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Movement-based methods to infer parturition events in
migratory ungulates
Matthew D.Cameron, Kyle Joly, Greg A. Breed, Lincoln S. Parrett, and Knut Kielland

Abstract: Long-distance migrations by ungulate species are a globally imperiled natural phenomenon and conservation of them
requires monitoring population vital rates. Satellite telemetry tracking iswidely used for understanding the spatial distribution
and movement of animals, especially migratory animals in remote environments. Recently, analytical methods have been
developed to infer parturition events from movement data in multiple species that calve in isolation, but to date such methods
have not been tested on animals that both migrate and spatially aggregate during calving. We applied two movement-based
methods developed to infer parturition in nonmigratory woodland caribou (Rangifer tarandus caribou (Gmelin, 1788)) to
241reproductive seasons spanning 6years of GPS data from migratory barren-ground caribou (Rangifer tarandus granti J A . Allen,
1902). We compared results from both methods to data from aerial surveys of collared females during the calving period. We
found that each movement-based method had -80% overall accuracy to identify calving events, with interannual variation
ranging from 6% to 100%. When we considered instances when the two analytical methods agreed on parturition outcome, the
accuracy increased to 89%with an annual range of 73%-100%.Using these methods, we identified marked interannual differences
in peak calving dates and higher parturition rates than previously reported for this caribou herd. The successful application of
these analyses to a migratory, gregarious ungulate suggests a broader applicability of the methodology.

Key words: calving, caribou, migration, parturition rate, Rangifer tarandus, Western Arctic Herd.

Resume :Les migrations sur de longues distances d'especes d'ongules representent un phenomene nature!menace a I'echelle
planetaire, et leur conservation necessite la surveillance d'indices vitaux des populations. Le suivi par telemetrie satellitaire est
abondamment utilise pour comprendre larepartition spatiale et les deplacements d'animaux, particulierement ceux d'animaux
migrateurs enregions eloignees. Sides methodes analytiques Ontrecemment ete mises au point pour inferer les evenements de
parturition Q partir de donnees sur les deplacements pour differentes especes qui s'isolent pour merue bas, l'utilite de ces
methodes n'a pas encore ere validee pour des animaux migrateurs qui se regroupent au moment de la mise bas. Nous avons
applique deux methodes basees sur les deplacements developpees pour inferer les parturitions chez les caribous des bois
(Rangifer tarandus caribou (Gmelin, 1788)), des caribous non migrateurs, d 241periodes de reproduction couvrant 6 annees de
donnees GPS sur des caribous dela toundra (Rangifertarandus granti JA. Allen, 902) migrateurs. Nous comparons lesresultats des
deux methodes A des donnees de recensements aeriens de femelles dotees de colliers emetteurs durant la periode de mise bas.
Nous constatons que chacune des methodes basees sur les deplacements presente une exactitude globale d'environ 80 % pour ce
qui est de detecrer les evenements de mise bas, pour une fourchette de variation interannuelle de 61% a 100 %. En considerant
les cas ou les resultats des deux methodes d'analyse concordent, I'exactitude passe d 89 %, pour une fourchette de variation
interannuelle de 73 % a 100 %. En utilisant ces methodes, nous observons des differences interannuelles marquees du moment
de la pointe des mises bas et des raux de parturition plus eleves que les raux publies par le passe pour ce rroupeau de caribous.
L'application concluante de ces analyses d un ongule gregaire migrateur semble elargir 'applicabilite de cette methodologie.
[Traduit par la Redaction)

Mots-des :mise bas, caribou, migration, taux de parturition, Rangifer tarandus, troupeau de I'ouest de I'Arctique.

Introduction dard tool for monitoring wildlife populations, particularly those
Long-distance ungulate migrations are awe-inspiring natural that inhabit remote environments forwhich direct obse Ivation is
phenomena, though the world has lost many of the migratory logistically difficult or costly. Analyses of location data have tra-

populations (Berger 2004). Successful conservation of those re- ditionally focused on the spatial distribution (Mohr 1947;Worton
maining migratory populations will be aided by monitoring de- ©89) and movement patterns of study species (Kareiva and
mographic parameters using the best methodology available Shigesada 1983; Turchin 1998). The advent of GPS-tracking tech-
(Bolgeretal.2008). GPS-trackingtechnologyhas become the stan- nology introduced increased resolution in both spatial and
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Fig. 1 Historic calving ground (black hatched polygon) delineated from aerial swveys from 1987t0 2016 of Western Arctic Herd barren-ground
caribou (Rangifer tarandus grann) inAlaska, USA. Spring carou migrations typically lead to the calving grounds from the south. Red cirdes (gray
cirdes inprint) arevillages within the caribou range and the orange star (white star inprint) is Onion Portage, where collars were deployed. Color

version online.
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temporal scales of location data, and methods to classify the
underlying behavior from such data are becoming common in
movement analyses (Franke et al. 2004 ; Morales et al. 2004 ;
Gurarie et al. 2009; Breed et al. 202). Such methods have primar-
ily provided insights into how animals use the environment, but
changes in movement characteristics have also been used to iden-
tify important life-history events such as denning in wolves (Canis
lupus Linnaeus, 1758) (Walsh et al. 2016), migration by moose (Akes
alces (Linnaeus, 1758)) (Bunnefeld et al. 2011), and haul outs on sea
ice by bearded seals (Erignathus barbatus (Erxleben, 777)) (Mcclintock
et al. 201).

Obtaining estimates of a particular life-history event (parturi-
tion) is important for managers as an assessment of range condi-
tion, because the probability of parturition is linked to body
condition during the previous autumn (Cameron et al. 1993), and
also as a proxy for some important vital rates in population mon-
itoring. Estimating annual parturition rates is typically accom-
plished via aircraft or obse Ivations from the ground of the study
animals during the birthing season (such as Lent 966b; Canleron
and Whitten 1979). In ungulates, different analyses of movement
characteristics from GPS location data have been used to infer
parturition with varying degrees of accuracy for nonnligratory
animals such as moose (-88%; Severnd et al. 2015, elk (Cervus
canadensis Erxleben, 1777) (-93%; Dzialak et al. 2011), and with the
highest success for woodland caribou (Rangifer tarandus caribou
(Gmelin, 1788)) (>97%; DeMars et al. 208). Woodland caribou dis-
perse and calve in isolation (Bergernd et al. ©90), and DeMars
et al. (203) assumed that their methods would not be applicable
to species that aggregate during the parturition season, such as
migratory barren-ground caiibou (Rangifer tarandus granti JA. Allen,
902).

70°N

N

68°N

159°W

Barren-ground caribou exhibit some of the longest migrations
of'any terrestrial mammal (Fancy et al. 989). Females migrate in
the springtoannual calving grounds and tend to spatially aggre-
gate during calving (Kelsall v68; Skoog 1968). Nonpregnant fe-
males typically migrate later than pregnant females (Pmitt 1960;
Joly 2011; Dau 2015), but nonpregnant females have also been
observed inthe area during calving (Lent 1966a). Previous studies
have indicated depressed movement rates for parturient females
in migrato ly herds after calving (Lent 1966a; Fancy et al. 1989;
Fancy and Whitten ©91;Carrolletal.2005),suggestingthatmove-
ment charactedstics can be used to detect calving.

Here, we examined the efficacy of movement-based analyses
for detecting parturition events in migratory caribolL We hypothe-
sized that despite spatially aggregating, parturition is an individual-
specific event which can be detected through analyses of movement
data. Our prinlaiy objectives were to (i) apply two movement-based
models developed for sedentaiywoodland caribou to GPS data from
the Western Arctic Herd (WAH), a migratmy barren-ground caribou
herd in Alaska, USA; (ii) evaluate the accuracy of each method rela-
tive to aerial smveys, as well as to eadlother; and (iii) compate the
estimated rates and timing of partuiition derived from these analy-
sesto previously reported results fromaerial surveys.

Materials and methods

Caribou data

The WAH is among the largest migratoly barren-ground cari-
bou herds in Alaska, with a population that has historically fluc-
tuated between 75000 and 490 000 individuals and ranges over
350 000 km? (Dau 2015). Calving grounds for the WAH are in the
Utukok River uplands at the headwaters of the Colville River in
northwestern Alaska (Fig. 1; Lent ©966a). Annual estinlates for
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Table t. Aerial calving survey dates, number of collared females each year (reproductive seasons), and
number of collared females observed of Western Arctic Herd barren-ground caribou (Rangifer tarandus

granti) in Alaska, USA.

First date ~ Lastdate  ActiveGPS  Collared animals ~ Percentage of individuals with
Year  ofsurvey  ofsurvey  collars observed "known" parturition status
2010 5June 12June 33 31 73
201 7June 10June 39 28 51
2012 4June 15June 37 35 78
208 5June KJune 38 34 61
2014 8June Wune 45 43 91
2015 6June 16June 49 49 88
Total 241 220 75

Note: Biologists observed antler status and calf presence for collared females. Individuals for which parturition
status was deemed "known- induded only those females observed with a calf or growing soft antlers on the first

observation.

parturition are obtained from aerial surveys of the calving
grounds, currently requiring approximately 300 km of roundtrip
travel (not including the survey work). Peak calving has been es-
timated from these surveys to occur between 9 and BJune (Dau
2015), but detailed, daily observations of parturition timing have
not been recorded since 961(Lent 79663).

Caribou location datawere obtained from ongoing multiagency
monitoring of the WAH (Davis and Valkenburg 1985; Dau 2005).
Starting in 2009, GPS collars (model TGW-4680; Telonics, Mesa,
Arizona, USA) have been deployed annually during the fall migra-
tion at Onion Portage along the Kobuk River (Fig. LJoly etal. 2012).
Captures were conducted by hand from motorboats using proce-
dures approved by the State of Alaska Institutional Animal Care
and Use Committee (IACUC; 2012-031R). We deployed collars pri-
marily on mature (2 years old) female caribou using capture and
monitoring techniques described in Dau (1997), Joly et al. (2012).
and Dau (2015). Collar locations were acquired evely 8hand down-
loaded via a satellite network. From 2009 to 2015, 140 GPS collars
were deployed Uoly and Cameron 2017). We only included females
with GPS data through 1July for each reproductive year, totaling
241 reproductive seasons (one individual for one parturition tinle
franle; Table 1). The percentage offemales with complete GPS data
coverage ranged from 22% to 91% and the number of missing
locations per individual each parturition season ranged from 0%
to 64% (see Supplementary Table S1).!

Annual aerial surveys of calving grounds

Aerial surveys of the calving grounds were conducted annually
by Alaska Department of Fish and Game (ADF&GQG) biologists in a
Piper PA-18 airplane (Table I). Surveys were timed to begin just
prior to estimated peak calving (when approximately 50% of
calves are born). typically from 9 to BJune (Dau 2015). Collared
individuals were identified using VHF frequencies, and antler status
and calf presence were recorded for each individual. We used
antler status to infer parturition status for females without a calf
following Whitten (1995):females with 5 cm of new antlers ("soft
antlers", i.e., in velvet) were assumed nonparturient, }2 hard
antlers were likely pre-parturient, and no antlers were unknown.
Udder status was not recorded. Attempts were made to revisit
individuals of unknown or pre-parturition status (i.e., no new
antlers or calf).

Application of movement-based methods

We used the individual-based method (IBM) and population-
based method (PBM) described in DeMars et al. (20DB) to analyze
movement data of individual females during each parturition sea-
son from 2010 to 2015. Botllmethods comprised elements to esti-
mate neonate mortality; however, since tlie temporal intensity

and duration of our aerial surveys were inadequate to detect
neonate mortality events, we focused only on identifying par-
turition events. Analyses were conducted using the packages
"lubridate" (Grolemund and Wickhan12011), "zoo" (Zeileis and
Grothendieck 2005), and '"reshape" (Wickham 2007) in the
Rversion 3.3.1statistical computing program (R Core Team 20717);
our R codes are provided in the Supplementary material along
witll data-file exanlples (Example Data.csv and Example Data PBM
Threshold Rates.csv).'We describe the general approach of both
methods, but for greater details see DeMars et al. (2013).

The IBM was used to fit the movement data to two a priori
models: nonparturition and parturition. The nonparturition model
fit a constant mean movement rate across the time series (one
parameter to estimate). The parturition model fit a breakpoint
in the movement rate (interpreted astlie calving event), followed
by a mean linear increase until the movement rate returned to
the female's prior mean movement rate (three parameters to
estimate -mean movement rate, calving breakpoint, and time
for cow-calf pair to return to mean movement rate). Both models
assumed an exponential distribution for step lengths. An approx-
inlation of maximum likelihood estimation was used to estimate
the parameters for both models and model selection was based on
Akaike's information niterion values (Burnham and Anderson
2002) foreachreproductive season.

We stipulated two sets of constraints to perform the IBM: (]) the
minimum number of sequential locations (hereafter referred toas
steps) in the series before and after a breakpoint could be assigned
("int") and (2) tlie minimum and maximum number of steps it
takes a female-calf pair to return to the pre-parturition step rate
("kcons"). We setint to 9 steps (3 days) and chose 15 and 63 steps
(5and 21 days, respectively) as the minimum and maxinmm, re-
spectively, forkconsbased on previous observations of calfdevel-
opment for the WAH (Lent 1966a). We analyzed movement data
spanning 19May- I5July for each animal in each year to cover the
earliest calving event documented (22 May 1960), as well as the
latest(4July; Lent D66b).

The PBM analysis consisted of two stages: () calculating a
population-specific "calving tlireshold" (maximum movement
rate consistent with parturition) from a subset of individuals with
known calving events (see below) using the movement data from
the 3 days following parturition; (2) perfornung a 3-day mean
movement rate analysis for the first movement rate to fall below
the predefined tlireshold for each individual. Togenerate the calv-
ing tlireshold for the PBM, we needed the calving dates for a
subset of individuals that were confirnled parturient. From the
aerial data, we identified nine parturient individuals that gave
birth between obselvations and had a parturition date identified

‘Supplementary tables and R codes are available with the article through thejournal Web ste at http:/nrcresearchpress.cornfdoijsupplfl0.1139/cjz-2017-03 4.
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by the IBM between those two observations. Given the require-
ment that an individual must be first seen without a calf and then
subsequently seen with a calf, parturition events that occurred
before the beginning of acrial obselvations were likely under-
represented in this sanlple. To alleviate this underrepresentation
of early parturition events, we also included in our analysis
15individualsthat had been observed with hard antlers and a calf,
which indicates a recent calving event (typically within 7 days;
Whitten 1995), and were identified as parturient near the time of
observation by the IBM. Because the aerial obse lvations were in-
frequent and not intensive at the individual level, we used tlie
IBM-estimated calving date (plus a step -see IBM section of tlie
Results) for these 24 individuals. Despite incorporating some
dependence on the IBM, the inclusion of tliese individuals by
evaluating antler status allowed for minimization of bias that may
have resulted from our metllods.

The calving threshold was calculated using tlie postcalving 3-
day mean movement rates from 10individuals.A distribution of
individual rates was used to draw a kernel density estimate using
the "density" function in R (R Core Team 2017) and integrated to
generate a cumulative distribution for the proportion of individ-
uals at or below each 3-day mean movement rate (DeMars et al.
2013). The calving threshold from this process was interpreted as
the 98th percentile of this distribution, which differs from tlie
original 99th percentile used by DeMars et al. (2013), because we
found that 98% worked better for our population which has an
overall faster movement rate than the more sedentary woodland
caribou analyzed by DeMars et al. (2013).To address the variation
of possible calving thresholds within our population, we boot-
strapped the calving threshold estinlation by randomly selecting
(with replacement) the movement data of 10 individuals from tlie
sample of 24 individuals and generated a calving threshold from
tltis subset. We repeated this threshold calculation 1000 times and
applied a kernel density estimate to the histogram of boot-
strapped values. We used the maximum of the kernel density to
identify the most common value and selected tliis as the calving
threshold. Witllthis threshold, we ran the PBM analysis on tlie
full data set of 241 reproductive seasons from 2010 to 2015. Be-
cause the PBM did not require a 3-day initiation period before it
could detect a calving event, we began the analysis on 22 May to
match the IBM (which we began on 19 May) and ended it on 15July.
We assigned the parturition date to be the first step in the 3-day
mean movement rate to fall below the threshold.

Comparing model results to aerial swvey data

Both PBM and IBM models resulted in parturition classifications
(calved or not calved), and for those deterntined parturient, an
estimated date for the event. We compared the parturition classi-
fication produced by each metllod to aerial observations for each
reproductive season. Comparisons between movement models
and aerial observations were considered to agree if tlle parturition
classifications were the same and the estimated parturition date
was supported by the aerial obselvations. To avoid misclassifying
individuals as nonparturient if their calf died before or between
aerial obselvations, we considered parturition unknown for two
instances: (I) females with a model-estimated calving date 5 days
or more before being noted with soft antlers during an aerial
observation and (2) if neither a calf nor soft antlers were obselved.
These exceptions were due to observations of three individuals
from 2015, which were first noted with hard antlers and subse-
quently observed 4 or 5 days later with soft antlers but without a
calf. We considered these probable calf mortalities given the high
percentage (99%) of parturition events for females with hard ant-
lers reported by Whitten (1995). From these observations, we in-
ferred that a female could shed hard antlers and grow enough
new antler material to be categorized with "soft antlers" in 5days.
Thus, we only categorized females as parturient if they were ob-
served with a calf. To account for metllodological differences in

canlJ. Zool Vol. 96, 2018

estimating parturition dates between IBM and PBM, we consid-
ered the estimated tinling of parturition from movement meth-
ods to agree if the two parturition dates were within 3 days. We
performed a linear regression with agreement between IBM and
PBM asthe predictor and estimated accuracy from the aerial sur-
veys as the response to evaluate the how well model agreement
indicated accuracy.

Simulating longer GPS intervals and IBM sensitivity analysis

To investigate the effects of location intervals on the estimates
from these movement-based methods, we downsampled our 8 h
GPS relocation data to 16 and 24 h intervals. We recalculated the
distance between subsequent locations (step lengths) and com-
pleted tlie IBM and PBM analyses on these lower resolution data.
We adjusted the specifications for both analyses to reflect the
biological constraints that we outlined above: parturition events
for the IBM were constrained between 5 and 21 days and the
parturition threshold for the PBM was recalculated for each inter-
val using the same dates as tlie original analysis. The results were
compared with the aerial data following the same procedure
outlined above.

We investigated the sensitivity of the 3constraints in the IBM —
int and two values (ntininmm and maximum) of kcons -by per-
forming tlie analysiswhile adjusting each constraint individually.
We tested int values of 1, 2, 4, and 5 days; ntininmm values for
kcons of 3,4, 6,and 7 days; and maxinmm values for kcons of12, 15,
18, and 24 days. We reran the analysis with each new constraint
value, holding the other two constraints at the original levels, and
compared the new results with the original results, as well as
compared the new results with the aerial obselation data.

Estimating calving phenology and parturition rates

We used a combination of approaches to estimate calving dates
for parturition events to maxintize our sanlple size. When a calf
was detected on an aerial survey and the IBM and PBM agreed, we
used tlie PBM parturition date. For instances in which tlie models
did not agree and a calf was obselved on an aerial survey, the
estimated date tliat corroborated aerial observations and antler
status was used. For individuals that were not obselved or the
parturition outcomewas unknown from aerial obselvations, only
instances ofIBM and PBM agreement were used. We performed an
analysis of variance (ANOVA) to test for significant interannual
variation in parturition timing. To investigate the inference to
herd management that these movement-based methodologies
offer, we compared the estimated annual parturition rate when
using the IBM or PBM on their own, as well as the consensus
approach, and compared these with the annual ratio of calves to
100 cows from aerial surveys reported in Dau (2015).

Results

Based on parturition outcomes between models and aerial ob-
servations, the overall concordance for the IBM (e.g., Fig. 2A) was
77% (n = 166; Table 2). We observed interannual variation in sup-
port ofthe IBM to identify calving events ranging from 61% to 94%
(Table 2). Of the 39 designations made by the IBM that were not in
concordance witl1aerial observations, 12were false positives (aerial
observations did not suppot a modeled parturition event), 16 were
false negatives (model failed todetect a calf when aerial observation
detected one), and 11were instances in which the estimated partu-
rition date was inconsistent with aerial observations. Visualiza-
tions of the fitted model to the data from each female suggested
that the IBM consistently estinlated tlie calving date one step (8 h)
early, before the period of decreased movement rate.

Bootstrapping the PBM calving threshold resulted in a bimodal
kernel distribution with a maximum at B5 n/h. One individual
exhibited a noticeably faster postcalving 3-day mean movement
rate (153 times greater than the other individuals), so we ex-
cluded that individual and reran the bootstrap procedure. The
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Fig.2. Detection of calving events based onthree different methods for Western Arctic Herd barren-ground caribou (Rangifer tarandus granti)
from 2010to 2015in Alaska, USA. Plot A depicts the application of the individual-based method (IBM):the parturition model (solid black line)
is plotted over step lengths on the y axis, the green dot-dashed line (gray dot-dashed line in print) is the estimated parturition event, and the
blue dashed line (gray dashed line in print) is the aerial observation during which a calf was observed. Plot B depicts the application of'the
population-based method {PBM)to a different individual based on 3-day mean movement rates:the horizontal dashed line is the estimated
population threshold, PBM calving date is depicted by the dotted red line (dotted gray line in print), and two aerial observations are depicted
by the blue dashed lines (gray dashed lines in print). Plot C depicts the nonparturition IBM model and plot D depicts the nonparturition
model result of the PBM with two additional individuals that were estimated to be not parturient by observation of soft antlers (blue dashed

lines; gray dashed lines in print). Color version online.
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Table 2. Agreement among individual-based method (IBM), population-based method (PBM), and aerial observation
method results fur Western Arctic Herd barren-ground carl>ou (Rangifer tarandus granti) parturition events in Alaska,

USA.
IBM-aerial PBM-aerial IBM-PBM Consensus-aerial
Percent Percent Percent Percent
Year agreement n agreement n agreement n agreement n
2010 63 24 71 21 64 33 73 15
2011 94 18 85 20 72 39 4 17
2012 92 25 100 25 83 36 100 22
2013 75 24 68 22 68 37 87 15
204 87 31 91 32 74 43 96 25
2015 61 44 71 41 61 44 80 25
Overall 77 166 81 161 70 232 89 119

Note: Movement-based methods were considered to agree with aerial obseivations ifthe parturition result (calved versus did not
calve) and estimated parturition date were supported. Comparisons between IBM and PBM results were considered to agree ifthe
parturition result was the same and estimated dateswerewithin 3days. Consensus indicates a subset of results frommovement-based

approaches inwhich the IBM and PBM agreed.
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resulting distribution was unimodal with a maximum value at
137 m/h. and we used this threshold value for the second stage of
the analysis. The PBM returned similar results to the IBM in that
8% (n = 16]) of overall events were confirmed by aerial surveys
with interannual variation ranging from 68% to 100% (e.g., Fig. 2B,
Table 2). Of the 31 parturition designations in disagreement,
7were false positives, 13 were false negatives, and 11were instances
in which the estimated parturition date was not supported by
aerial obselations. The PBM did not nm for 9 reproductive sea-
sons out of the 241total reproductive seasons, all of which had
extensive periods of missing data (10-58 missing steps).

Agreement in parturition outcome between IBM and PBM
methods was 70% (n= 232) and ranged annually from 61% to 83%
(Table 2). Of the 69 instances of disagreement, 54 were when
the methods resulted in different parturition designations and
15 occurred when the estimated partmition dates were greater than
3 days apart. In comparing the concordance between movement-
based methods and aerial obselvations, movement-based results
appeared to agree more often when aerial observation detected
parturition in contrast to nonparturition (78% and 63%, respec-
tively). When we considered only those cases in which IBM and
PBM concurred on parturition outcome, aecrial obselvations sug-
gested an 89% overall accuracy (n = 119), with annual variation
ranging from 73% to 100% (Table 2). Of the B incorrect model
outcomes, 4 were false positives, 4 were false negatives, and
Swere instances where the estimated parturition datewas incon-
sistent with aerial observations. We identified a subset of
13 reproductive seasons in which a female was obselved both
before and after she had a calf and had matching IBM-PBM par-
turition designations. Ten of the B estimated parturition dates
occurred between aerial observations and 3 incorrect dates oc-
curred before the actual parturition event. Agreement between
movement-based methods appeared to predict accuracy, with the
linear regression of model agreement as a predictor of accuracy
resulting in an R?value of 0.8.

Our subsampled 16 and 24 h fix rate data exhibited similar
results as the original data. For the 16 h fix rate, overall concor-
dance was 76% (n=163) for the IBM and 82% (n=154) for the PBM
when compared with aerial observations. For the 24 h fix rates,
this was 76% (n = 167) for the IBM and 83% (n = 15]) for the PBM
when compared with aerial obselvations. For the consensus ap-
proach, support for the movement-based methods was 87% for
both 16 h (n= 118) and 24 h (n = 1) fix rates (Supplementary
Table S2).'We found the IBM model robust to different values of
the three constraints (int and minimum and maximum for kcons).
Using values of up to 2 days in either direction for int and the
minimum of kcons marginally affected inference, and results
broadly agreed with the original results; agreement with the orig-
inal results ranged from 95% to 99% and concordance with aerial
observations decreased by only 2% at the most (Supplementary
Table S3).'A range of12-24 days for the maximum value of kcons
resulted in 93%-99% agreement with original results and only a %
decrease in concordance with aerial observations for the lowest
value.

We found significant interannual variation in parturition tim-
ing (ANOVA:F,5,=9.5,p<0.0]) and the median calving date for
eachyear of monitoring ranged from 1Jtme (2014)to 8Jtme (2013)
(Fig. 3). Peak calving (whenthemean middle 50% ofcalvingevents
occurred) was 2-6Jtme for our study period and encompassed
4-7 days, with the earliest starting on 31May (2010 and 2014) and
the latest ending on 11June (2013). We compared the estimated
parturition rates from each movement-based method with ratios
of obselved calfto 100 cows from Dau (2015) and found that both
approaches fell below observed ratios forsomeyears (Table 3), but
both resulted in 4%-5% higher overall rate estimates. When we
compared estimated parturition rates fromthe IBM and PBM con-
sensus approach, we found consistently higher parturition rates
eachyear and an overall rate of12% higher than aerial estimates.
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Discussion

We set out to examine ifthe movement-based methods used to
identify parturition events for nonmigratory ungulates were ap-
plicable for migratory populations. Although each method inde-
pendently exhibited linlitations in accuracy (approximately 80%
each) and had higher false negative rates in which the methods
failed to detect a calving event, we fotmd that aerial observations
suggested we were 90% accurate by adopting a consensus ap-
proach in which we only considered the movement-based results
when the two models agreed. The disadvantage ofthis approach is
that we were unable to make inferences for 30% of the possible
reproductive events in our data set, with the potential that some
of the instances of disagreement were not randomly affiliated
witllone outcome or another. However, the benefit is that for the
remaining 70%, we increased our confidence in the validity of the
identified parturition events. Agreement between the two meth-
ods appeared to function as an index of accuracy, given the R?
value of 0.8, with the years of lowest agreement achieving the
lowest accuracy. Our estimated accuracy of the PBM-IBM consen-
sus approach is less than the 97% reported for woodland caribou
(DeMars et al. 2013), but comparable witllother results using mix-
tures of direct observation of GPS data and relatively simple move-
ment models reported for moose ( 88%; Severud et al. 2015) and
elk (93%; Dzialak et al. 2011).

Traditional methods to detect parturition rely on invasive tech-
niques such as vaginal implants (Bowman and Jacobson 1998),
which are logistically challenging to deploy in remote areas, oron
frequent and repeated observations of the study animal (such as
Whitten et al. 1992), which can be costly to achieve fine-scale
temporal resolution. Altllough still requiting the capture and col-
laring of an adult individual to perform these movement-based
analyses, this approach to remotely monitor parturition offers
reduced disturbance across the lifetime ofthe animal. Comparing
our analytical results with aerial obse lvations suggests that tliese
methods provide an alternative with increased confidence in es-
timated timing and location of parturition, if not overall rate, for
migratory ungulates and could be useful to managers seeking to
limit aerial flights during atinlk of year when animals are suscep-
tible to disturbance (de Vos 1960; Calef et al. 976). Using the
results from our analysis, we found that peak calving for the WAH
varied throughout the first 11days of June and usually occurred
before 8 Jtme. These observed differences in parturition tuning
have management implications for this herd and future work
should investigate the environmental and physiological influ-
ences behind this pattern.

We note tliat our estimated PBM calving tlueshold (137 m/h) for
the WAH was nine times greater than that of the woodland cari-
bou threshold (15.3 m/h) estimated in DeMars et al. (2013), high-
lighting the differences in movement strategies between tliese
disparate populations. The WAH calving threshold is sinlilar to
movement rates of parturient females reported for the nearby
migratory Teshekpuk Herd (162 m/h). although their reported
rates were based on daily VHF collar relocations (Carroll et al.
2005) and longer relocation intervals lead to lower estimated
movement rates Uoly 2005; Prichard et al. 2014). We observed
individual variation in postpaitum movement rates, as illustrated
by the bimodal distribution of the first bootstrapped calving
threshold. In future applications of this metllodology, we suggest
furtller evaluation of variation in postpartum movement rates
and whether it correlates with timing of paturition in relation to
the herd, migration tinling, or is variation inherent to the indi-
vidual and, thus, annually consistent. Possibly, late paturition
events are marked by faster postpartum movement rates because
the herd-level movements are increasing as the herd moves into
the faster postcalving movements associated with insect harass-
ment inJuly (Dau 2015).
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Fig.3. Annual calving phenology for Western Arctic Herd barren-ground caribou (Rangifer tarandus granti) from2010to 2015in Alaska, USA..
Each histogram indicates the number of estimated parturition events per day for eachyear. Red vertical dashed lines (gray vertical dashed
lines in print) indicate the median calving date and the gray box indicates the middle 50% quantile (peak calving) for each year.Parturition
events were identified fromthe individual-based and population-based methods that were supported by aerial observations, aswell as
instances where the two movement-based methods agreed onparturition events that lacked aerial observations.Color version online.
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Table 3. Estimates ofapparent parturition rates (%) fromaerial surveys, individual-based method (IBM), and population-
based method (PBM) for Western Arctic Herd barren-ground card>ou (Rangifer tarandus grantt) in Alaska, USA.

Aerial surveys IBMonly PBM only IBM-PBM consensus

Percent Percent Percent Percent
Year parturition n parturition n parturition n parturition n
2010 73 80 67 33 70 33 76 21
2011 77 74 87 39 79 39 93 28
2012 62 71 68 37 58 36 67 30
208 63 71 79 38 68 37 80 25
204 69 68 84 45 81 43 91 32
2015 78 68 65 49 84 44 81 27
Overall 70 432 75 241 74 232 82 163

Note: Results from aerial surveys were reported as number of calves per 100 cows from Dau (2015), which is in contrast to the

estimated parturition rates ofthe movement-based methods.
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Vadation inseasonal movement patterns appeared to influence uted some early parturition detections that were not supported by
the efficacy of these methods. Dau (2015) reported median daily aerial observations to localized, pre-migration movement pat-
rates of travel from GPS data for WAH cadbou during winter as terns. We based the decision on when to initiate the analysis on
less than 100 mfh, well below our PBM threshold, and we attrib- the earliest reported calving event for the study population; how-
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ever, we noticed that migration appeared to start later than this
date in some reproductive years. One potential improvement for
future applications of this method would be to start the move-
ment time series being analyzed at the onset of migration at the
individual level which would be derived from a separate analysis.
Such an improvement would increase the complexity of the anal-
ysis for the user, but it would likely reduce false positive detec-
tions at the beginning of the time series.

Partial migration, inwhich amigratory populationiscomposed
of migrants and residents (Chapman et al. 2011, has occurred
sporadically for individuals in the WAH Uoly and Cameron 2017)
and appears to be much more common in other herds (Person
et al. 2007; Nicholson et al. 2016). For those WAH individuals
overwintering closerto the calving grounds, movement was dlar-
acterized by low rates from the beginning to the middle of the
time series, followed by asharp increase inmovement rates as the
herd transitioned into postcalving movements. Asthe parturition
model of the IBM assumes a mean movement rate that is similar
before and after the calving event, we suspect that this method is
ill-suited for individuals exhibiting disparate pre-and post-calving
movement patterns. We recommend careful inspection of varia-
tion in migratory strategies when applying this method to other
migratol ungulates and ensuring that the general movement
patterns fit the assumptions of the models being applied. Inter-
estingly. the year with the highest agreement between models
and with aerial data (i.e., 202) corresponded to the latest spring
migration, asnoted by thedates of crossingthe Noatak River Uoly
and Cameron 2017). Although we were unable to test this relation-
ship further, the correlation suggests that detection of = on
ismore effective when the interval between the end ofnugrat10n
and the onset of parturition is short.

We found in this study that reducing the fix rate resulted in
only a 3% decrease in accuracy for methods when using 16 and
24 h intervals,which contrasts the findings of DeMars et al. {208}
of continual decline in accuracy as the fix rate decreased. We
attribute this resilience of sensitivity to the larger magnitude of
movement rate changes in migratory animals compared with
woodland calibou, and that even a reduced fix rate of one location
every 24 h still capnlred the abrupt change in movement rate
associated with parturition. Considering that our analysis was
performed using 8 h intervals, we expect that a more frequent
relocation schedule during calving could increase the accuracy
of these method s, especially for those individuals in which IBM
and PBM disagreed, and result in fewer unclassified reproductive
years.

We recognize that our ability to validate movement-based
methods was likely influenced by two factors within our study:
() our relatively poor temporal resolution and sparsity in aerial
observations and (2) potentially high neonatal mortality on the
calving grounds that we were unable to quantify. Because we only
considered females parturient if they were observed with a calf,
our designations of parturition events from the aerial data were
likely conservative given the high rate of eventual parturition
observed in females with hard antlers (Whitten 1995. Of our
220 observations of individuals across 6 years, 9% were females
observed without a calf and never observed with antlers, were
only observed with hard antlers, or were observed with hard ant-
lers and then observed with soft antlers. We categorized these
individuals as "unknown" in an effort to mininlize uncertainty;
however, we suspect that a portion of these were indeed pregnant.
This means that we were also limited in detecting parturition
events only up to the last aerial observation. Our methodology
differs from previous reports of WAH parturition rate (Dau 1997,
2011, which used calf presence and hard antler status to indicate
patturition. Other snldies to validate movement-based approaches
to infer parturition have analyzed blood samples taken at capnire
for progesterone to classify pregnant females (Dzialak et al. 2011
DeMars et al. 203; Severud et al. 2015). Lacking this detailed data,
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we interpreted the aerial observation data and comparisons with
the movement-based methods conservatively. Our observations of
three females with hard antlers on the calving grounds having
each initiated growth of new antlers within 5 days of calving isa
potentially novel observation and an exception to Whitten's
(1995} findings that growth of new antlers by females during the
parturition time frame is a reliable indicator of nonparturition.

High neonatal mortality has been reported for neighboring mi-
gratory populations such as the Porcupine Herd (8%-25% in the
first 48 h; Whitten et al. 992). Because we lacked daily aerial
observations, classifications of nonparturition from our aerial
data were inherently more uncertain than for parturition due to
the potential of neonatal mortality. Overall, parturition rate esti-
mates from each of the individual methods (IBM and PBM} was
4%-5% higher than those reported from only aerial observations,
and the overall estimate from the consensus approach was 2%
higher. Botllresults suggest that neonatal mortality is a factor for
tlle WAH and highlights the importance of consideling the timing
of aerial surveys in relation to peak calving when interpreting
results from spring parturition surveys. However,we recommend
further validation of these methods using more consistent aerial
observation data to better understand inconsistencies between
IBM and PBM predictions, the overall increase in estimated rates
when comparing movement-based methods to aerial observa-
tions, and the potential for calving events to be easier for move-
ment models to detect than instances of noncalving or neonatal
mortality.

Our results suggest a broader applicability of these movement-
based methods to migratory aninlals. Despite the strategy of spa-
tial aggregation during calving, we were able to identify an abrupt
behavioral change — parturition — by barren-ground caribou
from GPS location data. We recollllllend the use of both IBM and
PBM in conjunction and placing the highest confidence in results
when both methods concur to identify parturition events.
Movement-based metllods such as these offer an improvement in
spatial and temporal resolutions in inferring life-history events
such as parturition, which can be valuable for future studies that
investigate the ecology of migratory aninlals inhabiting remote
environments.
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