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Abstract

1-

Energy,expenditure is an important component of foraging ecology, but is extremely

difffeultto estimaten free-ranging animalsand depends on hownimalspartition their
time betweerifferent activitiesduring foraging Accelerationdata has emerged as a new
way to determine energy expenditatea fine scalédut needs to be tested and validated
in wild animals

This'study investigated whethevectorial dynamic body acceleration (VeDBA) could
accurately predict the energy expendiydmarine predatorduring a full foraging trip
We also,aimedo determire whetherthe accuracy ofpredictions of energy expenditure
derived from accelerationncreasedwhen partitioned by different types cft-sea
activities,(i.e., diving, transiting, resting and surface activities calculatedactivity-
specificmetabolic rates

To do so, we equippe20 lactatingnorthern Callorhinus ursinusland 20Antarctic fur
seabw=(Arctocephalus gazella with GPS, time-depth recordersand triaxial
accelerometergnd obtained estimates of field metabolic ratgisg the doublabeled
water (DLW) method. VeDBA vas derived from traxial acceleration, and -aea
activities (diving, transiting, resting and surface activities) were determined usieg di

depth,.triaxial acceleration and traveling speed

Wefound that VeDBA did not accurately predict the total energy expended by fur seals

during their full foraging trips (R = 0.36). However, the accuracy of VeDBd#s a
predictor of total energy expenditumecreased significantly wheforaging tripswere
partitioned by activity and used activitgpecific VeDBA pairedwith time activity
budgets (R = 0.70). Activity-specific VeDBA also accurately predictedhe energy
expenditure®f each activitindependenof eachother(R? > 0.85).
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5- Our study confirms that acceleration is a promising way to estimate energy exganditur
of freerangingmarine mammalat a fine scale never attained before. Howeveshatvs
that it needs to be based on time-activity budgetthat make up foraging trgprather
than being derived as a single measure of VeDBA applied to entire foraging trips. Our
activity-based method provides a ceé$fective means to accurately calculate energy
expenditures of fur seals using acceleration and-&otwity budgetsa sepping stone

for numerous other research fields.

Introduction

Predators constantly make decisions on where to hunt, what to hunt, and for how long to
hunt that collectively affects the efficiency with which they obtain energy aninmie foraging
costs (MacArthur & Pianka 1966Perry & Pianka 1997Sayers & Menzel 2030 It is this
foraging efficiency or the cosbenefit ratio of foragig, that drives many aspects of the
physiology,bielogy, and ecology of wild animals, which in turn affects their heafipduction
and survival(Lescroélet al. 2010) It is, thus,important to accurately estineaforaging cost$o
understand angredict survival and reproductive succasshe individual and population levels
Boyd (2002;=er to calculate food requirements and understand preplagrinteractions
(Lavigneet.al:1982 Winship, Trites & Rosen 20Q0Halsey & White 2010).

Heart rate mondrs, accelerometers, and douldpelled waer (DLW) have all been
used to measure energy expenditure in vertebfaieson & McClintock 1966 Butler et al.
1992 Butler 1993 Speakman 199Frogetet al. 2004 Wilson et al. 2006 Younget al. 2011)
However, heart rates aldLW measurements can be invasive, very costly, have their own
biological limitations and are often impractical for large wild anim@is&gy 1980 Thorarensen,
Gallaugher&=Farrell 1996/Nard et al. 2002 Butler et al. 2004 Dalton, Rosen & Trites 20}4
In addition, these techniquese not readily applicabldo large sample sizesr acrossthe
different temporal scales that are required nrany ecological studies.More recently,
acceleometry techniques havemerged in the field of ecological energetics and hidnee
potential to provide valuablne-scaleinformation over days, weeks or months. Tigswhy
simple measures of body movemdndm acceleometry are increasingly being sought to

estimate energy expended by animals
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The Overall Dynamic Body Acceleration (ODBA) and Vectorial Dynamic Body
Acceleration (VeDBA)retwo very similartri-axial bod acceleratioometricsthat can be linked
to energy expenditur@Vilsonet al. 2006 Halseyet al. 2009a Halseyet al. 2009h Qasenet al.
2012) ODBA and VeDBA have been tested and calibrated on various taxa, whether marine or
terrestrial, .endotherms or ectotherms during different types of adiitalking, flying,
swimming etc.JFahlmanet al. 2008 Halseyet al. 2008 Gleiss, Gruber & Wilson 200Halsey
& Whité"' 201Q"GomezLaich et al. 2011, Halseyet al. 2011) They appear to have acceptable
accuracy for'determining energy expendifumet relationships between accelevatiand energy
expenditure vary by species and by type of activity, and need to be calibrated for each cas
(Halseyet al. 2008 Elliott et al. 2013 Wright et al. 2014) They also need to estedwith free-
ranging animalsindertaking their fuluite of naturahctivities underdifferent environmental

conditions.

Establshing the relationship between ODBA/VeDBA and energy expenditure is
particularly.difficult for airbreathing diversuk to a possible uncoupling aceleratiorand gas
exchange/This uncoupling can ariskom variations in buoyancy, use gfiding, or other
physiological functions (i.e., thermoregulation, digestion etc., Gleiss, Wilson & &hep1ll
Halsey, Shepard & Wilson 20L1Differences in resistance between air and water may also
create different relationshipsetween acceleration and energy expenditure and there may be
effects of windandwaves at surface on acceleration that are not reflected in energy expenditure
(GomezLaichet al.2011, Halsey, Shepard & Wilson 2011).

Most validation and calibration sties of ODBANeDBA have been conducted in
controlled environments over short periods, which might buffer the above limitations. For
example, "\ODBA correlates with energy expenditure of smptive Steller sea lions
(Eumetopias.jubatydrained to dive at se(although with an Rof 0.47, Fahimaret al. 2008,
but does not correlate with the daily metabolic rate of captive northern fur seals oxdaya 5
period Palton;"Rosen & Trites 20)4This suggests that the predictive power of ODBA may
decreaseras time spent recording acceleration overataysveeks increases due to animals
engaging in a*wider range of behaviours or experiencing greater variabilitwinorenental
conditions. This ray mean that ODBA/eDBA are best applied to individual activities, rather

than toa full range of activitieslisplayed while foragings suggested §kinneret al. (2014).
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Defining and quantifying the behaviours that make tupe-activity budgetsare an
important step in understanding the energetics ofriraging marine mammals. Studies have
attempted to determine tiraetivity budgets using a mix of acceleration, geolocation, altitude
and depth dta to visually discriminate behavioypéodaet al. 2001, GomezLaich et al. 2008
Insley 2008;.0r have used supervised or unsupervised classification techniques suaheas K
clustering ‘techniquegSakamotoet al. 2009) K-nearest neighbour algorithn{Bidder et al.
2014) or' decisiontree classificationgNathanet al. 2012) Activities can be linked to specific
energy expenditures within a global framewd@Blliott et al. 2013 GomezLaich et al. 2013
Wright et @l. 2014) butarehighly species environmentand activityspecific. There is thus,a
need to link timeactivity budgets to specifiactivity-relatedenergy expenditure in fre@anging
animals tobetter understand the relationships betwmelividuals their energetics and the

environment.

Consequently, ar first goal was to determine whether accelerabased parameters
could accurately predict the energy expenfiedependenthassessed by doublgbelled water
measurerants of field metabolismpy two species of marine mammals, the northern ted
Antarctic fur sealgCallorhinus ursinusand Arctocephalus gazellajn freeranging conditions
during Individual foraging trips. Second, we investigavaduether better estimates of energy
expenditure could be obtained bgnsideringtime-activity budgets andbreaking the foraging
trips into behaviourahctivity componentsGiven that acceleratiotvased predictors of energy
expenditure..are activitgpecifc and the importance of timactivity budges on energy
expenditure of freeanging animals, we hypothesiizéhat acceleration wilbetter predict energy
expenditureof fur seals foraging at sea when their individualdictigity budget is taken into

accaint.

M aterial"and methods

Data collection

Data'were collected from 20 lactating northern fur s@disS) at the Reef rookery on St
Paul Island (Bering Sea, 5N - 170°17AV) during the breeding season from A8gp 2011,
and from 20 lactating Antarctic fiseal(AFS) at Pointe Suzanne, Kerguelen Island (Southern
Ocean,49°26S - 70°26E) during the breeding season from -Fab 2012.All females were
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captured using a hoop nahd weremature adult with a confirmed sucklingoup. The females
were carriedover a short distance to a restraint board where they were anaesthetized with
isoflurane gas. Standard morphometric measurements of length and axial gértmader to the

nearest 0.8m, and mass was recorded using scale at kd).2

Datarleggers were glueao the dorsal midine fur using a Zoart Devcon 5min epoxy
glue. DailysDiary.tags (DD, Wildlife Computers) recordingdxial acceleration and {axial
magnetic field at 16Hz, and depth, light level, and water temperatundzawere glued as close
as possible to the projection of the center of mass on the back of the animal (roughly bleéween t
scapula). Fastlo® GPS MK10 loggers (Wildlife Computers) were glued lower down the back
from the DD tags. They recorded GPS coordinates along the track aitihal at sea, as well as
depth and water temperature atlZ. Once the devices were securely attached anchéasure
of energy expenditureia DLW were completed, the females were released upon full recovery
from the anaesthesia and allowed to rejbm ¢olony.Individuals were recaptured after a single
foraging trip.at.sea and anaesthetized as previously described, and all the data loggers were
removed by cutting the fur beneath them. A second set of morphometric measureasaits
taken at this me.

Diving and feraging behaviours

We used depth data recorded by the DD or MK10 tags to determine diving behaviours
using a custonmadeR program previously developddr Antarctic fur sealsDives were
defined as periods of time that animals spent under water below a minimum dépttandl for a
minimum of 4 seconds until they went back to the surfaceg.drift in the pressure sensors or error
spikes wereorreded prior to analysedistances traveled at the surface of the ocean (horizontal
distances) ‘were calculated by measuring the linear distance between two successive GPS
locations taking into account the curvature of the Earth using the Haversine f¢8muatt
1984). GPS locations have a high spatial and temporal resolution (they were set tbaecor
location everys5 min), so GPS tracks did not require interpolation or filtéfirggmblayet al.
2006. Part,of the distance traveled under water while diving is inherently taken into agtount i
the measured horizontal distance traveled. We calculated vertical distance travidedivivig
by doubling the maximum dive depth of each dive.
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Fur seal behaviours were separated into 4 categories to determirectivity budgets:
1) dving; 2) resting and sleeping; 3) surface activities, grooming, slow travel; and 4) fast
transiting. These 4 behaviours were identified using a custade classificatiotree algorithm
in R detailed inJeanniard du Dogt al. (In review). In short,Diving and foraging time was
defined as.the period when animals were actively diving and includepo#iteive intervals
calculated using the package diveMove in R (Author, S. Luque), validated for diving fur seals
(Luque & 'Guinet 200 Restingtime wasdefined as théime when the running variance over 3
sec on the'faw acceleration signal was less tham&5for all 3 axes for more than 5 min
Transitingtime was the period during which the animals were neither diving nor resting, and
were movingsat the surface at or faster than 1m/sec (calculated from GPS locations at specific
times). Finallyy arface activities,grooming and slow travel time occurred when the animals
were neither diving nor resting, and were moving at the surface at a speed < 1m/san. Gaps
acceeration due to DD tags malfunction for northern fur seals were also quantified cainacac
of the classificatioriree model was visually verified over the entire foraging trip for all aisimal

Total and activityspecific energy expenditure

Measurementsf field metabolic rategMJ/day) were performed intravenously using the
Doubly-Labdled Water (DLW) methodLifson & McClintock 1966 Butler et al. 2004) while
animals~were ‘under anesthesWWe useda twopool model and a plateau methddm
Speakman, Nair and Goran (1992&nd convertedCO, production rates into daily energy
expenditure using a respiratory quotient RQ of 0Rta(linget al. 2008 Dalton, Rosen & Trites
2014). More detailed information o®LW methods and proceduresed are containedn
Jeanniard du-Dat al. (In review). Energy spent during time on land was subtrafreoh total
energy expenditure to obtain energy expenditure abskyausing previously determined values
for femaleslactatingvhile on land in northeri§4.67 W/kg in Gentry & Kooyman 198@nd
Antarctic fur seal¢4.56 W/kg in Costa & Trillmich 1988).

The energy each animal spent performing each type of activitgletaeminedusing the
activity-specific metabolic rates for northern and Antarctic fur saalsalculatedby Jeanniard
du Dotet al.(In review). In brief,we used the diving metabolic rate of 30.84MJ/d, the transiting
metabolic rate of 18.5 MJ/d, and surface movements metabolic rate of 14.47 MJ/d. We

multiplied these rates by the amount of time each individual spent engaged irespeictive
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activities (in d) to obtain the energy expenditure per activity (in M@ did not include sleeping
time in these analysdé®causéhe parameter estimates for this activitgrenot significant inthe

model result§Table 2 in Jeanniard du Det al. In review).

Dynamic¢'Body Acceleration

Vectorial Dynamic Body AcceleratiofMcGregoret al. 2009)was calculated using the
tri-axial acceleration data collected at 16Hz by the DD tag on the back of the animals. We
performed the same analyses on Woterall Dynamic Body Acceleratigf©DBA, Wilsonet al.
2006) andWeDBA metrics but only report VeDBA which was slighthyut not significantly
more accurate in our analysggeanniard du Dot 20)5The three axeX (surge), Y (sway) and
Z (heave), were first individually normalized using static data collected on all azimuths while the
tags weresstillkon a hard surface. The normalized signal was then filtered usmgrey mean of
2s (Sheparaet=al. 2008 Fahlmanet al. 2013 Dalton, Rosen & Trites 20)40 dissociate the
static accelation (due to the positioning of the animal in space in respect to gravity) from the
dynamic acceleratiorXgyn, Yayn andZgqy,, due to the movement of the animal). Ved#Aas then

calculated'as VeDBA = \/Xﬁyn + Y50+ Ziym

We used: the same equationdalculate VeDBA for specific types of activitidsut only
for acceleration displayed during the times animals where either diving (VeRBransiting
(VeDBAy), resting (VeDBA) or performing slow surface movements (VeDfMdasedon the
results from the timactivity budget analyses. Due to the device malfunction, the DD tags had
random periods of data collection interruptions in 19 out of thdR2®deployments (from 0.3 to
11.5 % of_the datasets) that we accounted for in the calculation of VeDBA by substituting

average.overall acceleration to the times when no data were recorded.

Statistical.analyses

Foraging parameters- Statistical differences between 2 groups (for example between
species, orsbetween 2 activity types) wergee with twesamplet-tests (oo = 0.05) or Mann
Whitney testsidepending on normalijuerages for dive parameters, such as for dive depths and
dive durations, are nested within animals and were calculated using linearefiedmodels
with no fixed effects (only the intercept is calculated) and with individual as a randarhteffe

take into account that each animal performed a different number of dives.
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Energy expenditure versus MBA — We tested whether VeDBA could raiily predict
total energy expenditure at sea in fur seals using general linear models (Im, ‘stats’ package, R
3.0.3) or general linear model using generalized least square that allows doaalun@&iances
(gls, ‘nlme’ package, R 3.0.3) after verifying natel assumptions. Metabolic rate and VeDBA
were masgorrected for each animal as both of these parameters are known to depend on the
mass of the animal&leiber 1947 Gleiss, Wilson & Shepard 2011The same typeof analyses
were performed between activgpecific energy expenditure and VeDBA (Diving, Transiting,
and Surface"movementinally, we compared estimated total energy expenditure from the best
models to DLW measunmeents to determine the accuracydifferent method.All results are

means * SE.

Results

Three*DD tags failed to record any data and 4 stopped recording before the end of the
foraging trip="Seven females also came back on land with blood H and O isotopic levelséoo clo
to initial background levels to yield accurate metabolic rate measurements and were removed
from further analysesConsequently, sample size for analyses that only reqageeleration
dataor that only required energy expenditure datsn = 16 for NFS and n= 17 for AFS.
However,.females missing acceleration data were usually not the ones also missing metabolic
rate measurements. Consequently, sample size for analysdscim emergy expenditurand

accelerationsdata were combined was 12 for northern and n = ¥8r Antarctic fur seals

Diving andiforaging behaviours

The female northern fur ssakeighedon averagef 37.9 + 1.3kg (30.8 — 55.6 kgprior
to departureandfemale Antarctidur seals weighe81.0 +0.8 kg (25 — 39 kg).Foraging trips
lasted 7.96 + 2.1@ (4.26- 12.03 d) ove#50 + 50km (391 - 1200km) for NFS and 7.65 + 3.88
d (2.34 -15.47 d) and 63% 77 km (225- 1295km) for AFS (bothp > 0.221). Both species of
fur seals spent'similar amount of time diving (~29%, 0.328) andransiting fasat the surface
(26 - 30%,p»=.0.063,Tablel). They also spent ~ 1/3 of their time performing slow movements
at the surface (2836%), but Antarctic fur seals spent slightly more time doing so than northern
fur seals jp = 0.013). Conversehhoth speciespentthe smallesproportion of their time resting
and sleeping at the surface, 8§~ 10%., = 0.401).
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Total energy expenditure versus VeDBA

Energy expenditure while foraging at sea were not significantly differewrthern and
Antarctic fur seals1(65.10 + 13.01 MJ for NFS and 121.41+ 17.06 MJ for A#%S,0.09).The
same was true _foenergy expendituseper day whether for the total DLW tim{@0.02 + 1.27
MJ/d for NES,and 17.02 = 1.08 MJ/d for ARS= 0.089 or for the atseatime only (20.93 %
1.47 MJ/d\forNFS and7.72 + 1.15 MJ/d for AFSp = 0.097). Averaging dynamic body
acceleration‘over the entire foraging trip (and for each type of activitpete® and inTablel)
showed that"total averagéeeDBA was overall greater foAFS (0.411 + 0.02 m/sor 0.013 +
0.001 m/sflkg ) than for NFS (0.312 + 0.014 mfsor 0.008 + 0.0005m/s7/kg, p < 0.0004).
AverageVeDBA over theentire foraging trip only explained ~ 36% of variability in energy
expenditure’at’sea {R 0.36 Fig. 1 A). Rate of energy expenditure (in MJid)notaccurately
predicted by acceleratiofig.1 B, R = 0.15. Similar trends were observed for similar lysas
when parameters were not mass standardiretdaccuracy was overall lower{R 0.30for EE
(MJ) vs VeDBA(m/s) and R = 0.08for EE (MJ/d vs VeDBA (mA).

Activity-specific energy expendituversusactivity-specificVeDBA

Whenssplit by activityVeDBA was the greatest when the animals were either transiting
(0.414+ 0.013m/<* for NFS and 0.556 0.026 m/éfor AFS, p < 0.09 or active at the surface of
the water(0:456 + 0.22 nifor NFS and 0.605 + 0.017 mfer AFS, p < 0.05. VeDBA while
diving was significantly lower than any surface activity (0.297 + 0.013fov/$\FS and 0.310 +
0.018 m/éfor AFS, p < 10°, no difference between specigs 0.05).See Table 1 for mass
corrected estimates of activigpecific VeIBA. When animals were resting and sleeping at the
surface VeDBAswas the lowestbut was still significantly greater than 0 for both specpes (
10°), whichsuggestshere was significant residual dynamic acceleration due to external factors
(waves etc)*when the seals were lying on the water surfguantification and analyses of
these factors can be foundJeanniard du Dot (2015).

Energysspent performing each type of activity (MJ/kg) was significantly related t
activity-specificVeDBA when standardized for time spent performing activities{kysd, Fig.
2). VeDBA/EE relationships improved greatly when split by type of activity rather thantleer
full foraging trip (all R > 0.85). Both species had similar mechaiicenergy (VeDBA/EE)

efficiencies while diving, but differences in slopes indicate that they differed while transiting or
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during surface activity. Regression slopes are lower during transiting dadesactivity than
while diving. Specific equations for diving, transiting and surface activity from Fig. 2 included:

Eq. 1  EEbie (MJ/kg) ~ (0.10 +0.10) + (91.99+ 4.42) xVeDBApye (M/s/kg*d) + (0.14+
008 for NFS only)R? = 0.94, slope < 2.10%

Eq. 2 EEfanst(MJ/kg)~ (0.14 + 0.05) + (27.62 + 1.1¥ VeDBA1ansit (M/STkg*d)
+ [(0706 £0.08) + (10.19 + 2)54 VeDBAransit for NFS only]; B = 0.96,
slépe < 2.10™
Eq. 3 EBsus(MJ/kg)~ (0.06 + 0.07) + (23.40 + 1.3& VeDBAs,(m/s/kg*d) +
[(0.22.+ 0.06) ¥eDBAsy for NFS only]; B = 0.90, slope < 2.10"°

Similar analyses with parameters that were nossatandardized were once again not as

accurate as thexmass standardized ones abowa| Bétvere still above 0.89.

Predicting total energy expenditure at deam activityspecific DBA

Total energy expenditurean bestbe predictedby combining thepredicted activity
specific energy expenditures Bk, EEransi and EEys obtained from Eq. 1, 2 & 3 using
activity-speeifieVeDBA and timeactivity budgets:

Eq. 4 TotalERcd.~ EEpive + EErransit + EEsurt

Total energy expenditure estimated frdfq. 4 correlated well with measuretbtal energy
expenditure from the DLW method {R 0.70, Fig. 3). There was no systematic differences
between observed and simulated valu&spésof the linear regressiaomt significantlydifferent
from 1 (1.00.£.0.14p < 4.10") and intercephot significantly different from @1.10%° + 0.56 p

= 1) soour model yielded appropriate estimates of total energy expenditure.

Discussion

We=ecollected data on more than 25 animals in-feeging conditions and used
acceleation” and other foragirgelated parameters paired with measures of field energy
expenditure tostest whether acceleration metrics are accurate predictors of metabolic rates at sea
in wild top marine predators. Our acceleration data allowed us to anahesactivity budgets
of individual fur seals in the wild at a much finer scale than usual methods basedtmmlaod

dive data only. Our results showed that VeDBA calculated independently of foraiagdre
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or timeactivity budgetsould not accuratly estimae energy expenditure of full foraging trips.

However, activityspecific acceleration metrics could accurately predict energy spent during
specific types of behaviours at sea, and could be summed by types of activity (i.e., diving,
transiting, suilace activity and resting) to accurately estimate energy expenditure of complete

foraging trips:

Dynamic Body Acceleration as a predictor of energy expenditure during a full foraging tri

Our. results show that average Di2A over a full trip is not an accurate predictfr
energy expenditurand could onlyexplain 36 % of its variation (Fig. 1A). This & lower than
values reported for other vertebrates measured in captivityfssativity (0.47 for diving Steller
sea lions, Fahlmaat al. 2008 0.84 in birds, Halsegt al. 2009a 0.60 for swimming sharks,
Gleisset al=202Q 0.56 for turtles, Halsegt al. 2011). The poor ability of VeDBA to predict
energy expenditure over a full trig likely related to the assumptions behind VeDBA as a proxy
for energy expenditure and/or in the sources of unmeasured error associatedewdhdirgg
environmental conditions (Gleiss, Wilson & Shepard 2@®idlsey, Shepard & Wilson 2011).

First; 'most studies have validated VeDBA in captive or smptive settings, i.e. in
controlled.conditiongWilson et al. 2006 Gleisset al. 201Q Halseyet al. 2011, Fahlmanet al.
2013) However, freeanging marine animals live a dense medium under fluid environmental
conditions and seals spend a significant portion of their time at the water suii@ce, wnd
related motions, mainly through wave action can interfere with energy expenditure and the
dynamic boedy,acceleratiogignal. This residual ‘environmental’ acceleration largely disappears
when the ‘animals dive and is consistent between seals over their foraging tgsthus be
corrected but it still impacts the slope of the VeDBA/EE relationsHipsanniard du Dot 2015
Another difference between other validation studies and ours is the varmatiom duration of
measurements taken (i.e., hours vs. days or weeks). In our case, the northern and Amtarctic f
seals undertook foraging trips that averaged87days (range 3.- 15 days). A fur seals that
makes a longrforaging trip is likely to allocate energy differently compared to aralathat
makes a short trip, yet averaging VeDBA over time does not account for such ddteréhe
suspect this is why none of our anayshat used metabolic rate as our refereneasarement

(in MJ/d, Fig. 1 B yielded significant relationships with VeDBAnlike in other studies.
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Second, energy expended by our fur seals could have been affected by physiological
sources of errors thatt no effect on VeDBA-or vice versa. For example, thermoregulation or
digestion costs, growth and gestation can affect energy expenditur@are independent of
VeDBA (Rosen & Tritesl997 Costa & Williams 1999Greenet al. 2009).However, he impact
of these facters might bminimal if animalshave high locomabn costs and operate close to
their metabolic ceilinggCosta 200y. Anotherfactor is body condition of seals that affects
buoyaney;'which in turn affects mechanical power and cost of transpoftationgh changes in
buoyancy*and“gliding— Williams et al. 200Q Wilson et al. 2010) In addition, fur seals
typically transit by porpoising at the surfaeghich means that they switch from wiing through
air to moingsthroughwater in a matter of secguls. Such changes in movement between
mediums ‘with“highly different densitidikely affect VeDBA in different ways, as would
differences in gaits between swining and porpoising movements. Collectively, such studies
point to an_uncoupling between a sigraht portion of metabolic rate and the acceleration which
could potentially contribute to the uncertainty in the VeDBA and energy expenditatienship
(Halsey, Shepard & Wilson 2011).

In addition to the uncertainties associated with VeDBA discussed athave,are also
inherent uncertainties with using the douldpelled water method (DLW) as our reference
measure of.energy expenditure that might affect accuracy of our EE/VeDBianshap. Some
studies of specialist marine carnivores have suggested that the DLW method has high accuracy,
but low preecision(Speakman 1993 For examplethe DLW method applied tgrey seals
(Halichoerus gypug subjected to simulated foraging conditions oveday periodsyielded
estimates of energy expenditure for groups averages that were similar to estimates derived from
respirometry(group error was 0.5%, Sparlireg al. 2009, butindividual error was ~ + 40%.
Similarly,. @ study of captive northern fur seals showed that the average error athen&hod
compared“torespirometry measurements could be as low as ~ 0.8% but as high as ~ 27%
depending“on‘the calculation method used and the time oflgaagst in the fall and highest in
the summer, Dalton, Rosen & Trites 2D1@onsequently, the @r associated with our reference
measurementef energy expenditure is likely significant since we compared DLW to VeDBA
measurements at the individual level (one DLW and one VeDBA point per animal). We

recognize that using DLW measurements as a referem@surement of energy expenditure
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comes with associated caveats, but was the only option available to us to study energ
expenditure at sea for freanging fur seals.

Either way, there seems to be no escaping the fact that VeDBA metrics are not an
appropiate. meanto predict the total energy expended regardless of method used to establish the
reference @energy expenditure, especially when measured over long periods of timevild the
when animals‘engage in different behaviors that have markedly difemrergetic costéGreen
et al. 2009 Halsey, Shepard & Wilson 201 Dalton, Rosen & Trites 20)4A study of free
ranging hick-billed murres {ria lomvia), for example, found that acttyispecific VeDBAs
were better_predictors of energy expenditure during a foraging trip than ove@BA/
especially’'if one activity type had a greater energetic cost than @tnéngs case flying, Elliott
et al. 2013) Animals are known to incur different energetic costs to undertakeratit
activities, and different relationships are known to exist between VeDBA ardkp#nding on
gaits in humangHalseyet al. 2008), intensities of swimming in sharlal¢iss, Gruber & Wilson
2009) and-types of muscles involved in the movement of Ki@&smezLaich et al. 2008) All
told, this suggests #h the poor ability of total VeDBA to predict the energetic cost of foraging
trips undertaken by our fur seals might be due to differences iratithaty budgets (i.e., how

the animals‘partitioned their time at sea betwdieimg, transiting, resting arglirface activities).

Timeactivity budgets and activitgpecific energy expenditures

Time budgets are the currency that define foraging strategies and ultimately reflect the
foraging effieiencies of animalshen combined with energetics. Our results show that VeDBA
is much mere.accurate at predicting energy expend by fur seals at the activity level rather than
over a full'trip. It also shows that VeDBA needs to be broken down by type oftyactndl
summed tgether to predict total energy expenditure. The high correlations between our
calculated activityspecific energy expenditures and the actigipgcific VeDBAs(all R? > 0.85
gives confidence that \BBA is a muchbetterproxy for energyexpenditure when broken down
by activity type-This is becauséhe mechanical to energy efficiency or slopes of the VeDBA/EE

relationshipsrary by activity type.

Changes in DBA affect mechanical power and thus energy expenditure more drastically
while diving than while transiting or during surface activities (Fig.T2is means that small
changes in measures of DBA can lead to larger changes in estimates of diving energy
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405 expenditurethan of energy spent in surface behaviours. Why diving has inhereatlpwlest

406 VeDBA but the highest costs compared to other activities is likely due to the fact that animals
407 have to compromise between high speeds to maximize time foraging at depthagritiadr

408 increases_with _swimming velocitgCosta & Williams 1999. In comparison, transiting also

409 involve high.speed swimming but it is usually done either at deytbse drag is the loweégte.,

410 at 3 body diameter deptWilliams 1989 Hindle, Rosen & Trites 2030or by porpoising which

411 increases‘locomotion efficien¢oyd 2003. Slow surface movements alsocurat the surface

412 where drag“is“highbut movementsare at lower velocity when drag is decreag@bsta &

413  Williams 1999.

414 Differences inEE/VeDBA relationshipswere also observed in marine birdstween

415 flying and all other activitieshey engage irfi.e., resting at sea surface, diviagd walking,

416 GomezlLaich et'al. 2011 Elliott et al. 2013) These differeneswere attributed tdhe medium

417  (air or waterimwhich the animal movednd tothe mechanics and the types of muscles involved
418 in each activity(i.e., the force production to movement relationship of muscles and their
419 contractile properties)n the casef fur seals, it is unlikely that type of muscle involved would
420 make a difference as they use ffiigper propulsion for locomotion at sea, but the medium in
421 which animakevolves is likely a major facttmdeed, densities of air and water differ by etda

422 of ~800; .which undoubtedly affects VeDBA differently than it affects energy expeaditur
423 (especially from a deceleration whenremgtering water during porpoising).

424 As mentioned earlier, DLW is known to lack precision at the individual level but to
425 provide estimates of energy expenditure with a reasonable accuracy at the group oropopulat
426 level (Speakman 1993 Unlike full foraging trip models in whichindividual DLW

427 measurementsvere comparedto overall acceleration, activitypecific models compared

428 activity-specific acceleration to the energy that each animal spent per activity (caldlated

429 using parameter estimates of Eqfrdm Jeanniard du Dogt al. (In review). These parameter

430 estimates provide average metabolic rates per acimitylJ/d) over all study animals, i.e. at the
431 group level. Consequently, using ‘group’ metabolic ramethe activiy-specific models might

432 improve accuracy of predictions for total energy expenditure by reducing the individual errors
433 associated with DLW measurements. This means that 32% of the uncertainty in the global

434 model could be attributed to errors in bW measurements and individual variability in time
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activity budgets and foraging strategies (even if it was impossible to tease apart the respective
effects of these two parameters).

Our findings indicate that energy expenditure by fur seals over falgiimg trips can be
accurately determined from body acceleration, but only if it is done using asjpétjfic time
budgets.The predicted energy expenditure of our study animals derived from asipatyfic
measures-of-body movement (i.e., VeDBA x activity budget) corresponded welheiilL Vv
measured-energy expenditu(€sy. 3, R = 0.71).Yet, accuracy othe general model (Eq. 4
not as strong as the one #mtivity-specificmodels(see Fig2). This is likely due to the fact that
energy spent_during resting time was not taken into account in the calculation of gredicte
energy expenditurd.he other contributing factor that likely impacted the relationship in Fig. 3 is
the previouslymentioned error associated with the measured total energy expenditure from the
DLW method.The individual erromwvas determinedor measureddLW values,but was likely
buffered forthe predicted valubscauset was calculated using ‘population’ estimates from the
mockls.

Earlier methods to estimate energy expenditure at sea were based solely on dive profiles
form TDR=reecordgArnould, Boyd & Speakman 19%96Interestingly, we did not find the same
negative relatiohship between metabolic rate and dive rate in our anirhal® @). This might
be eitherto their low sample size (n = 9) or to the crudeness of their behavioural data (depth
recorded every 10s only, while average dive duration can be as short at 18s depending on
animals— avelge for AFS 50 = 23s)n any casethey only took into account proportion of
time spentinvolved in one activity (although the most expensive one), wisiahsufficient to

accurately.determine energy expenditure at sea in fur seals.

In"a finerscale stdy, Skinneret al. (2014)alsofound thatveDBA multiplied by distance
traveled mass of the animal, and vertical distance swam were together the best metrics to assess
energy expenditure of northern fur seals at sea. We applied the best mod&kinmreret al.

(2014) to oursdata andnly obtained an R= 0.50 However there are parallels in our two
respectivemmodels in thdioth take into account effort and time spefiving versus other
activities (see Table 2.4 in Jeanniard du Dot 20Eoth models point out th&nowing how
much timean animalspenddoragng, diving, transiting and being surface active is as important

asknowingthe intensity with which the seals perform these activities.

This article is protected by copyright. All rights reserved



465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480

481
482
483
484
485
486
487
488
489

490
491
492

Conclusions

All'in all, our resultsshowthat the time a seal decides to allocate to activities that have
different metabolic ratess important for obtainingaccurateestimates ofenergetic costs of
foraging in fur sealsEstimags of total energy expended by fur seals should thus be done using
the activityspecific DBA paired with timectivity budget (i..Eq. 4).It also emphasizes the
potential for_acceleration to determine behawialuactivity budget and energy expenditures
under wild“conditions and over a wide range of activities at a much finer scale than more
traditional“location and depth loggers, and at temporal and spatial scales thelewaat to
ecological studies. In any case, being able to accurately calculate foraging costs helps to better
understand the, energetic requirements of-feeging seals and other marine mammals, and
whether they ean be met in the wild. Knowing foraging costs also contributes teirapsbs
ecological impacts that marine mammals have on trophic webs, and how changesautitiitye
budgets due_to environmental changdfect their fitness. Such knowledge is particularly
important for the conservation and management of species that are easily impacted by ecosystem
shifts andsenvironmental changes, especially for fur seals that are already performing close to

their metabolie‘ceilings, and may have limited scope to adapt to coming climate changes.
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682 Figures
683
684 Figure 1:Relationships for northern fur seals (yelltmangles) and Antarctic fur seals (green
685 squares) between energy expenditure in MJ/kg (A) or rate of energy expenditure in MJ/d/kg(B
686 and the average dynamic body accelerativer the entire foraging trijn m/s/kg. Each data
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695

point represents a single animal and was mass corrected. Pafet 8:36, AIC = 102.1, slope
p = 0.002, speciep = 0.02. Panel B:here wereno significant speciespecific relationships

betweerveDBA and the rate of energy expenditure.
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Figure 2 Relationships between activigpecific VeDBA standardized for individual time
activity lbudgets and body mass and actigipecific energy expenditure in MJ/kg for lactating
northern fur seals (triangle symbols, n=16) and Antarctic fur seals (squarelsymt6). Plain

lines show the results of linear models that included species as an independent variable.
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Figure 3 Caemparison between measured energy spent at sea by lactating northern and Antarctic
fur seals using the DLW method, and the predicted energy expenditure estimatedqudéing E
The regression line has an intercept of 1.4 *°#00.56, notstatisticallydifferent from 0, and a

slope of 1.00°% 0.13, netatisticallydifferent from 1, R = 0.70.

Tables

Table 1; Proportion of total time at sea and average VeDBA spent in 4 types of activity for 16
lactating=nerthern fur seal and 17 lactating Antarctic fur seal during a sioglgirig trip.
Activities ‘included active foraging (diving + post dive surfacing), restmgthe surface,
transiting ‘at a speed greater than 1m/s, and slow surface movements (< lous)ingr Gap

refers toerthe proportion of time when data were missing and could not be allocaitbertofe

the 4 activity types. Values are means + SE and asterisks show the values significantly different

between species.

Activity Proportion of at-sea timein each activity (%) Average VeDBA during each type of
type activity (m/s?/kg)
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NFS AFS NFS AFS
Diving 28.6 £ 2.0(20.5-47.8) 29.0 £ 0.7(23.7-34.5) 0.0077+ 0.0003 0.0105+ 0.0004*
Transiting  30.5 + 1.817.5-46.6) 26.4 + 1.6(15.3-36.9) 0.0109 + 0.0004 0.0179+ 0.0011*
Surf mov. 28.8 £ 1.4*(19.4-36.4) 36.3 + 2.0%*(24.9-47.7) 0.0119+ 0.0007* 0.0198+ 0.0009*
Resting 10.9'+ 1.3(3.9-24.6) 8.2 +1.7(1-16.9) 0.003 + 0.001* 0.0049+ 0.002*
Gap Wl + 0.26(0.0—3.9) NA NA NA

711
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Table 1: Proportion of total time at sea and average VeDBA spent in 4 types of activity for 16

lactating northern fur seal and 17 lactating Antarctic fur seal during a single foraging trip.

Activities included active foraging (diving + post dive surfacing), resting at the surface,

transiting at a speed greater than 1m/s, and slow surface movements (< 1m/s) / grooming. Gap

refers to thesproportion of time when data were missing and could not be allocated to either of

the 4 activity types. Values are means = SE and asterisks show the values significantly different

between species.

o Proportion of at-seatimein each activity (%)
Activity

Average VeDBA during each type of

activity (m/s?/kg)
type
NFS AFS NFS AFS
Diving 28.6 + 2.020.5- 47.8) 29.0 £ 0.7(23.7- 34.5) 0.0077 £ 0.0003* 0.0105 £ 0.004*
Transiting ==30:5:+ 1.817.5- 46.6) 26.4 + 1.6(15.3- 36.9) 0.0109 + 0.0004* 0.0179+0.011*
Surf mov. _ 28.8/#+ 1.4*(19.4-36.4) 36.3 £ 2.0%(24.9- 47.7) 0.0119 £ 0.0007* 0.0198 £ 0.009*
Resting 10:9 + 1.33.9-24.6) 8.2 £ 1.7(1- 16.9) 0.0033 £ 0.001* 0.0049 = 0.002*
Gap 1.1 +0.26(0.0-3.9) NA NA NA
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