW index(Fig. 3.4).

In all fourseasons, foraging models predicted highest FPT in the coastal
vicinity of Ross Islandanddispersed throughoutthe central WRS. In addition,
summer, fall, and winter models predict high FPT values fromRoss Island, north
along the Victoria Land coast up tothe Drygalskiice tongue (Fig. 3.3E-H). Seasonal
predictions of Weddellseal occurrence (Fig. 3.3A-D) were combined with seasonal
predictionsof FPT (Fig. 3.3E-H) to provide information onimportantforaging areas
within preferred habitat (Fig. 3.3I-L). Highest predicted FPT within preferred
Weddellseal habitatoccurredaround Ross Island (though difficult to see) and
extended fromthe central WRSto the furthest extentof Weddell seal travel in each
seasons (Fig. 3.3I-L). FPT varied markedly throughout the year; lowest values were
found in summer followed by aslight peakin fall, a continued increase until reaching
an overall peakin winter,and a gradual decline in spring (Fig. 3.6). DOY explained

35% of the deviation in FPT.
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Vertical foraging models

Using GAM models to understand the relationship between FPT and four
vertical foraging parameters, we foundthat DDUR, DRATE, and PW Cwere
significant in predicting FPT in the summer; explaining 45% of the deviation in FPT
(Table 3.6). Insummer, FPT was highestwhendive duration was less than six
minutes and during minimumand maximum descent rates (Fig. 3.6). Weddell seals
generally exhibited increased FPT with increasing PWC, buta peakin FPT was
observedaround 20%.

During fall and winter, only 18% and 40% of the deviation in FPT was
explained by PWC, respectively. In fall, FPT increased with PWC between 20and
40% as well as for values greater than 90% (Table 3.6, Fig. 3.6). However, in winter,
the highest FPT values occurred when PW Cwas greater than 60% (Fig. 3.6). Finally,
in spring, DRATE, DDUR, and PWCexplained 63% of the variation in FPT (Table
3.2). FPT was highestwhen descentrate was less than 0.7 ms ™ and when dive
duration was <12 or > 24 minutes (Fig. 3.6). In general, FPT increased with PWC

depthin spring.

DISCUSSION

In the summer, after leaving the breeding colony, Weddell seals utilized open
water habitat to transit to foraging grounds located within theice environment. The
western and central Ross Sea is characterized by three polynyas located (1) east of
Ross Islandandadjacent to the Ross Ice shelf, (2) immediately north of the Drygalski

ice tongue, and (3) in McMurdo Sound (Martin et al., 2007). These three polynyas
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cause adelay in ice formation and may provide a convenientpathway for Weddell
seals to access foraging areas located near or within the pack-ice. Thehigh
concentrations of birds and cetaceans observedalong the marginal ice zone highlights
the importance ofthe ice edge environmentfor Antarctic species (Karnovsky et al.,
2007).

Acrossseasons, Weddell seals preferentially exploited the diverse topography
of the Ross Seawhich is composed ofaseries of shallow banks (<400 m) separated
by deepertroughs (>500 m) (Smith Jr etal., 2012). In the summer, seals preferred
eithertroughs or the transitional areas between banks and troughs where the MCDW
indexwas highest. However, the predominance of foraging in shallow waters with
moderate MCDW indexvalues suggestthat Weddell seals may be targeting prey
species on or proximate to banks while usingareas over troughs for resting or
transiting.

The topography of the Ross Sea strongly influences the flow of MCDW onto
the shelf (Dinniman et al., 2003; Orsi and Wiederwohl, 2009) and providesa
mechanismfor bioaccumulation of phytoplankton by supplyingiron to iron-limited
waters in the summer (Peloquin and Smith, 2007). The cyclonic circulation of
MCDW aroundbanks and the anti-cyclonic circulation around troughs, or
depressions (Dinniman et al., 2003), causes a higherabundance of krill along the
edges of banks butnot onthe banks themselves (Salaetal., 2002). AlthoughWeddell

seals inthe WRS are not knownto ingesta large proportion of invertebrates, the
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presence of krill attracts fish species, many of which are thoughtto be the preferred
prey items ofthese animals.

Overall, ourmodelresults for the summer seasonagree with Hindell et al.’s
(2002) study in which thedensity of Weddell seals was highest over regions of steep
topography. The authors suggested that their finding was due to the topography acting
as amechanismto enhance productivity in areas where depressions were present,
thereby increasing prey density. While this study only examined short foraging trips
during the summer breeding season, our study found similar results over a broader
temporalscale —once seals had left the breeding colony.

A small proportionofseals tagged in our study remained near Ross Island
year-round while the majority of animals traveled hundreds of kilometers towards the
continental shelf break. These individual preferences are likely the reasonthat
seasonal foraging models predicted foragingareas close to and far fromboth the coast
and shelf break. In other words, some seals continued to forage near Ross Island
while most traveled toareas beyondthe breeding colony, foragingalongtheway.
Hindell et al. (2002) suggested that the limited foraging range of Weddell seals during
the breedingseason could leadto prey depletionaround colonies. This findingis
supported by our observations of a large proportion of seals traveling to foraging
groundsaway fromRoss Island.

From summer through winter, foraging behavior was higher when seals were
either less than 30% to the bottom(pelagic) or were near or at the bottom (bentho -

pelagic). This resultis in agreementwith previous studies thatsuggest Weddell seals
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exploit both pelagic and bentho-pelagic preysuchas P.antarcticumand D. Mawsoni
which can occurin bothenvironments (Dearborn, 1965; Casauxet al., 1997; Burns et
al., 1998; Plotz etal., 2001; Hindellet al., 2002; Davis etal., 2013). Increased
foraging was associated with faster descentrates and shorter dive durations which
may be related to the locomotive behavioremployed by P. antarcticum, reaching
estimated speeds of 4.9 body lengths per secondwhen pursued by a seal (La Mesa et
al., 2004).

As ice formation progressed throughoutthe falland winter, Weddell seals
preferentially occupied areas with openwater access. However, foraging behavior
was higherin dense pack-ice and far fromopen-water pockets, a patternsimilar to
summer observations. This suggests thatthe under-ice and ice-edge environments
play an importantrole in foraging. Seals may prefer areas farther fromland due to the
preclusionofcrack formation in land-fast ice, which would effectively displacethem
from coastalareasas ice continues to formthroughoutthe fall (Lake etal., 2005).

The preferred depth range (400-600 m) and higher use of shallower slopes in
the fall indicate that the margins separating banks fromtroughs play an importantrole
for both Weddell seal presence and foraging. Unlike in summer, seals preferredto
occupy flatterareas in fall, found either on thetop of banks or the bottomoftroughs.
However, increased occupancy in areas with higher MCDW indexvalues suggests
that seals preferredareas over troughs for resting or transiting while increased
foraging behavior over intermediate MCDW indexvalues suggest that animals forage

along the periphery ofbanksandtroughs. Fromlate fall to early spring, cold air
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temperatures driveice formation, thus causing theremoval of fresh water and the
sinking of dense, salty water (Smith et al., 2007; Petty etal., 2014). Increased
foraging behavior with increasing MLD suggests thatseals are feeding at or nearthe
bottomofthe homogenized mixed layeralong the transition zone between banks and
troughs.

In winter, sea-ice is at its farthest extent (Jacobs and Comiso, 1989), and the
magnitude ofthe extentis positively correlated with higher Weddell seal recruitment
to breeding colonies the following spring (Hadley et al., 2007). Weddellseals
preferentially occupied areas with lowto intermediate ice concentrations and, like
fall, Weddellseal foraging during the winter was highestwhenthe ice concentration
was at ornear 100%. Increased foraging in the dense pack-ice is likely driven by the
abundance ofice algae that utilize the under-ice environment, thus attracting
cryopelagic predators such as the fish species, Pagothenia borchgrevinki, a known
prey item ofWeddellseals in the WRS (Eastman and DeVries, 1985; Davis et al.,
1999). Krill abundance is also positively correlated with sea-ice extent (Loeb et al.,
1997) and krill is the primary prey item of P.antarcticum, an important dietary item
of Weddellseals (Burns et al., 1998; Davis et al., 1999; Fuiman etal., 2002; Zhao et
al., 2004). Based on movement and diving behavior, we foundthat Weddell seals are
both pelagic and bentho-pelagic foragers.

In spring, whenreturning to breeding colonies, Weddell seals preferred areas
on or peripheralto banks or land for both habitatand foraging grounds. Unlike other

seasons, ice concentrationdid notpredictpreferred habitator foraging in the spring
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during ice break-up. However, Weddell seals did show a preference for open-water
areas which is likely related to the rapid openingof polynyas in the spring as a
response to increasedairand ocean temperature (Jacobs and Comiso, 1989). The
openingofthe Ross Sea polynyareleases iron into the water which facilitates the
largest increasein primary production in the Southern Ocean (Smith and Gordon,
1997; Arrigo and Thomas, 2004). The diatom-dominated food web ofthe Ross Sea
polynyaduringspring may explain the absence of predators, including Weddell seals
(Karnovsky et al., 2007). During the four month period Weddell seals are on the fast-
ice reproducingand molting, zooplankton suchas copepods andkrill graze on the
phytoplankton, which, in turn, provide food for many fish species thatare known prey
items for Weddellseals (Smith et al., 2007). By the time seals leave thebreeding
colonies in late summer, the marginal ice zone aroundthe Ross Sea polynya is highly
productive and this productivity has transferred up enough trophic levels to support a

large predator, suchas the Weddell seal.

Conclusion

This study presents the first quantitative analysis of Weddell seal habitat
preference and foraging behavior across seasons. Wesuccessfully modeled and
predicted habitat preference and foraging behavior usingenvironmental variables, as
well as modeled foraging behavior using dive parameters. We observed that foraging
by Weddellseals is relatively lowin the summer compared to therestofthe year,
which may be attributedto reproductionand molting. Weddell seals are considered

capital breedersandrely largely on stored body reserves during this time, losing upto

74



40% of theirbody mass during lactation alone (Wheatley et al., 2006). Once pupsare
weaned, females are no longertied to thebreeding colonies and can travel farther,
making the fall, winter, and spring the mostimportant seasons for Weddell seal
foraging. Ourresults are supported by Shero et al.’s (2015) study whichfound that
the overwinter foraging period was importantfor female Weddell seals to gainmass
and body condition. However, the inability of seals to gain substantialamounts of
mass during this time means thatthey mustcontinueto foragethroughoutthe
breeding and molting periods to sustain energetic demands.

The Ross Sea ecosystemshows strong cyclical patterns in sea-ice extent and
productivity. This region is more productivethanany other place in Antarctica and
reaches farther souththan any other marine systemon Earth (Smith Jret al., 2012).
Due to its vast shelf, productive polynyas, and diverse habitats, the Ross Sea is
considereda biodiversity hotspot. Weddell seals are one of the top predators in the
Ross Sea but previousto this study, little was known about their seasonal habitatand
foraging behavior. In this study, predictive habitat and foraging models showed the
importance of the seasonal sea-iceextent, open water polynyas, andthediverse
topographyin the movementand foraging behavior of Weddell seals in the WRS.

Knowing how Weddell seals respond to predictable seasonal changesin
environmental conditions can provide insightinto how Weddell seal habitat or
foraging behavior will changedueto unpredictable naturaland an thropogenic climate
variation. Althoughthe Ross Sea ecosystemremains relatively intact, changes in

oceanographyandseaice extent havealready been documented as a result of climate
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change (Smith Jr etal., 2012). While there is a great deal of uncertainty on how
climate changewill impact the Weddell seal population here, evidence suggests that
theregion is coolingand sea ice is expanding, in contrast to other places in Antarctica
(Smith etal., 2007). As aresult, itis possible thatWeddell seals will not be impacted
in this region.

Studies suggest that P. antarcticum is the primary diet of Weddell seals in the
summer (Burns et al., 1998; Fuiman et al., 2002); however, thereis no evidence that
the summer diet is indicative of year round foraging habits. Given the highly dynamic
nature ofthe Ross Sea ecosystemthroughout theyear, it is likely that Weddell seals
adapt to changes in local abundance of prey species by altering their diet. In fact,
results fromseals in the Weddell Sea indicate that while P. Antarcticumis also the
primary summer diet for those animals (Plotzetal., 1991), in spring, P. Antarcticum
was no longer presentin the diet of Weddell seals; instead prey items consisted of
many other notothenioid fish including Trematomus species (Plotzet al., 1991; Plotz
etal., 2001). The Ross Sea population of Weddell seals may also alter their diet in

response to atemporally changingenvironment.
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TABLES

Table 3.1: Covariates utilized in the general additive models examining Weddell seal occurrence and foraging behavior in the
western Ross Sea, Antarctica.

Dive Covariate Unit Abbreviation
Maximum dive depth m MAXDEP
Dive duration min DDUR
Time spent in bottom phase of dive min BOTDUR
Descent rate m/s DRATE
Percent of water column depth % PWC
Environmental Covariate Unit Abbreviation
Ice concentration % ICECON
Distance from 10% ice concentration km DICE10
Bathymetric depth m BATH
Bathymetric slope degree SLOPE
Distance to coast km DCOAST
Distance to shelf break km DSHELF
Modified circumpolar deep water at 150 m index MCDW
Mixed layer depth m MLD




3L

Table 3.2: Mean andstandard deviation of eight environmental variables: ice concentration (ICECON, %), distance fromthe
10% ice concentration contour (DICE10, km), bathymetric depth (BATH, m), bathymetric slope (SLOPE, degree), modified
circumpolar deep water indexat 150 m (MCDW), mixed layer depth (MLD, m), distancefromthe coast (DCOAST, km), and
distance to thecontinental shelf, or 1000 m isobath (DSHELF, km). Results are shown for bothWeddell seal (present) and
Correlated RandomWalk (CRW, absent) locations. Data were analyzed separately for each seasonand mean values repre sent
population means obtained by averaging individual means. Asterisks indicate a significantdifference between present and
absent valuesat the p <0.05 level for a given environmental value, within a season, obtained from Wilcoxon signed rank tests.

Summer Fall Winter Spring

Present Absent Present Absent Present Absent Present Absent
# Loc 12,788 128,714 50,034 295,324 38,486 217,241 11,702 64,887
# Ind 52 52 58 58 48 48 30 30
ICECON 57.7+17.1* 40.1+14.3 | 89.8+10.1* 81.5+9.0 93.1+9.3 92.6+4.7 | 90.2+10.6* 86.9+8.1
DICE10 44 .4 + 32.6* 272+7.7 | 427.2+292.1 426.1 +307.7|595.7 + 297.2* 633.5 + 325.3(416.8 + 285.7 419.9 + 310.0
BATH 401.3£135.2* 459.7 £110.8| 514.0+110.2 523.4+97.4|534.6+117.5 534.4+79.2 [568.4+138.5 546.3+73.0
SLOPE 1.3+0.7% 1.0+0.2 0.8+0.7* 09+0.2 0.7+0.6 0.8+0.2 0.8+0.6 0.8+0.2
MCDW 17.7 £12.4* 15.+12.3 23.6 +13.2* 199+125 | 23.6+135* 194+115 | 21.3+11.7* 18.9+11.2
MLD 32.3+13.6* 245+6.9 | 117.1+39.9* 127.8+37.9( 159.6+77.4* 129.2+59.2 | 111.5+72.4 94.8+485
DCOAST 23.3+224 16.9+9.7 515+43.0* 245%+126 | 47.4+40.2* 29.1+13.1 | 38.7+25.2* 26.7+12.2
DSHELF 494.6 £79.7* 537.7+24.1| 437.9+925* 523.2+36.3 | 440.2+99.8* 517.1+36.9 |475.7+65.2* 517.5+34.9




Table 3.3: Wilcoxon signed rank testresults comparing seasonal values for eight environmental variables: ice concentration
(ICECON, %), distance fromthe 10% ice concentration contour (DICE10, km), bathymetric depth (BATH, m), bathymetric
slope (SLOPE, degree), modified circumpolar deep water indexat 150 m (MCDW), mixed layer depth (MLD, m), distance
fromthe coast (DCOAST, km), and distance tothe continental shelf, or 1000 misobath (DSHELF, km). Only Weddell seals
with associated environmental data for all four seasons were included in this statistical analysis (n=25). Bolded p-values are
significant at thep =0.05 level.

SUM-FALL SUM-WIN SUM-SPR FALL-WIN FALL-SPR SPR-WIN

z p z p z p z p z p z p
ICECON 4.35 1.19E-07(-4.37 5.96E-08| 4.10 2.56E-06|-1.44 1.56E-01|-0.34 7.51E-01|-2.09 3.67E-02
DICE10 4.37 5.96E-08(-4.37 5.96E-08| 4.37 5.96E-08|-2.49 1.15E-02(-0.74 4.74E-01|-0.26 8.12E-01
BATH -3.51 1.62E-04( 3.30 4.90E-04|-3.19 8.08E-04| 1.82 7.10E-02| 2.38 1.60E-02|-0.71 4.91E-01
SLOPE -2.81 3.78E-03| 3.65 7.50E-05|-3.54 1.40E-04| 1.44 1.56E-01| 2.03 4.22E-02(-0.36 7.31E-01
cDW 3.19 8.08E-04|-1.68 9.57E-02( 2.09 3.67E-02| 1.04 3.12E-01| 0.17 8.74E-01| 1.87 6.26E-02
MLD 4.37 5.96E-08(-4.32 1.79E-07| 3.67 6.37E-05|-2.03 4.22E-02| 0.50 6.34E-01|-2.87 3.09E-03
DCOAST 2.97 2.03E-03(-2.87 3.09E-03( 2.81 3.78E-03( 1.04 3.12E-01(-0.61 5.60E-01| 0.98 3.39E-01
DSHELF -2.11 3.42E-02| 1.71 9.03E-02|-1.60 1.14E-01(-1.33 1.91E-01|-0.26 8.12E-01|-0.01 1.00E+O00]




Table 3.4: Mean and standard deviation of five Weddell seal dive metrics: dive duration (DDUR, min), bottomduration
(BDUR, min), descent rate(DRATE, ms™), maximum dive depth (m), and percent water column depth (PWC, %). Data were
analyzed separately for each seasonand mean values represent population means o btained by averaging individual means.

)8

Summer Fall Winter Spring
# Dives 91,261 101,423 21,533 3,013
#Ind 59 57 48 30
DDUR 86+22 | 82+£20 | 10.0+27 | 123+3.9
BOTDUR | 38+11 | 3.7+12 | 4415 59+2.1
DRATE 12+02 | 1.2+02 | 1.1+0.2 1.2+0.2
MXDEP 1145+ 36.7(128. + 37.6|140.1 £ 51.7(223.5+ 99.4
PWC 39.3+11.6 |28.4+10.9| 28.7+11.8 | 39.3+19.9
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Table 3.5: Wilcoxon signed rank testresults comparing seasonal values for five dive metrics: dive duration (DDUR, min),
bottomtime (BOTDUR, min), descent rate (DRATE, ms™), maximum dive depth (MXDEP, m), and percent water column
depth (PWC, %). Only Weddell seals with associated dive datafor all four seasons were included in this statistical analysis
(n=30). Bolded p-valuesare significantat the p =0.05 level.

SUM-FALL SUM-WIN SUM-SPR FALL-WIN FALL-SPR WIN-SPR
z p z P z p z p z p 4 P
DDUR 2.90( 2.81E-03| 1.75|8.12E-02(-3.57(1.48E-04| 3.81|4.02E-05| 4.64|3.35E-08(-2.20( 2.66E-02

BOTDUR |-0.17| 8.71E-01|-3.38| 3.80E-04| 3.36|4.18E-04|-3.61|1.23E-04|-3.61| 1.23E-04| 2.60| 8.14E-03
DRATE 2.25| 2.34E-02( 2.52|1.06E-02| 1.51|1.35E-01| 4.28|1.42E-06| 0.07|9.52E-01| 2.36|1.75E-01
MXDEP 2.85| 3.48E-03-3.88| 2.69E-05| 4.25|1.99E-06|-2.75(5.01E-03( -3.85| 2.69E-05| 3.36|4.18E-04
PWC -3.77| 4.97E-05| 3.55|1.70E-04|-0.22| 8.39E-01| 0.03]|9.84E-01|-2.87| 3.22E-03| 2.48| 1.21E-02
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Table 3.6: Covariates included in the final habitat preferenceand foraging behavior models by season. Models preceded by
‘H’ indicate habitat preference models and those preceded by ‘F’ indicate foraging behavior models. The percentdeviance
explained, R? adjustedvalue, number of locations, number of individuals, es timated degrees of freedom, and AIC values for
each modelare also provided.

Model Variables included in the model % Dev R? Adfj n #IND EDF AIC
H_ENV_SUM ICECON, DICE10, BATH, SLOPE, MCDW, MLD, DCOAST, DSHELF 42 0.47 6537 50 97 4528
H_ENV_FAL DICE10, BATH, SLOPE, MCDW, MLD, DCOAST, DSHELF 48 054 11728 57 104 7485
H ENV_WIN ICECON ,DICE10, BATH, SLOPE, MCDW, MLD, DCOAST, DSHELF 41 0.44 5936 46 105 3343
H_ENV_SPR BATH, MCDW, DCOAST, DSHELF 32 036 1767 28 50 1303
F_ENV_SUM ICECON, DICE10, BATH, DCOAST, DSHELF, MCDW, MLD 47 044 1515 52 90 3208
F ENV_FAL ICECON, DICE10, BATH, DCOAST, DSHELF, MCDW, MLD 23 021 3250 58 95 7699
F _ENV_WIN ICECON, BATH, SLOPE, DSHELF 44 041 834 46 57 2002
F ENV_SPR DICE10, BATH, SLOPE, DSHELF, MCDW 69 063 306 27 53 688
F DIVE_SUM DIVEDUR, DRATE, PWC 45 042 1309 52 67 3492
F DIVE_FAL PWC 18 0.15 2137 50 51 5858
F DIVE_WIN PWC 40 034 447 42 43 1290
F DIVE_SPR DIVEDUR, DRATE, PWC 63 050 126 22 33 348
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Figure 3.1: Weddellseal tracklines in the western Ross Sea during 2010 (blue), 2011
(red), and 2012 (black). Animals were tagged around Ross Island (n=22) and along
the Victoria Land coast (n=41) with deployment locations denoted by stars. The
dotted line represents theshelf break, or 1000 m bathymetric contour.
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Figure 3.2: Results fromthe final predictive generalized additive model for each season. Plots show the relationship between
Weddellseal occurrence in the western Ross Sea and eight environmental variables: ice concentration (ICECON, %), distance
from the 10% ice concentration contour (ICEDIST10, km), bathymetric depth (BATH, m), bathymetric slope (SLOPE,
degree), modified circumpolar deep water index(MCDW), mixed layerdepth (MLD, m), distancefromthe coast(DCOAST,
km), and distance tothe continental shelf, or 1000 misobath (DSHELF, km). The shadedareas represent the 95% confidence
interval. The effect of the explanatory variable onthe response is on the logit scale where zero (solid black line) or negative
numbers show no effect.
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Figure 3.4: Results fromthe final generalized additive model for each season. Plots show the relationship between First
Passage Time (FPT) for Weddell seals in the western Ross Sea and eight environmental variables: ice concentration (ICECON,
%), distance fromthe 10% ice concentration contour (ICEDIST10, km), bathymetric depth (BATH, m), bathymetric slope
(SLOPE, degree), modified circumpolar deep water index (MCDW), mixed layer depth (MLD, m), distance fromthe coast
(DCOAST, km), and distance to the continental shelf, or 1000 m isobath (DSHELF, km). The shaded areas representthe 95%
confidence interval. The effectofthe explanatory variable onthe response is on the log scale where zero (solid black line) or
negativenumbers show no effect.
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Figure 3.6: Results fromthe final generalized additivemodel used to predict First
Passage Time (FPT) for each season. Plots show therelationship between FPT for
Weddell seals in the western Ross Sea and three dive metrics: dive duration (DDUR,
min), percent water column depth (PWC, %), and descent rate (DRATE ms™). The
shaded areas representthe 95% confidence interval. The effect of the explanatory
variable on the responseis on the log scale where zero (solid black line) or negative
numbers show no effect.
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CHAPTER 4

Using stable isotopes and tracking data to reveal the foraging ecology
of Weddell seals in the western Ross Sea, Antarctica

ABSTRACT

Weddell seals (Leptonychotes weddellii) serve an importantrole as one of
Antarctica’s top predators, yetsurprisingly little is known about their diet and
foraging ecology. Previous studies used scatand stomach contentanalyses to examine
Weddellseal diet, however, these methods are biased towards prey with indigestible
hard parts. Stable isotopeanalysis provides a more complete picture of digestible and
indigestible prey items. We analyzed thestable isotope composition (8 *C and §°N)
of Weddellsealred blood cells (RBC) and vibrissae, reflecting different time scales
in the foraging history of individuals. Our objectives were to 1) examine isotopic
variation in relation to Weddell seal mass, sex, season, location, percent lipid, and
age, 2) quantify thecontribution of prey items to overalldiet,and 3) link diet to
animal distribution and foraging patterns. We collected tissuesamples from 96
Weddellseals near Ross Island and along the Victoria Land coast (2010-2012). Mass
was a significant predictor of 8"*C and 5N for both tissues, though the strengthand
direction of the relationship varied by year. In addition, older individuals (> 10 years)
had significantly enriched RBC §*°C and 5N, suggesting they were feedingat a
highertrophic level than younger seals during the previous sixweeks. Using

Bayesian mixing models to estimate diet, the preygroup consistingof Antarctic
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silverfish (Pleurogramma antarcticum and Trematomus newnesi) was foundto be an
important prey item, but its proportional contribution to Weddell seal diet varied
among tissue types and individuals [median RBC (range): 48.7% (39.0-57.1%);
median of mean vibrissae (range): 53.3% (36.6-65.6%)]. The Antarctic icefish
(Neopagetopsis ionah) contributed 48.7% (39.0-57.1%) of Weddellseal diet overa
period of weeks, while Pagothenia borchgrevinki, T. nicolai, T. pennelliiand T.
bernacchii combined, contributed 43.1% (range: 30.3-58.8%) overa period of
months. On average, the median Antarctic toothfish (Dissostichus mawsoni)
contributionto theoverall diet was <10%. However, given its high energetic density,
toothfish may be a relatively more important prey itemfor Weddell seals, especially
during the post-molt recuperation period whenanimals are at their leanest.
Differences in diet among tissue types suggest that the prey species consumed differs
throughout theyear. Year-round tracking data revealed that foraging patterns were
associated with different diets. Overall, this study provides new informationon the
isotopic variationanddiet of Weddell seals and provides critical insight intothe

feeding ecology of this important top predator of the Ross Sea ecosystem.
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INTRODUCTION

Within the Southern Ocean, the Ross Sea ecosystemis particularly unique due
to its vast shallow regions, significant polynyas, diverse topography, and extensive
ice shelf (Smith et al., 2007). Althoughthe Ross Sea is the most productiveregionin
Antarctica, the biodiversity of fish fauna in this region is relatively low compared to
the Southern Ocean, composed of 95species from 16 families, and is dominated by a
single taxonomic group. The family Nototheniidae comprises 77% ofall fish species,
and 91% of total fish biomass in the Ross Sea ecosystem (Eastman and Hubold, 1999;
Lenky etal., 2012; Smith Jr etal., 2012). Despite the relativesimplicity of the fish
community and the extensive ecological studies that have been conducted in this
region, trophic linkages betweentop predators andtheir prey are not well understood.

Weddell seals (Leptonychotes weddellii) are one of Antarctica’s top predators
and have thesouthernmost distribution of any mammal. While only about 32,000-
50,000 of the estimated 730,000 Weddell seals in Antarctic waters inhabit the Ross
Sea, they servean important role in the trophic ecology of this unigue ecosystem
(Laws, 1977; Ainley, 1985). Moreover, Weddell seals are an ideal marine predator for
monitoring ecosystemhealthand resilience giventhatthey return to predictable
breeding colonies in early austral spring (October-November) and remain there
throughthe summer (January-February).

Previous studies used scatand stomach content analyses to examine the diet of
Weddellseals in the Ross Sea and found nototheniid fish to be the most important

dietary itemfor Weddell seals in McMurdo Sound (Dearborn, 1965; Burns et al.,
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1998). While these studies provided valuable insight into the foraging ecology of
Weddell seals, analyses were limited to recently consumed prey thathad not been
assimilated. In cases where hard parts are either not consumed or do not persist after
the digestion process, prey items cannot be detected in stomachandscat contents. For
example, Weddell seals have been observed feeding on large Antarctic toothfish
(Dissostichus mawsoni) (Davis et al., 2004; Kim et al., 2005; Ponganis and Stockard,
2007; Ainley and Siniff, 2009; Kooyman, 2013); however, due to the relatively large
size ofthese fish, seals only consume theflesh, preventing the detection of hard parts
in scat and stomach contents.

Stable isotope analysis is a powerful tool for studying the foragingecology of
animals and, unlike scat and stomach content analysis, it does not over-represent
indigestible material or under-representitems that leave little visual trace (Bodey et
al., 2011). By providing informationon foodthat has been incorporated into the
consumer’s tissue (as opposed to only ingested), stable isotope analysis canbe linked
to an animal’s physiological condition and, therefore, its ability to adjust to
environmental perturbations that may impact reproduction and survival (Jakob et al.,
1996). The predictable enrichment in & *°N (1.3-5.3%o ) from one trophic level to the
next makes it a usefulindicator ofa consumer’s trophic positionrelative to its prey
(DeNiro and Epstein, 1978, 1981; Rau etal., 1983; Minagawa and Wada, 1984;
PetersonandFry, 1987; Hammill etal., 2005). However, the relatively small
enrichment in 3 *C between trophic levels (0-1%o in marine systems) makes it a

better indicator of carbon sources thantrophic position, distiguishing benthic from
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pelagic and nearshore fromoffshore environments (McConnaughey and McRoy,
1979; Zhao et al., 2004).

Although previous studies have examined 8"*C and 5°N isotopes in Weddell
seals, thesestudies were limited to inter-individual differences and only examined
blood serumor plasma samples, which reflect diet consumed over a period of days to
weeks (Burns etal., 1998; Zhao et al., 2004). By using two differenttissues we were
able to examine isotopic variationand dietacross two different time periods. Also, a
subsetofsealswas sampled in two differentseasons, allowing us to examine both
inter-and intra-individual differences in isotopes and thus diet. As tissuesamples
collected whentags are deployed providediet data prior to the collection of tracking
data, very fewstudies have examined stable isotope data concurrently with movement
data (Votieretal., 2010; Gonzalez-Solis etal., 2011; Zbinden et al., 2011; Seminoff
etal., 2012). However, we were able to recaptureand collect tissue samples from13
Weddell seals that had carried tags during the previous 10 months, providing a unique
opportunity to link foraging behavior with isotopic signatures. Mixing models
capable of handling large numbers of potential prey items haverecently been
developedand allowdiet be quantified fromisotopic values. However, these models
have never beenusedto estimate the proportional contribution of prey items to the
diet of Weddell seals.

This study presents carbon and nitrogen stable isotope data fromtwo tissues
(red blood cells, or RBC, and vibrissae) thatwere collected fromWeddell seals in the

western Ross Sea (WRS) overathree year period (2010-2012). Samples fromthe two
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tissuesallowed usto examine the trophic ecology of Weddell seals overa period of
six weeks (RBC) in addition to a longer period spanningmonths to a year (vibrissae)
relative to multiple variables (sex location, mass, seal percent lipid, year, and age)
that may influence energy requirements and, therefore, diet. This s the first study to
quantify Weddell seal diet by comparing 5 °*Cand "N isotopes fromRBC and
vibrissae tothose fromasuite of potential prey items and to examine diet relative to
foraging patterns. Overall, our objectives were to: 1) examine isotopic variationin
relation to mass, sex, year, season, location, percent lipid as a measure of seal body
condition, and age 2) quantify the contribution of prey items to overall diet, and 3)
link foraging strategies based on movementanddiving behavior to differences in diet.
Results fromthese analyses provide important information onthe foraging behavior
of Weddellseals, and offer context on theirrole as atop predators in the Ross Sea

ecosystem.

METHODS

Animal capture and sample collection

All Weddellsealhandling and sample collectionwere conducted under the
National Fisheries Service permit number 87-1851-04, the Antarctic Conservation
Act (ACA), and approved by the Animal Care and Use Committee (IACUC) at the
University of California, Santa Cruz (UCSC).

Between 2010 and 2012, 96 Weddell seals were captured near Ross Island and
along the Victoria Land coast of the Ross Sea (Fig. 4.1). Twenty ofthese animals

were recaptured in asecond season. Seals were chemically immobilized with an
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initial dose of a teletamine HCL/zolazepamHCL mixture (Telazol 0.5 mg/kg)
administered intramuscularly. Approximately 12 minutes post-injection, animals were
capturedusinga hoopnet. Subsequentintravenous injections ofa 2:1 mixture of
ketamine hydrochloride (100 mg/ml Ketaset) and diazepam (5 mg/ml) were
administered, when necessary, to maintain immobilization. While sedated, seals were
weighed in a canvas sling suspended fromatripod usinga Dyna-Linkscale (1000 + 1
kg). The longest vibrissa onthe muzzle ofeach animalwas clipped as closeas
possible to theskin andblood samples were collected fromthe extradural vein in
heparinized blood tubes. In addition, 60 seals were instrumented with Conductivity,
Temperature, and Depth — Satellite Relay Data Loggers (CTD-SRDL) during the
January-February breeding season.

Data were obtained fromeach tag and ARGOS position estimates were
filtered using a threshold speed of 15kmh ™, and new positions were interpolated
every two hours using a forward looking particle filtering model (Tremblay et al.,
2009), that accounts for the errors associated with each ARGOS location class. Dive
locations were determined by linking dive time with time along the track, and linearly

interpolated to the nearest minute.

Stable isotope analysis

Following the methods of Hiickstadt et al. (2012), all vibrissaewere subjected
to a two-step lipid-removal process: 1) lightly scrubbed using distilled water and
detergent, and allowed todry in an ovenforaminimum of 30 minutes; 2) submerged

in petroleumetherand rinsed in an ultrasonic bath for 15-20 minutes. Vibrissae were
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then measured and cutinto 0.5cm segments. Samples with masses of 0.5+ 0.05 mg
were cut from the proximal end ofeach segment. Whole blood samples were
centrifugedto extract RBCs and stored in a -20°C freezer. RBC samples were
subsequently freeze-dried and subsamples with masses of 0.5+ 0.05 mg were
obtained.

Seal lipid mass (as % total body mass) was determined foreachanimalusing
the labelled water dilution technique as described in Shero et al. (2014, 2015), as it
providesan indicator of body condition. Briefly, a pre-injection blood sample was
taken, followed by injectionof 1-1.5 mCi oftritiated water into the extradural vein.
Post-equilibration blood samples were collected>90 minutes after injectionand
serumwas distilled following Ortizet al. (1978) to calculate lipid mass (Reilly and
Fedak, 1990; Bowen and Iverson, 1998).

In orderto reconstructthe diet of a consumer using stable isotopes, it is
necessary to havea library ofisotopic datafor potential prey. Thus, prey species
samples were collected in collaboration with concurrently funded projects to study
Ross Seafish (2010-2012) and stored in a -80°C freezer. In preparationforstable
isotopeanalysis, fish were thawed at roomtemperature and lightly rinsedin deionized
(DI) water. Standard length and weight measurements were taken before
homogenizing individualwhole fish. Allequipment was washed repeatedly with soap
and water between samples to prevent cross-contamination. Subsamples of the
homogenates fromeach fish were freeze-dried for 48 hours, mixed into a fine

powder,and amass 0f0.5+ 0.05 mg was obtained for isotopic analysis.
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Because many Antarctic fish species are rich in lipids (Clarke et al., 1984;
Lenky etal., 2012), we lipid-extracted each sample in orderto avoid variation in & 3¢
caused by carbon-depleted lipids (Pinnegarand Polunin, 1999; Sweeting et al., 2006;
Postetal., 2007). Lipid extraction was performed by combining 0.1g ofhomogenate
with 5 ml of 2:1 chloroform:methanol and submergingthe container in an ultrasonic
bath for 30 minutes. This process was repeated 3to 4 times, decanting the supernatant
between rinses, untilthe liquid appeared clear. Finally, each sample was rinsed with 2
ml of DI waterand freeze-dried foran additional 48 hours. Thedried homogenate
was mixed into a fine powderandsubsamples of 0.5+ 0.05 mg were obtained.

Fish (originaland lipid-extracted), vibrissae, and RBC subsamples were
placed into tin capsules andanalyzed at the Stable Isotope Laboratory at UCSCusing
an Elemental Analyzerinterfaced with a Finnigan Delta Plus XP mass spectrometer
in order to obtain §"*Cand "N values. Standards of Pugel and Acetanilide were used
to checkforinstrumentdrift and calibration throughout the sampling period.

Isotopic composition was expressed in o (delta) notation, using the following

equation:

_ Reample—Rstandard

"X = % 1000

Retandard

where h is the atomic mass ofthe heavyisotope, Xis C or N, Regmpe is the ratio of
BCI*C or ®N/*N, and Rygngarg is Vienna PeeDee Belemnite (VPDBY) limstone for

8'*C and atmospheric nitrogen (N,) for 8*°N. Units are expressed as parts per
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thousand differences fromthe standard or per mil (%o ). Replicate measurements of
laboratory standards showed measurement errors of=+0.2%o and £ 0.1%o for stable
carbon andnitrogenisotope measurements, respectively.

Forall dietary analyses, §**Cfrom lipid extracted fish samples, and 3"°N from
untreated samples were used. This was necessary as 8'°N becomes significantly
enriched during thelipid extraction process, which may be relatedto the composition
of essentialand non-essentialamino acids (Pinnegar and Polunin, 1999; Sweeting et

al., 2006; Logan etal., 2008).

Statistical analysis
Isotopicvariation

We evaluated the relationship between §°*Cand §"°N and the following
variables:sex, year, season, tagging location, mass, andseal percent lipid . Mass and
seal percentlipid were continuous variables while sex, year, seasonandtagging
location were factor variables (Table 4.1). Tagging locationwas categorized as south
(around Ross Island) or North (Victoria Land Coast). Because mass was notalways
measured, thedatasetwas reduced to 86 animals for RBCs and 36 for vibrissae for
all linear models. Using the statistical software R (R Development Core Team, 2013)
we ran generalized linear mixed models (GLMM) with an identity linkon aglobal
model (including interaction terms) for both 8 *Cand 5 N as a response variable.
Separate models were run for RBC and vibrissae dataand AICscores were used for

modelselection. To account foranimals thatwere sampled twice, we included
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individualas arandomeffect. Models were validated by examining residuals form
normality and homoscedasticity.

As aresultofalong-termpopulation study on Weddell seals in the McMurdo
region, age was known forasubset of the animals (RBCs: n=38, vibrissae:
n=21).These data subsets were examined separately fromthe GLMMs. Because age
was approximate for severalanimals, we categorized seals into two categories, young
adult (3-10 years)and old adult (> 10 years), and assessed whether 5 *Cand §*°N
varied with age usingt-tests.

Finally, we compared RBCs and vibrissae3**Cand §°N values bothwithin
and between individual Weddell seals. Isotopic values for §**Cand §°N along the
length of individual vibrissa were plotted and compared to the overall population
mean. We used GLM models with an identity link to test for individual differences in
RBC and mean vibrissad"Cand 5N values between seasons for animals thatwere

sampled in both January and October

Diet and foraging ecology

We useda Bayesianisotope mixing modelto determine the percent
contribution ofeach prey speciesto thediet of Weddell seals inthe WRS, as a
population and individually. Because this population of seals is thoughtto be
primarily piscivorous we limited our analysis to fish species thathave been
previously documentedas prey items through (1) scat and stomach contentanalyses:
P. antarcticum, Trematomus bernacchii and other Trematomus spp, and (2)

observations: D. mawsoni, P. borchgrevinki and N. ionah. Although amphipods,
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mysids, and polychaetes have beenfound in scat and stomach contents, they are
thoughtto be aresult of secondary ingestion by fish knownto forage on these items
(Dearborn, 1965; Eastman, 1985; Eastman and DeVries, 1985; Burns et al., 1998).
Similarly, euphausiids donot appearto composea large proportionofthe Weddell
sealdietin the Ross Sea likely due to theirabsencein large numbers fromthe
ecosystem (Eastman, 1985)

The “siar” package in R was used to fit the mixing models,usinga Bayesian
framework based upon a Gaussian likelihood (Parnell, 2013). We calculated mean
and standard deviation of3 *Cand 5"°N for six potential prey species, and used a
student’s t-testassuming unequal variance to determine if species were isotopically
distinct at thep =0.05 significance level. Unless otherwise stated, the percent
contribution of prey items to Weddell seal diet is presentedas median (range).

We examined the diet of Weddell seals ontwo time scales, through the use of
both RBCand vibrissa isotope values. RBCs allowed us to examine diet overthe
most recent weeks to more than a month (Hilderbrandet al., 1996), whereas vibrissae
offered insightinto diet onthe time scale of months toa year dependingonvibrissae
growth rate. We useda trophic enrichment factor (TEF) of 1.7 + 0.3%0 and 2.8 +
0.3%o for blood and vibrissae 8 °N values (Hobson et al., 1996) and 0.0+ 0.3%o for
both blood and vibrissae §"°C values. Mixing model results were plotted with violin
plots which are similar to boxplots butalso provide kernel density plots of the data on

each side.
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Complete trackand dive records were recorded for 13Weddell seals , allowing
us to assess foraging patterns and determine how they might be related todiet as
inferred from stable isotopes. Using the “FactoMineR” package in R (Husson et al.,
2013), we performed a Principle Component Analysis (PCA) on eight variables
thoughtto be important to Weddell seal foraging ecology: mean maximum dive depth
(m), mean dive duration (min), mean time spent within 80% of maximum dive depth
(min), mean decent rate (ms™), proportion of dives over 100 m, proportion of dives
over 20 minutes, the calculated aerobic dive limit (Kooyman et al., 1980b), mean
percent of the water column used (100% = bottom), and mean distance fromthe coast
(km). The number ofdimensionsto retain in the PCA was determined by eigenvalues
greaterthanone.

Using components fromthe PCA, we performed a hierarchical clustering
analysis to group seals based on foraging behavior. We then analyzedthe vibrissae
data ofseals within eachclusterin amixing model to determine if discrete foraging
patterns were related to differences in diet. Once clusters were determined using dive
metrics, we examined difference in §"°C and §*°N betweentheclusters using a one-

way analysis of variance (ANOVA) test.

REsSULTS

Isotopic variation

We measured 3*C and 8"°N values for 96 RBC and 45 vibrissa samples from
individual Weddell seals (Table 4.1). An additional 20 RBC and vibrissa samples

were obtained froma second handling of seals previously sampled, and were thus
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used to assess intra-individual differences over time. There was considerably less
population-level variation in 8"*C and 8*°N for RBCs than vibrissae (Fig. 4.2).
Overall, §*Crgc and 8"°Nggc Values ranged from-25.8 to -24.4 (mean + SD: -25.2 +
0.0%o)and 11.4-13.1 (12.0 + 0.3%o), respectively. Mean §"°C,;yriss2 Values ranged
from -24.3 t0 -22.5 (-23.4 + 0.4%o ) and mean 8" Nyiprissa Values spanned from12.2 to
13.8 (13.0 + 0.4%o). There was considerably less variation in **Cand &N for RBCs
than vibrissae segments (Fig. 4.2). Using resampling to ensure equal sample size
between RBCand vibrissa segments, we found that the variation in C,j,issa (0.20) was
double the variation of 8 **Crgc (0.10) and that the variation in & °Nyipisss (0.27) Was
nearly triple the variation of & *°Nggc (0.10).

Mass, location, and year were the variables that best explained the variability
in 8"Crgc Values (Table 4.2). Values for & **Cgac increasedwith mass, thoughthe
intercept varied by year; 8 *Cin 2010 was 0.2%o higherthan 2011 and 2012. For a
given mass andyear, Weddell seals tagged along the Victoria Land coast were 0.3%o
higherin 3*°C than seals tagged near Ross Island. For a given tagging location and
year, an increase in mass of 100kg is associated with a 0.2%o increase in 5°C. In
contrast, mass was the only significant predictor ofd BC.ibrissa With 2 0.1%o increase in
3'3C forevery 100 kg increase in mass.

Forboth RBCs and vibrissae, mass, andyear best explained the variation in
5'°N. However, the relationship between 3 >N and mass varied among years. In 2010
and 2011, §"°Nggc increased 0.2%o and 0.1%, respectively, for every 100kg increase

in mass but, in 2012, § °Ngsc decreased <0.1%. forevery 100kg increase in seal
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mass. We observeda different relationship between 8"°Nyiyrisss among years than for
8"Ngge In both 2010 and 2012, § °Nyiprissa increased~0.1%o for every 100 kg
increase in mass. However, in 2011 8" Nyiprissa decreased by 0.2%o for every 100 kg
increase in mass.

Both §*Crac and §°Ngsc Were significantly higher in older adult Weddell
seals (3"°C:-25.1 + 0.4%o; 6"°N:12.2 + 0.4%o) than younger adults (5 °C:-25.4 +
0.2%0; 8™°N: 11.9 £0.3) (8"°C: t,3 = 3.03, p=0.01; "°N: t,3=2.32, p=0.03).
Vibrissae 8 *Cand 8"°N were not significantly different betweenage categories.

Isotopic values varied along the lengthofeach vibrissa, indicating both inter-
and intra- individual variation. In some cases a similar trend in 5**Cand 5°N along
the vibrissawas observed (Fig. 4.3a-c) while in others, nearly an opposite trend in
5'*C and 6N was detected (Fig. 4.3d-f). Results fromGLM models showed no
significant intra-individual differences in "°Nggc between January and October (p >
0.05). However, §"*Crgc fromsamples collected in October were significantly higher
than samples collected fromthe same individuals in January (p =0.01). There was no
significant difference in either mean 8™C yiprisss Ormean 8N yiyrissa fOr individuals

sampled in January and October.

Dietand foraging ecology

One ofthe limitations of using stable isotopes to reconstruct diet is that this
method does not allow for prey identificationand, therefore, prey items considered
must be isotopically distinguishable. Because several species in our study were

isotopically indistinguishable, we had to combine sixdifferent species into two
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groups (Table 4.3). Figure 4.4 shows the mean + standard deviation of §**Cand §°N
values forthe five fish species and species groups along with mean RBC and
vibrissae isotopic values for Weddell seals in the WRS.

Mixing modelresults fromRBC isotopic values showed thatover 90% of
Weddell seal diet consisted of two species/species groups: groupd (47.9% (36.1 —
56.8%)) and N.ionah (e:48.7% (39.0 — 57.1%)) (Fig. 4.5A; Table 4.3). Similarly,
mixing model estimates fromisotopic vibrissae values showed thatprey group d
(53.3% (36.6 - 65.6%)) contributed the most tothe diet of seals. In contrast, however,
prey group c (43.1% (30.3 — 58.8%)) was the second greatest contributor to thier diet
(Fig. 4.5B).

Bxamining vibrissa 8*Cand §*°N, we found evidence of individual variation
in the proportional contribution of prey items to the dietof Weddell seals (Fig. 4.6).
D. mawsoni hada higher proportional contribution to the diet of seal WS12-07 while
prey group d, consisting of P. antarcticumand T. newnesi, had a higher contribution
to the diet of WS12-16 than the other three animals. Finally, prey group c (a
combination of P. borchgrevinki, T. Nicolai, T. bernachii,and T. pennellii)
contributed over 35% to the diet of three ofthe fourindividuals (Fig. 4.6). Mixing
modelresults forallindividuals are presented in Appendix A.1.

The PCA analysis identified three components, accounting for 92% of the
variation, that were retained in the hierarchical cluster analysis which res ulted in four
clusters based ondive behavior (Table 4.4, Fig. 4. 6). Clusters one and four each

consisted of only one individual, which were the only two animals to remain near
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Ross Island overthe entire 10 month period that they were tracked. Theindividualin
clusterone had asmaller proportion of dives >100 m (0.25) and a shallower mean
maximum dive depth (72.3m) than the mean forall 13 animals combined (0.40 +
0.07 and 114.2 + 17.2 m) (Table 4.4). However, the individual in cluster four was
distinguished by its significantly longer dive duration (13.56 min) and its proximate
location to the bottom(0.53), though stillnot benthic, thantheother 13seals (9.25+
1.94 min and 0.33 £ 0.07) (Table 4.4).

Clusters two andthreewere comprised of sixand five Weddell seals,
respectively. Seals in cluster two had faster descent rates (1.19 ms *) and shorter dive
durations (7.82 mins) than the overall mean for the 13 seals (1.11 + 0.11 ms " and
9.25 + 1.94 min) (Table 4.4). In addition, the sixanimals in clustertwo also had
lower mean bottomdurations (3.37 min) and a lower proportionofdivesover 20
minutes (0.05) than the overall mean for both these variables (4.19+ 1.17 min and
0.12 £ 0.08). Finally, the five animals in cluster three were distinguished by their
higher-than-average (0.18 compared to 0.12 £ 0.08) proportionofdivesover 20
minutes, the calculated aerobic dive limit (Table 4.4).

Mixing modelresults showedthatthe overalldiet for Weddell seals was
differentamong clusters (Fig. 4.7). Prey groups c and d contributed over 80% to the
diet of seals that stayed in the vicinity of Ross Island year-round (clusters oneand
three). However, the individual in cluster one appearedto be consuming a larger
proportion of D. mawsoni and N. iohan thanthe individual in cluster three. Prey

groups cand d also contributed the highestproportion (>90%) to the diet of Weddell
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seals in clustertwo, with < 1% contribution fromeach ofthe other prey
species/groups. Finally, individuals in cluster four appeared to be consuming more
generally, with all prey species and prey groups represented in the diet (Fig. 4.7).
Both 8 *Cuiprissae (F3.200=10.07, p<0.001) and 8" Nyiprissae (F3200 = 18.15, p < 0.001)

were significantly different between clusters.

DiscussioN
Isotopic variation

This is the first study to quantify isotopic variation in §**Cand §"°N for two
different tissues (RBCs and vibrissae), allowing us to determine the diet of Weddell
seals over two time scales. The increase in §**Crgc with mass suggests that heavier
animals were diving more benthic or staying closer to the coast thansmaller animals
during the sixweeks before blood samples were collected (France, 1995). However,
the relationship between & *Crgsc and mass depended onyear and sampling location;
5'C was 0.2%o lower in both 2011and 2012 compared to 2010 and, after accounting
for mass and year; animals alongthe Victoria Land coast were more & *Cenriched
than seals closerto Ross Island. In contrast, neither year nor location were significant
predictors of 6 BC.ibrissas Which is likely due to the integration ofd BCvaluesoverthe
longer period of vibrissa growth (months to a year).

Differences in the relationship between 8 **Crac and Weddell seal mass anong
years may be related to theannual variability of ice conditions in the Ross Sea.
During the three years of this study, Antarctica exhibited the lowestseaice extent on

record (Przyborski, no date). The presence of seaice alters the planktondistribution
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and composition at the base ofthe food web (Smith Jretal., 2012). While the exact
changes in biota related to fluctuations in sea ice concentrationand extent are difficult
to predict, theywill undoubtedly causea shift in the prey base, propagatingup to the
consumer (Lorrain et al., 2009). The observed differences in §**Coverashorttime
period (RBCs) appear to reflect differences in these dynamic ice conditions, whereas
evidence suggests that 8 *Cvalues integrated overa much longer time period
(vibrissae) donot reflect the highly dynamic natureofseaice.

RBC 8N and 6" Nyipisss changed with mass, butthe direction of the
relationship varied by year and was notconsistent between tissue types. Because 5N
Is strongly associated with trophic position, these results suggestthatdiet varies as a
function ofaseal’s mass overa period of weeks as wellas overa longer time period.
However, the inter-annual difference in 8 °N in relation to mass suggests thatseals
shift theirdiet betweenyears and is likely the result of changing environmental
conditions that influence prey availability. The differences in 5 °N between the two
tissuesare likely the result of life history characteristics in which Weddell seals have
a limited foraging rangewhile tied to the breeding colonies (October-January).
Wheatleyetal. (2008) found that larger females fed more during the lactation period
in October-November than smaller females and suggests that larger animals are able
to exploit different prey resources due totheir physiological capacity todive longer.
Our results support this findingand further suggestthat larger animals forageon

highertrophic-level prey thansmaller animals.
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Significantly higher 3 °Ngsc in olderseals (> 10 years) suggests they feed at a
highertrophic level than younger seals (< 10 years), indicating differentiation in diet
or habitat use betweenyoungerandolderanimals. In addition, & BCracresults
suggest thateither thetwo age groups foraged in different locations or that older
animals consumed a higher proportion of benthic/demersal items thanyounger
animals. Zhao et al. (2004) found that adults had higher §**Cand &N values than
subadults, suggesting that adults were feeding at a higher trophic leveland were
possibly engaged in more benthic foraging than subadults. However, Zhaoet al.
(2004) did not distinguish between adult age classes, precludinga direct comparison.
Marcouxet al. (2012) found this same relationship betweenage and isotope values in
beluga whales (Delphinapterus leucas) and suggested that the differences in 8 *Cand
5N values betweenage groups may be explained by physiological states associated
with reproductionand body condition. Although & °Nyiyrissa Was also higher in older
than younger animals, the difference was not significant, likely due to the integration
of diet over many months.

The variation in 8 *Calong an individual vibrissa often did not match the
variation in 5*°N, suggesting that 8 *C may explain pelagic/benthic and
coastal/offshore behavior of Weddell seals better thandiet. However, we speculate
that animals showing similar § *C and & *°N fluctuation along the vibrissa exhibited
consistent habitat preferences throughout theyear and, therefore, is a reflection of

diet.
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Intra-individual differences in RBC &**C are most likely a reflection of
Weddellseal life history characteristics and the rate of tissue turnover. The samples
from January-February were collected after the seals had spent at least two months
breeding and molting on the fastice. While at the breeding colony, Weddell seals
engagein shortforaging trips and the enriched & *Cvalues are likely an indication of
an individual’s coastal, and possibly benthic, foraging behavior. The RBC samples
from October-November were collected shortly afteranimals arrived at the breeding
colony and 8" Cvalues were probably a reflection of the overwinter foraging trip
during which many animals travel long distances towards the continental shelf break.
Individual differences in mean vibrissae & **C were not observedand, as stated
previously, were likely due to the integration of3**C values overa longer period of
time.

The similarity in both RBC and vibrissae 8N within individuals collected at
different time periods suggest that individual Weddell seals were foragingat the
same trophic level during both the summer molting seasonandthespring breeding
season. The lack of intra-individual differences in & °N for either tissue implies that
individuals either have similar diets across seasons, or that they specialize on prey
items in a consistent fashion in which integration of 3 >N over the time in which the

tissue was produced would appear consistent.

Dietand foraging ecology

Supporting the findings of previous diet studies, mixing models identified P.

antarcticumand Trematomus species (including P. borchgrevinki, previously known
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as T. borchgrevinki) as importantprey items for Weddell seals in the WRS
(Dearborn, 1965; Burns et al., 1998; Davis et al., 1999; Fuiman et al., 2002; Zhao et
al., 2004); however, the percent contribution of these prey items varied by tissuetype.
Isotopic values for RBCs indicated that N. ionah contributed more to Weddell seal
diet than prey group d (P. antarcticumand T. newnesi) over the most recent weeks-
month than overa longer period. While past diet studies do notidentify N.ionahas
an important prey item, in January 2012 we observed Weddell sealsin a large ice hole
feeding on what is mostlikely this species (Fig. 4.5A). N.ionah is a member ofthe
family Channichthyidae. While most channichthyids are benthic, N.ionahhasa
bentho-pelagic lifestyle, travelinginto pelagic waters at night to feedin the water
column (Eastman and Hubold, 1999; La Mesaet al., 2004).

Results frommixing models using vibrissae 5**C and §°N values indicate that
Weddell seals were feeding ondifferent species and in different proportions overa
period lasting months to a year comparedto the sixweek period reflected in RBCs.
Species in groupsc (P. borchgrevinki, T. Nicolai, T. bernachii,and T. pennellii) and d
were the two dominant prey and contributed nearly equally to the diet of Weddell
seals overaperiod of monthsto ayear. P.borchgrevinkiis a cryopelagic species,
associated with the undersurface ofthe ice, while T. nicolai is benthic and inhabits
shallowwaters 30-50 meters deep, often close to anchor ice (Eastman and DeVries,
1982; Eastman and DeVries, 1985; La Mesaetal., 2004). These resultsagree with
Burns etal. (1998) in which Weddell seals were found to feed primarily on P.

antarcticum, P. borchgrevinki, and other Trematomus species; however, results from
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Burns et al. were obtained usingisotopic values fromblood plasma rather than
vibrissae and N. ionah was notconsidered as a potential prey item. Animal-borne
cameras have alsodocumented Weddell seals hunting P. borchgrevinki in the palette
ice by blowing airinto subicecrevices (Davis et al., 1999).

Overall, this study identified the prey group consisting of P. antarcticumand
T. newnesi asan important prey itemin the diet of Weddell seals over a period of
weeks to ayearand is likely aresult ofthe species’ abundance and unique life history
characteristics. P. antarcticum is the dominantfish in the Ross Sea, representing over
90% of both thenumberand biomass of all fish species (Dewitt, 1970; Hubold,
1985), and likely plays an importantrole in the mid-water shelf ecosystemwnhere krill
are less abundant (Hempel, 1985). Indeed, scatand stomach content analysis have
confirmed the presence of P.antarcticum in the diet of most Weddell seals (Castellini
etal., 1992; Burns etal., 1998). By attaching video cameras to Weddell seals foraging
underthe sea-ice, Fuiman et al. (2002) showedthatseals forage onloose aggregations
of P.antarcticumwhich exhibit diel vertical migration at mean depths of 252 m at
nightand 346 m during the day. The diel migration ofboth P. antarcticumandN.
ionah matchthe diel diving patternobserved in Weddell seals, diving deeper during
the day and shallower at night (Kooyman, 1975; Kooyman, 1981).

While P. antarcticum, N. ionah, and the species in prey group ¢ were foundto
have the highestcontributionto the diet of Weddell seals in the WRS, it is important
to recognize thatthereare also individual differences in diet. P. antarcticumand the

speciesin groupf(comprised of T. bernacchiiand T. pennellii) were the most

111



variable in their contributionwhile D. mawsoni, T hansoni, andthe species in groupi
(T. newnesi and T. eulipidotus) was the mostconsistent in the degree of their
contributionto thediet of individual seals. Because the hard parts of D. mawsoniare
not consumed, andthereforeare not detected in scat and stomach content analyses,
there has been considerable debate regarding the importance of this species in the diet
of Weddellseals (Burns et al., 1998; Davis et al., 1999; Fuiman et al., 2002; Ponganis
and Stockard, 2007; Ainley and Siniff, 2009; Kim et al., 2011). Our results showthat
D. mawsoni comprised < 1% (RBC: 0.8% (0 - 6.7%); Vibrissae: 0.5% (0 - 3.4%)) of
the diet ofthe Weddell seal population in the WRS; however, the median contribution
of D. mawsonirangedfrom0.8 to 14.5% among individuals.

Althoughthe contributionof D. mawsonito thediet of Weddell seals was
lower than most other nothotheniid species analyzed in this study, it is important to
consider prey quality. Results fromLenky et al. (2012) showed that D. mawsoni had
the highest fat content (% wet mass) and energy density (kJg * wet mass) of the six
nototheniid species analyzed. While the amountof D. mawsoni consumed by Weddell
seals may be low, high lipid and energy density provided by this species may be
critical for seals recovering fromperiods with high energetic demands (breeding,
pupping,and molting).

Linking movement and diving data to dietprovided further insightinto the
foraging behavior of Weddell seals in the Ross Sea. The four behavioral clusters
resulting fromouranalysis corresponded to differences in diet. The individual in the

first cluster dived shallower than average which correspondedto foraging primarily
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on pelagic and cryopelagic notothenid species (P. antarcticum, T. newnesiand other
Trematomus species). Seals in the second cluster were characterized by faster dive
and bottomdurations and higher decentrates than average. Over 60% of the diet of
these animals was composed of a combination of P. antarcticumand T newnesi. The
faster descentrate is likely related to the locomotive behavioremployed by P.
antarcticumwhen pursued by a seal, reaching estimated speeds of 4.9 body lengths
persecond (La Mesaetal., 2004). The second mostprevalent prey species in the diet
of animals in this cluster were those fromprey group ¢, composed ofthree
Trematomus speciesand P. borchgrevinki. The short divedurations observed from
animals in this cluster may be the results ofanimals foragingon P. borchgrevinki
immediately on the undersideofthe ice. The individual in cluster three had a higher
proportion of dives over the calculated aerobic dive limit than average. In this case,
speciesin prey group ¢ contributed the mostto thediet of this animal, followed by
speciesin groupd. This increased frequency of dives longer thananticipated based on
oxygen stores may be related to benthic foragingon T. bernacchii (included in prey
group c), or perhaps foraging for longer periods of time on P. borchgrevinki (also in
prey group c¢) on theunderside ofthe ice. Finally, Weddell seals in the last cluster
were characterized by longer, more benthic dives than average. The diet of theseseals
was composed of the species in prey groups c and d. As previously mentioned, the
longer, more benthic dive behavior is likely related to foraging on benthic prey items

such asT.bernacchii.
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As awhole, Weddell seals appear to prefer nototheniid fish thathave adapted
to an epipelagic, pelagic, or cryopelagic lifestyle despite most fish in this family
being benthic (La Mesaetal.,2004). By far, the largest contributors to the diet of
Weddellseals were N.ionah (pelagic), and two species groups: (1) T. newnesi and P.
antarcticumand (2) P. borchgrevinki (cropelagic), T. Nicolai (crypelagic and benthic

in shallowwaters), T. bernacchii (benthic) and T. pennellii (benthic).

Caweats of isotopic interpretation

Althoughwe are confident in our findings, we must also acknowledge the
complications associated with interpreting isotopic results. Forexample, there are
severalunknowns regarding vibrissae growth rates, retention, and s hedding patterns
in Weddellseals. While thesetraits are known for several phocid species, results are
usually obtained fromexperiments conducted on captiveanimals (Hirons et al., 2001;
Greaves et al., 2004; Hall-Aspland et al., 2005; Beltran et al., 2015). To date, there
are no known Weddell seals in captivity, thus precluding captive growth rate
experiments. Therefore, tracing the temporal changes in Weddell seal diet alonga
vibrissawas not possible. For this study, we assumed thatthe mean isotopic value for
each vibrissae represented tissue metabolized during the previous monthsto a year,
giving a broad indication of diet as suggested by Newlandet al. (2011).

While mixing models are an invaluable tool for understanding food web
complexities, like all models, they are only as good as the inputs. Diet, as determined
by mixing models, is strongly dependenton the prey sources included in the model.

Since the contribution ofall dietary sources mustsumto 100% ofthe consumer’s
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diet, it is critical to accountforall prey items (Phillips et al., 2014). Therefore,
previous knowledge on the consumer’s diet is required. Finally, appropriate diet-
tissue discrimination factors are essential for obtainingaccurate results fromdietary
mixing models (Phillips et al., 2014).

In this study, we limited prey sourcesto fish species that were (1) confirmed
in the diet of Weddell seals through stomach orscatcontents, or (2) observed being
predated on by Weddell seals in the WRS, Antarctica. While some studies suggest
invertebrates such as octopods and cephalopods may contribute tothe diet of Weddell
seals, we did not includethemas dietary sources. Therefore, it is important to note
that if any particular invertebrate species contributed substantially to thediet of
Weddell seals, they would not be reflected in our models (Burnsetal., 1998). In
addition, the trophic enrichmentfactor used in out models may have contributed some
degree of error. Trophic enrichmentfactors havenotbeen calculated for Weddell
seals so we applied values fromHobson et al. (1996) that were calculated fromthree
different species of captive seals. While the study did not find differences in
fractionationamongspecies, it is possible that Weddell seals havea different

fractionation value.

Conclusions

The Ross Sea ecosystemis well studied, yet little is known about the role of
top predators within the food-web. While previous studies identified Antarctic
silverfish (P.antarcticum)as an importantWeddell seal prey itemthrough stomach

and scat content analysis (Castelliniet al., 1992; Burns et al., 1998), ourstudy
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providesthe first quantitative confirmation of this finding, showing that the prey
group consistingof P. antarcticumand T. newnesi comprises 36-66% of the Weddell
seal diet. In addition, the cryopelagic fish, N. ionah, has never before been identified
as an important prey itemofWeddell seals; however, both visual observations and
isotopic analysis confirmed the importanceof N.ionahin the diet of Weddell seals
overaperiod of weeks.

While there has beenconsiderable debateabout the importance of Antarctic
toothfish, D. mawsoni, to the diet of top predators in the Ross Sea, our study showed
that the median contribution of this species to thediet of Weddell seals ranged from
0.8% to 14.5% among individuals. Evidence fromthis work suggests that older
animals may be more capable of capturingand consuming a higher trophic level fish
like D. mawsoni,andbecause this fish species has the highest fat content (% wet
mass) and energy density (kJg™* wet mass) of the species analyzed in this study
(Lenky etal., 2012), D. mawsoni may be critical for seals recovering fromperiods
with high energetic demands (breeding, pupping, and molting).

Overall, ourstudy showed that Weddell seals exhibit inter-and intra-
individual differences in isotopic signatures over two time scales. In addition, we
found thatforaging patterns identified by dive parameters were linked to differences
in 3°C and 8" N values andthus, different prey preferences. By providing the first
quantitative estimates of isotopic variationand dietof Weddell seals, this study
providesinsightinto thefeeding ecology of this important top predator and its role

within the Ross Sea ecosystem
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TABLES

Table 4.1: Weddellseal tissue samples (RBC: red blood cells, and vibrissae) per
variable (mass, sex, location, year, season, and age) used in generalized linear mixed
models and Student’s t-test forage.

RBC Vibrissae

Male 16 16
Sex
Female 80 29
<10 15 10
Age >10 23 11
Unknown 58 24
. North 31 14
Location
South 65 31
2010 33 11
Year 2011 38 16
2012 25 18
Summer 44 25
Season )
Spring 52 20
Known 91 40
Mass
Unknown 5 5
Total 926 45
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Table 4.2: Predictors of5"°C and §°N fromtwo Weddell seal tissues (RBC: red

blood cells, and vibrissae) obtained from generalized linear mixed models.

5C estimate (95% Cl)

Carbon RBCs SE t-value p
Intercept -2.55E+01 (-2.58E+01--2.52E+01) 1.18E-01 -215.46 <0.001
Mass 1.66E-03 (8.47E-04-2.47E-03) 4.21E-04 3.94 <0.001
Year2011 -1.80E-01 (-3.12E-01--4.82E-02) 6.82E-02 -2.64 0.008
Year2012 -2.34E-01 (-3.85E-01--8.21E-02) 7.86E-02 -2.97 0.003
LocationSouth -2.65E-01 (-4.01E-01--1.29E-01) 7.05E-02 -3.76 <0.001
Carbon Vibrissae 5°C estimate (95% ClI) SE t-value p
Intercept -2.37E+01 (-2.40E+01-2.33E+01) -1.93E-01 122.94 0.000
Mass 8.51E-04 (-2.74E-04-1.98E-03)  5.69E-04 1.50 0.135
Nitrogen RBCs 5'°N estimate (95% ClI) SE t-value p
Intercept 1.13E+01 (1.09E+01-1.16E+01) 1.71E-01 65.84 0.000
Mass 2.07E-03 (9.84E-04-3.17E-03) 5.64E-04 3.66 <0.001
Year2011 4 50E-01 (-6.99E-02-9.69E-01)  2.70E-01 1.67 0.096
Year2012 9.24E-01 (3.38E-01-1.50E+00)  2.95E-01 3.13 0.002
Mass:Year2011 -1.18E-03 (-2.82E-03-4.66E-04)  8.54E-04 -1.38 0.168
Mass:Year2012 -2.44E-03 (-4.08E-03--7.49E-04) 8.52E-04 -2.86 0.004
Nitrogen Vibrissae 5'°N estimate (95% CI) SE t-value p
Intercept 1.23E+01 (1.17E+01-128E+01) 2.76E-01 4452 0.000
Mass 1.55E-03 (-1.44E-04-3.36E-03)  8.88E-04 1.75 0.080
Year2011 1.30E+00 (4.27E-01-2.20E+00)  4.53E-01 2.87 0.004
Year2012 2.43E-01 (-5.60E-01-1.09E+00)  4.19E-01 0.58 0.562
Mass:Year2011 -3.28E-03 (-6.10E-03--5.53E-04) 1.41E-03 -2.33 0.020
Mass:Year2012 3.27E-05 (-2.52E-03-2.45E-03)  1.25E-03 0.03 0.979

118




Table 4.3: Species identification, assigned prey group, number of individuals, standard length, mass andisotopic values (5 *C
and 8 °N) of Weddell seal prey species collected fromthe Ross Sea 2010-2012. Isotope values are presented as mean +

standard deviation. Due to indistinguishable isotopic differences, species belongingto thesame prey group were combined
before usingin mixing models to estimate Weddell seal diet.

Species Prey Group n Length (cm) Mass (g) 5°C+SD &°N+SD
Dissostichus mawsoni a 9 98.7(67.0-123.0) 17744.4(5500.0-37000.0) -23.6+£0.5 13505
Trematomus hansoni b 6 20.6 (16.9-27.2) 160.4 (77.4-374.4) -24.8+0.2 12.3+0.3
Pagothenia borchgrevinki c 8 16.1 (11.4-19.3) 62.6 (20.7-97.3) -23.3+0.5 104 +0.3
Trematomus nicolai c 11  14.8(11.7-17.6) 74.3 (27.7-114.7) -23.0+£0.8 10505
Trematomus bernacchii c 26 17.2(12.0-21.9) 114.5 (38.6-236.8) -223+15 11.0+05
Trematomus pennellii c 3 12.2 (10.8-14.6) 41.29 (22.4-76.6) -22.7+04 10.7x0.9
Trematomus newnesi d 11  15.5(14.8-17.6) 73.1(49.4-123.0) -245+05 10.0+0.3
Pleurogramma antarcticum d 3 11.5(6.4-18.0) 15.0 (1.8-33.2) -24.3+0.9 9.4+0.2

Neopagetopsis ionah* e 2 - - -26.1+0.1 11.1+0.7

* |sotopic values for Neopagetopsis ionah are fromJo et al. (2013)




Table 4.4: Results fromhierarchical cluster analysis to examine Weddell seal
foraging strategies. Variables are defined as: P100M: proportionofdives>100 m;
AMAXDEP: average maximum dive depth (m); ADESCENT: average descent rate
during adive; ABOTDUR: averagetime spentwithin 80% of maximum dive depth
(min); ADIVEDUR: average dive duration (min), P20MIN: proportion of dives over
20 minutes; APERDEP: average proportion of the water column used by diving
Weddellseals.

. Cluster Overall
Cluster Varaible Mean Mean + SD p-val
1 P100M 0.25 0.40+£0.07 0.035
AMAXDEP 72.34 11421+17.16 0.015
ADESCENT 1.19 1.11+£0.11 0.024
5 ABOTDUR  3.37 419+1.17 0.024
ADIVEDUR  7.82 9.25+1.94 0.019
P20MIN 0.05 0.12+0.08 0.012
3 P20MIN 0.18 0.12+0.08 0.048
4 APERDEP 525 334+7.1 0.007
ADNVEDUR 13.56 9.25+194 0.026
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Figure 4.1: Weddell seal capture and sample (red blood cells and vibrissae) locations
near Ross Island and along the Victoria Land coast.
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Figure 4.2: Isotopic values (5**Cand §"°N) for red blood cells (RBC) and vibrissae
segments. Ellipses indicate the 95% confidenceinterval and density plots show less
variation in §*Cand 8"°N values for RBC than vibrissae.
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Figure 4.3: Vibrissae § *Cand §°N values fromthe base of the vibrissa to the
furthestextent for sixindividual Weddell seals. Values for§ **Care shownon the left
axis (black) and 8*°N values are show on the right (red). Dotted lines representthe
mean vibrissae 5 °C and §°N values for all Weddell seals (n=45).
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Figure 4.5: The proportional contribution of nine fish species or species groups to the
diet of Weddellseals in the western Ross Sea, Antarctica, as determined by (A) red
blood cells (RBC) and (B) mean vibrissae 8 *C and 8N values. Pointsand lines
showmedian and interquartile range, respectively.
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Figure 4.6: The proportional contribution of nine fish species or species groups to the
diet of four individual Weddell seals, as determined by vibrissae & *Cand §°N
values. Points and lines show median and interquartile range, respectively.
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CHAPTER S

Synthesis

Recommended improvements to CTD-SRDL tags

CTD-SRDL tags deployed on marine megafauna collect oceanographic data
in areas and seasons otherwise inaccessible to standard oceanographic equipment.
These data cancomplementoceanographic data collected by other methods as longas
there is an awareness of sensor accuracy. Although | found theaccuracy ofboth
temperature and conductivity values measured by CTD tag sensors to be less than the
manufacturer stated accuracy, it is important to interpret this finding in the context of
the howthe datawill be used. Forecologists interested in interpreting environmental
parameters at thelevel of animal behavior, the accuracy of CTD tags, despite being
lower than the manufacturer stated accuracy, makes themfully capable of identifying
water mass characteristics and seasonal changes in relation to animal movement.
However, for oceanographers requiring highly accurate and precise data, especially in
areas such as the Ross Sea where there is low variation in temperatureand salinity,
CTD dataeitherneedto be corrected ornotincludedin suchanalyses. In orderto
improve the accuracy of oceanographic data collected by CTD tags, we recommend
either performing an independent calibration oftag sensors pre-deployment,
especially whenenvironmental conditions are expected tobe outside the
manufacturer’s calibrationrange, or using methods presented in Roquetet al (2014)

post-deployment.
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Due to the substantial loss in accuracy after deployment, we strongly
recommend re-calibrating tags before re-deployment. Similarly, if CTD tags are
recovered aftera multi-month deployment, we advise replacingthe battery (due tothe
power requirements of the conductivity sensor) and re-calibrating thetag sensors.
Finally, researchers should be aware that under in situ conditions, the quality of data
collected by CTD sensors may be impacted by measurement drift, sensor fouling, and
interference of the magnetic field aroundthe conductivity sensor (McCaffertyetal.,
1999; Hookerand Boyd, 2003; Fedak, Mike, 2004; Boehme et al., 2009; Roquet et
al., 2011). Inorderto improve the quality of data collected by CTD tags, we
recommend 1) improving the stability of the conductivity sensor whenexposedto
external objects, 2) calibrating thetemperature sensor to in-situ conditions, and 3)

decreasing the response time ofthe tag sensors.

Habitat preference, foraging behavior and diet

Previous work foundthat female Weddell seals lose up to40% oftheirbody
mass during the four months they are breedingand molting on the fast-ice (Wheatley
etal., 2006). However, once pups are weaned, animals are no longer tied to breeding
colonies andspendthe remaining eightmonths foraging at sea. Indeed, the overwinter
period was recently foundto be essential for seals to regain mass and body condition
in preparation forthe next breeding season (Sheroet al 2015). My results on seal
behavior provide additional support for these findings: foraging behavior in the
winterwas higherthanany otherseason. Overall, seasonal habitat preferences and

foraging behavior were linked to diverse bathymetric features and strong cyclical
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patternsin the sea-ice extentand productivity of the Ross Sea. Sea-ice concentration
and extent can change dramatically fromyearto year, resulting in annual fluctuations
in primary productivity which,in turn, drives variability in the composition and
abundance of higher trophic level prey thatimpact the diet and feeding efficiency of
top predators. Thestable isotope results presented in this dissertation reflected annual
variability in the relationship between §"°C and §"°N values and seal mass, which
strongly depended on year. This result suggests that there was a shift in both foraging
location and prey items across years, likely related to the dynamic changes in sea-ice
concentration and/or extent observed throughout the duration of this study.

While previous studies identified Antarctic silverfish (P. antarcticum)as an
important Weddell seal prey species (Castelliniet al., 1992; Burns etal., 1998), by
using stable isotope analyses in conjunction with mixing models, my dissertation
provides the first quantitative confirmation of this finding. In addition, the
cryopelagic fish N.ionah has never before been identified as an important prey
species of Weddell seals; however, my work confirmed the importanceof N.ionahto
theirdiet through both visual observations and isotopic analyses. While the
proportional contribution oftoothfishto the overall diet of Weddell seals was < 10%,
results presented in my dissertationsuggest that older animals may be more capable
of capturing and consuming these higher trophic level fish thanyounger seals.
Despite its low dietary contribution, my results suggest thatthe relatively high fat

content (% wet mass) and energy density (kg * wet mass) of toothfish comparedto
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otherfish species (Lenky et al., 2012) may still be important to seals, especially those
recovering fromperiods of high energetic demands (breeding, pupping, and molting).
My dissertation provides the first information on the year-round movements,
behavior,andforaging ecology of Weddell seals in the Ross Sea. Indeed, over 20
years havepassed sincethe lastattempt was made to understand the overwinter
behaviorofthese animals. Overall, the body of work presented in my dissertation
provides new informationon therole Weddell seals play within the Ross Sea

ecosystem.

Response to anthropogenic disturbance

The Ross Sea is one of the least anthropogenically -impacted places on the
planet (Halpern et al., 2008). Despite the pristine nature of this ecosystem, the
population of Weddell seals in the Ross Sea is currently facing two main
anthropogenic threats: climate change and overfishing. Currently, the climate around
Antarctica is rapidly changingandsea-ice is predicted to decrease by 7% perdecade
along the western Antarctic peninsula while increasing by at least 5% per decade in
the Ross Sea (Smith et al., 2007). Changes in oceanography andsea-ice extent have
already been documented as a result of climate change (Smith Jretal., 2012). While
there is a great deal of uncertainty on how climate change will impact the Weddell
seals in the Ross Sea, evidence suggests thatthe region is cooling and sea-ice is
expanding, in contrast to what is occurring in other regions along the Antarctic
continent (Smith et al., 2007). As aresult, it is possible that Weddell seals willnot be

negativley impacted in this region.
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Antarctic toothfish have been a target of commercial long-lining in the
SouthernOceansince 1996 (Hanchet et al., 2008) and their biomass is expectedto
halve by 2031 (Pinkerton et al., 2007). Toothfishare consumed by many top
predators, yet how industrial fishing might indirectly impact Weddell seals remains
unclear. Near the low-latitude Antarctic islands, a decrease in fish-consuming
penguinswas correlated with over-exploitationand depletion of fish stocks (Ainley
and Blight, 2009). While no obvious impacts to Weddell seals have beenobserved
fromthe current levels of toothfish removal, the continued extraction of this high
trophic-level fish may causetop predators suchas Weddell seals to switch to
consuming less energy-rich species such as silverfish. While there is little doubt that
Weddell seals canadjusttheir diet dueto changes in prey availability, theenergetic
consequences to the population remains unknown. The results of my dissertation
emphasize the importance of overwinter foraging to Weddell seals recouping body
condition lostduringthe breedingand molting season. The loss of high-lipid toothfish
fromthe diet of foraging seals may lead to a smaller gain in body mass, impactinga
seal’s reproductive success the following breeding season and ultimately leading to

population-level consequences.

Future directions

My dissertation has provided new information onthe movement, habitat
preference, foraging behavior, anddiet of Weddell seals in the WRS, Antarctica. This
body ofwork has shown that both habitat preference and foraging behavior were

largely determined by bathymetry, seasonal ice conditions, and oceanography. While
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animals tagged in the WRS preferred to inhabit and forage along the eastside of
shallow banks, no information exists onthe overwinter movement of Weddell seals in
the eastern Ross Sea, near the Bay of Whales. Based onmy findings, I suspect that
seals in the eastutilize similar habitats to those in the western Ross Sea, particularly
areas along local shallow banks, and thatoverlap between populations is minimal,
even ifexploiting similar prey resources.

While I have identified the importance of certain prey items to the diet of
Weddellseals, these results reflect the present-state of the Ross Sea ecosystem.
Anthropogenic changes may have already altered the trophic assemblages in this
region but such changes would not have beendetected in this short-termstudy.
However,astudyis currently underway to analyze samples collected fromWeddell
seal pelts found at several historical huts along the Ross Island coast. | plan to work
collaboratively with colleagues conducting this study to compare isotopic results from
historical samples with those fromsamples collected for my dissertationto provide
insight into ecosystemchanges that may have occurred over the lastcentury. Finally,
I plan to compare my isotoperesults to fatty acids and energetics datacollected

alongside my dissertation to add additional insight into the diet of Weddell seals in

the western Ross Sea.
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Appendix

A.1: Median and range percent contribution of prey species and prey groups to the diet of individual Weddell seals fromthe
Ross Sea, Antarctic, as determined fromstable isotopes (§*Cand 8°N). Animals that were samples twice are denoted by (a)
or (b) following the individual ID. Prey species are defined as follows: a: Dissostichus mawsoni; b: T.hansoni; c: Pagothenia
borchgrevinki, Trematomus Nicolai, T. pennellii,and T. bernacchii; d: Pleurogrammaantarcticumand T. newnesi; e:

IET

Neopagetopsisionah

ID a b C d e
WS10-0la 1.2(0.0-23.2) 1.3(0.0-20.9) 42.3(0.3-81.5) 52.0(7.8-95.8) 1.7(0.0-21.2)
WS10-01b 1.6(0.0-47.4) 1.8(0.0-33.4) 31.6(0.0-65.9) 60.0(3.8-98.0) 2.7(0.0-34.2)
WS10-02a 7.3(0.0-36.5) 5.1(0.0-33.5) 54.8(25.5-88.2) 26.5(0.0-57.1) 3.6(0.0-33.9)
WS10-02b 8.2(0.0-49.2) 7.1(0.0-45.8) 54.7(0.2-92.8) 21.3(0.0-67.0) 5.9(0.0-55.1)
WS10-03a 1.9(0.0-37.3) 2.1(0.0-30.2) 43.6(0.0-78.7) 47.5(0.9-92.5) 2.6 (0.0 - 28.6)
WS10-03b 6.1(0.0-60.0) 5.5(0.0-54.2) 38.8(0.0-82.4) 35.9(0.0-94.5) 5.7 (0.0-59.6)
WS10-04 3.6(0.0-58.1) 3.3(0.0-46.9) 42.8(2.4-79.0) 42.6(0.0-93.2) 3.4(0.0-35.9)
WS10-05a 1.1(0.0-30.4) 1.2(0.0-18.8) 41.1(0.2-70.1) 53.5(13.5-94.3) 1.8(0.0-20.6)
WS10-05b 1.2(0.0-16.0) 1.4(0.0-24.8) 29.7(4.4-59.7) 64.5(14.0-91.0) 2.1(0.0-28.8)
WS10-06 1.3(0.0-13.5) 1.4(0.0-15.9) 36.0(12.2-58.1) 58.1(30.4-79.7) 1.9(0.0-18.4)
WS10-07a 0.8(0.0-14.2) 0.9(0.0-13.4) 34.9(3.9-64.6) 61.4(32.0-88.9) 1.3(0.0-17.1)
WS10-07b 1.2(0.0-21.4) 1.4(0.0-27.6) 30.5(0.8-57.0) 63.3(24.5-93.5) 2.0(0.0-25.1)
WS10-19 4.1(0.0-53.1) 3.9(0.0-48.1) 42.3(1.7-84.0) 40.8(0.1-91.3) 4.3(0.0-39.0)
WS10-20 0.9(0.0-18.9) 1.0(0.0-18.1) 36.6(3.0-63.6) 59.0(24.0-93.2) 1.4(0.0-21.6)
WS10-21a 1.3(0.0-16.3) 1.6(0.0-22.6) 50.4(0.0-96.3) 43.2(0.0-92.9) 2.4 (0.0-30.5)
WS10-21b 1.7(0.0-32.3) 2.0(0.0-25.4) 45.9(0.0-98.6) 45.8(0.0-96.6) 3.2(0.0-46.5)




ceT

ID a b C d e
WS10-22 2.3(0.0-31.1) 2.4(0.0-33.7) 42.1(10.0-72.6) 48.1(2.9-79.2) 3.0(0.0-28.7)
WS11-03a 1.1(0.0-24.8) 1.3(0.0-21.3) 38.9(9.0-63.8) 55.7(19.1-84.4) 1.8(0.0-18.7)
WS11-03b 3.7(0.0-39.8) 3.7(0.0-36.9) 38.0(3.0-69.5) 47.9(2.0-79.1) 4.1(0.0-40.0)
WS11-04a 2.3(0.0-21.7) 2.5(0.0-26.0) 47.2(7.9-82.2) 42.9(0.5-78.4) 3.1(0.0-33.9)
WS11-04b 4.2(0.0-32.1) 3.7(0.0-27.9) 42.0(14.3-70.5) 44.2(2.6-74.6) 3.4(0.0-29.1)
WS11-05 25(0.0-57.1) 2.7(0.0-28.0) 41.4(9.1-74.2) 47.8(7.5-80.1) 3.2(0.0-33.2)
WS11-06 13.4(0.0-46.5) 10.5(0.0-47.1) 32.1(3.2-69.0) 34.4(0.1-70.6) 6.6 (0.0 -42.8)
WS11-08a 7.7(0.0-45.9) 7.2(0.0-44.1) 47.9(0.2-94.5) 27.4(0.0-68.5) 6.3 (0.0-61.8)
WS11-08b 1.1(0.0-18.2) 1.2(0.0-23.4) 58.0(0.5-91.9) 37.0(0.3-94.8) 1.7(0.0-19.7)
WS11-09 2.6(0.0-42.8) 3.0(0.0-43.0) 32.1(0.5-63.9) 55.3(2.1-94.9) 4.2(0.0-39.7)
WS11-12a 1.2(0.0-42.4) 1.4(0.0-28.7) 26.7(0.1-57.5) 66.9(9.7-97.9) 2.2(0.0-33.7)
WS11-12b 1.0(0.0-14.1) 1.2(0.0-14.7) 33.1(1.9-54.7) 62.0(32.3-89.4) 1.7(0.0-23.3)
WS11-17a 3.9(0.0-42.1) 4.3(0.0-39.7) 37.9(0.8-72.8) 45.5(0.3-82.6) 5.4(0.0-43.4)
WS11-17b 1.3(0.0-16.4) 1.5(0.0-16.7) 37.3(12.6-60.7) 56.5(25.3-80.2) 2.0(0.0-18.7)
WS11-18 3.6(0.0-28.6) 3.9(0.0-26.5) 44.0(3.2-79.6) 42.2(0.4-73.9) 4.1(0.0-39.4)
WS11-19 1.2(0.0-21.8) 1.4(0.0-19.6) 39.6(3.0-66.1) 54.5(11.7-91.4) 1.9(0.0-23.4)
WS11-21a 1.0(0.0-18.8) 1.2(0.0-21.8) 24.1(0.0-47.2) 70.3(26.6-98.6) 2.0(0.0-25.6)
WS11-21b 1.8(0.0-17.4) 2.3(0.0-21.6) 25.8(0.7-48.5) 65.0(29.3-91.2) 3.7(0.0-25.6)
WS11-37 2.1(0.0-45.1) 2.3(0.0-33.5) 42.7(1.2-79.8) 47.6(0.5-88.1) 3.0(0.0-31.8)
WS11-38 4.2(0.0-33.9) 3.9(0.0-50.9) 73.9(0.1-97.6) 11.3(0.0-69.3) 3.8(0.0-48.9)
WS11-39 1.1(0.0-20.4) 1.3(0.0-21.3) 31.7(5.5-59.1) 62.8(13.8-89.1) 1.9(0.0-28.7)
WS1140 1.9(0.0-16.9) 2.2(0.0-20.00 32.4(2.1-67.1) 58.6(20.1-86.1) 3.3(0.0-27.2)
WS11-41 1.3(0.0-13.6) 1.4(0.0-18.5) 47.8(26.0-70.5) 46.4(17.8-69.4) 1.8(0.0-20.9)




ID a b C d e
WS12-0la 1.3(0.0-34.6) 1.5(0.0-34.9) 31.5(0.1-64.1) 61.9(9.8-94.3) 2.2(0.0-23.3)
WS12-01b 1.0(0.0-19.7) 1.2(0.0-17.3) 34.1(5.4-68.5) 60.8(13.7-89.8) 1.7(0.0-19.4)
WS12-02a 1.4(0.0-22.9) 1.7(0.0-22.0) 26.7(0.1-52.6) 66.2(28.6-93.3) 2.7(0.0-26.9)
WS12-02b 1.4(0.0-13.8) 1.6(0.0-14.0) 35.2(11.8-59.1) 58.1(27.7-78.0) 2.3(0.0-21.3)
WS12-04a 0.8(0.0-10.9) 1.0(0.0-11.5) 41.0(8.4-69.4) 54.9(23.7-84.2) 1.4(0.0-21.1)
WS12-04b 4.0(0.0-22.2) 3.9(0.0-27.6) 38.7(12.1-67.6) 47.6(9.8-74.5) 3.9(0.0-32.4)
WS12-05 6.5(0.0-49.7) 5.3(0.0-38.2) 53.5(3.3-87.8) 27.6(0.1-62.6) 4.1(0.0-37.5)
WS12-06 2.2(0.0-29.9) 2.3(0.0-22.0) 50.9(11.3-88.4) 39.8(2.2-77.2) 2.9(0.0-26.3)
WS12-07 14.5(0.0-37.7) 6.9(0.0-38.1) 51.5(19.0-82.3) 21.1(0.0-52.3) 3.8(0.0-29.0)
WS12-08 2.0(0.0-19.4) 2.2(0.0-24.5) 64.6(0.2-96.1) 26.9(0.0-88.6) 2.8(0.0-39.2)
WS12-09a 3.9(0.0-28.6) 3.9(0.0-30.3) 55.7(4.4-90.0) 30.0(0.1-68.1) 4.0(0.0-31.6)
WS12-09b 5.9(0.0-26.4) 3.6(0.0-23.6) 62.3(39.7-88.3) 23.8(0.1-45.3) 2.4 (0.0-23.3)
WS12-10 1.9(0.0-16.6) 2.0(0.0-17.8) 40.2(18.2-64.6) 51.7(20.0-72.6) 2.5(0.0-25.2)
WS12-11 1.2(0.0-14.00 1.4(0.0-17.2) 49.3(15.0-77.4) 45.0(12.3-75.3) 1.8(0.0-24.3)
WS12-12a 0.9(0.0-11.7) 1.0(0.0-20.0) 38.4(5.8-62.8) 57.5(22.7-89.6) 1.4(0.0-17.7)
WS12-12b 1.6(0.0-20.9) 1.9(0.0-19.5) 36.3(7.6-65.4) 56.1(22.7-84.3) 2.5(0.0-25.0)
WS12-13a 8.8(0.0-44.7) 8.4(0.0-44.8) 30.7(2.6-62.4) 41.6(0.8-81.0) 7.3(0.0-42.2)
WS12-13b 7.6(0.0-34.7) 6.5(0.0-38.1) 57.0(12.4-90.6) 21.4(0.0-61.7) 4.9(0.0-42.0)
WS12-14 6.0(0.0-38.7) 4.6(0.0-36.0) 47.0(19.7-84.0) 35.6(0.2-65.4) 3.6(0.0-34.1)
WS12-15 2.0(0.0-27.0) 2.2(0.0-25.9) 35.0(3.8-63.3) 55.9(17.4-86.8) 2.9(0.0-24.9)
WS12-16 2.1(0.0-24.1) 3.3(0.0-43.3) 13.5(0.0-46.6) 69.1(6.5-98.1) 10.6 (0.0 - 45.3)
WS12-17a 1.3(0.0-17.0) 1.6(0.0-24.9) 33.2(4.0-62.5) 60.3(24.2-87.2) 2.3(0.0-23.3)
WS12-17b 2.5(0.0-13.5) 2.7(0.0-15.8) 36.2(17.0-56.8) 54.2(28.6-75.0) 3.0(0.0-21.3)




vET

ID a b c d e
WS12-19a 1.1(0.0-14.4) 1.2(0.0-14.0) 35.7(14.4-59.0) 59.0(30.5-82.3) 1.7(0.0-18.7)
WS12-19b 3.1(0.0-18.7) 3.1(0.0-21.2) 45.1(21.0-70.1) 43.9(13.3-66.7) 3.1(0.0-26.4)
WS12-20 1.2(0.0-12.0) 1.5(0.0-14.8) 21.6(0.0-44.1) 71.5(38.1-96.3) 2.9(0.0-24.0)
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