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Abstract

The decline of most caribou (Rangifer tarandus) populations underlines the need to understand the determinants of key
demographic parameters. In migratory caribou, we have limited information on rates and drivers of pre-weaning mortality.
We fitted 60 pregnant females of the Riviere-aux-Feuilles caribou herd with GPS camera collars to track the survival of
calves from birth to weaning in 2016-2018. Over the three years, calf survival rate before weaning, i.e. to 01-Sep, approxi-
mately three months of age, was 0.63 (CI 0.50-0.77). Summer mortality risk was mainly influenced by calf birth date, with
calves born earlier in the calving season having a lower mortality risk than those born later. Mortality also increased when
calves experienced low or high temperature during calving. This study provides the first estimates of pre-weaning survival
of migratory caribou calves in this herd, illustrating the value of new technologies to collect data otherwise difficult to obtain
in widely distributed migratory populations. This approach can easily be extended to other large herbivores and predators.
Our study brings new insights on how climate change may affect summer juvenile survival given the increased temperatures
and faster changes in plant phenology expected in the future.
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Introduction

Reliable estimates of fecundity, survival, and their drivers
are needed to better understand population demography
(Mace et al. 2010). In ungulates, juvenile recruitment, the
product of female fecundity and juvenile survival (Owen-
Smith and Mason 2005), is a major driver of population
dynamics (Coulson et al. 2001). Several factors such as
maternal allocation (Carstensen et al. 2009), weather con-
ditions (Eacker et al. 2016), and predation (Jacques et al.

Communicated by Christian Kiftner.

<] Barbara Vuillaume
barbara.vuillaume.1 @ulaval.ca

Département de Biologie, Caribou Ungava, Centre d’Etudes
Nordiques, Université Laval, 1045, Ave. de la Médecine,
Québec, QC G1V 0A6, Canada

Département de Biologie, Université Laval, Québec,
QC G1V 0A6, Canada

Ministere des Foréts de la Faune et des Parcs, Québec,
QC GI1S 2L.2, Canada

Département de Biologie, Caribou Ungava, Centre
d’Etudes Nordiques, Université de Sherbrooke, Sherbrooke,
QCJ1IK 2 R1, Canada

Published online: 28 August 2023

2015) can affect juvenile survival. Some of these factors
may partially compensate each other, for example predation
risk and weather conditions or resource availability (Barber-
Meyer et al. 2008). In any cases, juveniles seem particularly
at risk before weaning (Gaillard et al. 2000). Monitoring
pre-weaning survival presents multiple challenges, such as
limited access to birth sites over large remote areas related
to field access and cost, and the vulnerability of neonates to
manipulation and markers, such as GPS collars, that may
affect their survival (Venturato et al. 2009; Roberts 2011).
At birth, survival is influenced by body condition, which
is often affected by maternal traits (Wilson and Festa-Bian-
chet 2009). Lighter mothers give birth to smaller offspring
(Robbins and Robbins 1979; Lamb et al. 2023) that have low
survival (Keech et al. 2000; Donadio et al. 2012; Otgonbayar
et al. 2017). Maternal effects may be reinforced during late
gestation, when females have high energy demands but for-
age abundance and quality are poor (Barboza and Bowyer
2001; Wilson and Festa-Bianchet 2009), potentially reduc-
ing fetal growth and birth mass (Parker et al. 2009; Lamb
et al. 2023). In their first weeks, juvenile ungulates are com-
pletely dependent on maternal milk and will not survive if
their mother dies (Landete-Castillejos et al. 2005; Parker
et al. 2009). Females in poor body condition may provide
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less or lower quality milk (Landete-Castillejos et al. 2003;
Desforges et al. 2021), which can decrease the growth and
survival of juveniles (Tollefson et al. 2011; Scornavacca
et al. 2016). Female condition at calving and during lactation
is thus a key determinant of offspring condition and survival.

Timing of birth is another key determinant of juvenile
survival in ungulates (Bishop et al. 2009; Lee et al. 2017,
Thel et al. 2021). Delayed birth may decrease offspring
survival due to mismatch in resource availability (Parker
et al. 2009), adverse weather conditions (Thel et al. 2021),
increased predation risk (Michel et al. 2020) and lower birth
mass (Paoli et al. 2019). During early lactation, an early
onset of vegetation growth and high productivity allow
mothers to improve body condition (Tveraa et al. 2003;
Parker et al. 2009) and may have an indirect positive effect
on juvenile survival (Landete-Castillejos et al. 2005; Ther-
rien et al. 2008). Inversely, a mismatch between the avail-
ability of high-quality food and the peak of lactation can
reduce body condition of juveniles (Tveraa et al. 2013; Plard
et al. 2014; Stoner et al. 2016). When juveniles are born late
in the season, the highest energetic demands of lactation
occur after the peak in vegetation availability and quality.
Maternal food intake may be insufficient to cover the ener-
getic needs of lactation (Parker et al. 2009; Plard et al. 2014),
leading to higher rates of juvenile mortality.

Weather conditions may directly affect juvenile survival,
particularly immediately after birth, when neonates face a
high energy demand for thermoregulation (Knott et al. 2005;
Michel et al. 2018). Rain and snow during the first week of
life combined with low spring temperatures can increase the
risk of hypothermia (Michel et al. 2018; Chinn et al. 2021).
Thermoregulatory ability is poor in small or malnourished
neonates (Knott et al. 2005; Dion et al. 2020). Vegetation
quality and availability may also directly affect growth and
survival when juvenile start to feed on forage (Pettorelli et al.
2005b; Garel et al. 2011; Scornavacca et al. 2016). Changes
in quality and availability of forage can be induced by tem-
perature and either improve neonatal survival (Therrien
et al. 2008; Michel et al. 2018) or deteriorate their physical
condition (Pettorelli et al. 2007; Tveraa et al. 2013). Warm
summers are also associated with greater insect harassment
that can drastically reduce foraging activities (Dussault et al.
2004; Benedict and Barboza 2022) and lower body condition
(Hagemoen and Reimers 2002; Benedict and Barboza 2022).

Most research on the drivers of population dynamics
in migratory caribou and other ungulates has focused on
juvenile recruitment, assessed many months after weaning
(Mahoney and Schaefer 2002; Coulson et al. 2005; Serrouya
et al. 2017). Pre-weaning survival is expected to vary con-
siderably between years (Gaillard et al. 2000; Harris et al.
2007), but it is rarely studied, notably due to difficulties in
obtaining such information in the wild (Duquette et al. 2015;
Mumma et al. 2019). Remote data collection using GPS
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collars and associated devices such as accelerometers and
cameras can partly overcome these limitations for monitor-
ing newborns (Lavelle et al. 2012; Brockman et al. 2017),
especially in migratory species occupying a very large range
(Whitten et al. 1992).

We deployed high-resolution camera collars on pregnant
females in the Rivieére-aux-Feuilles herd (northern Québec,
Canada) to investigate the drivers of pre-weaning survival in
migratory caribou. Like most Rangifer populations world-
wide (Vors and Boyce 2009), the Riviere-aux-Feuilles herd
is in decline and decreased by more than 70% over the last
25 years (see Fig. 2 in Gagnon et al. 2020). During this
period, the herd experienced highly variable autumn recruit-
ment, with calves to females ratio ranging from 14:100 in
2014 (Taillon et al. 2016) to 56:100 in 2020 (MFFP, unpubl.
data). Calf survival may be a key element explaining the
population reduction (Gaillard et al. 1998; White et al.
2011), but no direct information on pre-weaning survival is
available for migratory caribou. There are currently no data
on newborn survival in barren-ground caribou. Our study
aims to fill this gap. To estimate pre-weaning survival, we
tracked calf sightings in videos collected by camera collars
from birth to weaning (ca. 3 months old, Vuillaume et al.
2021). We then assessed whether maternal body condition
prior to calving, calf birth date, resource availability, and
weather conditions influenced pre-weaning calf mortality.
We expected survival probability to vary yearly and to be
explained by both individual and environmental conditions.

Methods
Study area

We monitored caribou on calving and summer ranges of
the Riviere-aux-Feuilles herd in Nunavik, northern Québec,
Canada (Fig. 1). The calving range covered about 127,000
km? in 2016-2018 and the summer range extended over
about 254,000 km? (Fig. 1). According to aerial survey
estimates, the herd reached at least 628,000 individuals in
2001 (Couturier et al. 2004), before declining to 199,000
(15,920, 90% CI) individuals during the latest survey in
2016 (Ministere des Foréts de la Faune et des Parcs 2016).
The Riviere-aux-Feuilles herd migrates ca. 800 km dur-
ing spring (April-May) from its winter range in the taiga
to its calving ground in the tundra (Le Corre et al. 2014).
Females usually arrive on the calving ground in early June,
where they remain for ca. 35 days (Taillon 2013), before
moving to their summer range, where they feed on high-
quality forage until late September (Taillon et al. 2012; Le
Corre et al. 2017). Vegetation in summer includes grami-
noids, herbaceous, dwarf shrubs (e.g., Betula spp., Salix
spp.), terrestrial lichens, and mosses (Walker et al. 2005).
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Fig.1 Calving and summer ranges (95% kernels) of female migra-
tory caribou (Rangifer tarandus) from the Riviere-aux-Feuilles herd,
Nunavik, Canada, 20162018

The climate of both the calving and summer ranges is char-
acterized by cool summers, with an average maximum tem-
perature of 11.7 °C and an average summer total precipita-
tion of 169.7 kg m~2 (North American Regional Reanalysis
data; Mesinger et al. 2000).

Captures and camera collars

We deployed camera collars on pregnant female caribou to
monitor the survival of their calves over the calving and
summer seasons. Each year, we located caribou groups
based on the recent locations of GPS-collared adult caribou.
Groups ranged from a few dozen to several hundred caribou
and were several kilometers away from other groups. Groups
were spread over ca. 100,000 km? on the winter range,
between the 52° and the 55° parallel. We randomly selected
a single potentially pregnant female per group sampled.
We captured 60 pregnant female caribou in March 2016
(n=14), 2017 (n=24), and 2018 (n=22). Captures occurred
at least eight weeks before calving, which is usually cen-
tered around 09-Jun (1995-2010 average; Taillon et al.
2016). Experienced technicians using a net gun fired from
a helicopter captured, restrained, collared, and weighed the

caribou, confirming pregnancy with an ultrasound scan-
ner (ExaGo, ECM Noveko International Inc., Angouléme,
France). Camera-GPS collars (model: VERTEX Plus,
VECTRONIC Aerospace GmbH, Berlin, Germany) were
deployed only on pregnant females. Two models of cam-
eras were used each year: 14 collars had a camera with a
resolution of 848 X480 pixels and a rate of 60 frames s™!
and 10 had a camera with a resolution of 1280 % 720 pixels
and a rate of 30 frames s~! (Vuillaume et al. 2021). All col-
lars recorded a 10-s video every 20 min, and a GPS location
every hour, from 01-Jun to 01-Sep when they automatically
dropped. Collars recorded videos from 05:00 am to 8:00 pm
daily, providing a potential of 4426 videos collar~! over the
monitoring period.

Of the 60 collars deployed, 52 were retained for com-
plete analysis. We excluded five collars because they failed
to record more than 30% of videos (Lavelle et al. 2015).
Three females died before calving. Two females gave birth to
stillborn calves which we included only in the estimation of
survival. Given the total number of videos (253,920) and the
time required to analyse a 10-s video by a trained observer
(~ 1 min), we used a subsample of one video h~!in the anal-
yses. For each day, we randomly selected the time of the
first video watched (8:00, 8:20 or 8:40) and then analyzed
the videos recorded at hourly intervals for that day. A total
of 15 different observers (six each year) worked on the data
extraction from the videos. The number of collars assigned
to each observer varied from one to seven. To limit the risk
of observer influence on the probability of re-sighting, all
observers were previously trained for about 10 h with a set of
200 pre-analyzed videos to standardize their interpretation
(Vuillaume et al. 2021).

Life history

We built calf life histories to identify which calves survived
and which died and when. After the first detected occurrence
of the calf, each subsequent video became a re-sighting
opportunity. As calves age, the distance between mother and
calf increases and the calf should be less likely to be seen
in videos (Severud et al. 2019). To overcome this, we com-
puted re-sighting occurrences on a weekly basis to ensure a
very high probability of re-sighting (Vuillaume et al. 2021)
and to facilitate biological interpretation and comparison
with other studies (Kilgo et al. 2012; Monteith et al. 2014).

To ensure that the sighted calf belonged to the monitored
mother, observers built an adaptive identity card of each
calf with pictures recorded over the weeks (Fig. 1 in ESM
1). This ID card included several phenotypic traits, such
as coat color and patterns (Bertulli et al. 2015), to identify
the calf with confidence. We also used behaviors, such as
affiliative contacts, very close proximity, and calf waiting for
the mother to confirm calf identity (Vuillaume et al. 2021).
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When the identity of the calf could not be confirmed, we
considered it not sighted. For each calf, we coded weeks
with at least one re-sighting as “1” and weeks without calf
re-sighting as “0”, regardless of whether the calf was dead or
potentially still alive. To account for stillbirths, we included
one ‘sighting’ before birth, representing the living state of
the foetus during the ultrasound at capture.

Individual and environmental covariates

We used maternal body mass (kg) at capture, eight weeks
before expected calving, as a proxy of maternal body condi-
tion during gestation. We estimated calf date of birth (DOB;
in Julian day starting on 01-Jan) based on evidence of recent
calving in all videos available. Evidence included sighting
of a wet newborn, partly covered by the placenta, sometimes
with eyes half-opened or showing difficulties to stand.

To have a proxy of resource quality and availability, we
built individual curves of the Normalized Difference Veg-
etation Index (NDVI) for the entire summer to estimate the
onset of vegetation growth in June and total vegetation pro-
ductivity over the summer (Pettorelli et al. 2005a; Hamel
et al. 2009; Pettorelli 2013). NDVI values were extracted
from a 250 m? 16-day composite IV MODIS, from the
National Aeronautics and Space Administration Land Prod-
ucts Distributed Active Archive Center (MOD13Q1 NASA
data product; Huete et al. 2002). For each individual, we
defined the used area from a simplified trajectory built with
the first recorded location each day. We then added a 10
km radius buffer, corresponding to the average daily dis-
tance traveled by females during summer (10.7 km +0.2 km
per day; Couturier et al. 2009), around the trajectories. We
chose this approach because several individuals had partially
straight trajectories, which were incompatible with the use
of kernels (loss of the straight segment) and minimum con-
vex polygons (increase in surfaces not used by the caribou).

The individual 16-day composite values of NDVI were
extracted for each corresponding segments of all trajectories.
For each 16-day period, we computed the mean of all pixels
in each segment. We then computed the integrated NDVI in
June (iNDVI) by adding the mean NDVI for the two 16-day
periods in June (01-Jun—15-Jun and 16-Jun—30-Jun, Hamel
et al. 2009; Garel et al. 2011) and used it as a proxy of the
onset of vegetation growth (Garel et al. 2011; DeMars et al.
2017). We then built NDVI curves for the summer by fitting
aloess curve to NDVI values from 01-Jul to 01-Sep and used
these curves to compute the cumulative NDVI (TiNDVI),
calculating the area under the NDVI curve over the summer
and using it as a proxy of total vegetation productivity dur-
ing summer (Campeau et al. 2019; Mahoney et al. 2021).

To define local weather conditions encountered by each
mother-calf pair, we used data from the North American
Regional Reanalysis (NARR), provided by the National
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Oceanic and Atmospheric Administration’s National Center
for Atmospheric Prediction (NCEP; Mesinger et al. 2006).
The NARR data are projections based on the pre-existing
NCEP Eta model and the Regional Data Assimilation Sys-
tem estimating precipitation and temperature data. The avail-
able data covers North America with a Northern Lambert
Conformal Conic grid of 349 X277 pixels and a resolution
of 32 km?2, which we centered over the province of Québec
using a Québec Lambert projection (epsg:32,198). These
projections are predicted over North America from data col-
lected at weather stations and are the most accurate available
for Nunavik (Mesinger et al. 2006). We validated the accu-
racy of the NARR projections by assessing the correlation
between NARR data and data available from 14 Nunavik
weather stations. During the summer (01-Jun-31-Aug), we
found a strong positive correlation for mean daily tempera-
ture (r=0.81 [0.80-0.82], n=4792, from 2006 to 2019) and
a moderate positive correlation for precipitation (r=0.56
[0.54-0.58], n=3559, from 2006 to 2019; ESM 2).

We extracted weather conditions predicted at the first
GPS location each day. Based on data resolution of the data
and caribou speed, we expected all locations of an individual
to be within the same pixel for a given day. We extracted
daily total precipitation (kg m~2) and daily local mean and
maximum temperatures (°C) from the NARR database. We
considered weather conditions to be relevant for calf sur-
vival at three temporal scales. First, we computed the total
precipitation on the day of calf birth. Second, we calculated
the mean daily precipitation and mean daily temperature
(in °C) in June, which roughly corresponds to the calving
season. Third, we computed the mean daily precipitation
and mean daily temperature (in °C) in summer (July and
August), which corresponds to the conditions experienced
by calves during their development.

Statistical analyses

We estimated the probability of calf survival during the
calving season, i.e. in June, which represented survival to
one month for a calf born the first week of June. We also
estimated calf survival probability before weaning, i.e.
to 01-Sep, which represented survival from birth to three
months. Following the methodology presented in Vuil-
laume et al. (2021), we used a capture-mark-recapture
approach based on calf sightings on videos as recaptures
to estimate calf survival (Mackey et al. 2008). We used
Cormack—Joly—Seber models (Lebreton et al. 1992) imple-
mented in MARK (v. 9.0, Cooch and White 2013) through
the R statistical software (R Core Team 2020) with the
package RMark (Laake 2013) to assess survival estimates
and the probability of calf re-sighting for all calves includ-
ing stillborns. To test the general fit of the model with the
data, we first fitted a general season-dependent model, i.e.
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¢(~season)p(~ Time), where the season covariate con-
strained ¢ (survival probability) to vary between calving
and summer season (~season) and the probability of detec-
tion (p) was a continuous variable representing the time in
weeks. We used the U-care software (Choquet et al. 2001,
2009) with the R package R2ucare (Gimenez et al. 2018) to
compute the Goodness-of-fit of the general model, which
adequately fitted the data (P values >0.05). In addition to
the general model, we then built two other models including
different covariates for the detection probability: a model
including only a continuous covariate representing the age
of the calf varying each week, i.e. ¢(~season)p(~ Age), and
a model constraining p to be fixed for the 3 months of the
study, i.e. ¢(~season)p(~ 1). To evaluate the best model for
the probability of detection, we compared these three candi-
date models (i.e. ~ Time, ~ Age, and ~ 1) based on the Akaike
Information Criterion corrected for small sample size (AIC;
Burnham and Anderson 2002), retaining the model with
the lowest AIC, value and equivalent models (AAIC, < 2).
Because the general model and the model with constant
detection were equivalently supported (AAIC, <2, Table 1
in ESM 1), we pursued with the general model for evaluating
survival probability ¢, keeping the temporal effect of Time
on p to ensure to account for this influence. We used this
model to estimate calf survival during calving season and
before weaning including stillborns.

Then, we assessed the influence of individual and envi-
ronmental covariates (Table 1) on pre-weaning survival
probability of calves. This second step only considered
live-born calves. Using the same approach described above,
we modeled ¢ with different covariate combinations, again

keeping p modelled as a function of Time. We assessed the
influence of individual traits and environmental conditions
encountered during two biological seasons, calving and
summer. All individual and environmental covariates were
centered and scaled. Because calves that died during the
calving season (n=35) did not experience summer condi-
tions, our design matrix applied effects of summer covari-
ates (temperature, precipitation, and TiNDVI) only at the
time occasion within the summer season. We used the binary
variable “Summer” to stratify time: weeks in the calving
season were coded 0 and weeks in the summer were coded 1.
This variable was in interaction with the summer covariates.
We tested the influence of the different covariates, including
birthdate because birthdate has been shown to be associ-
ated with survival in some ungulates (Bishop et al. 2009;
Kilgo et al. 2012) and raw data suggested an effect of this
variable (Fig. 2A). We only tested two covariates per candi-
date model to avoid overparameterization with a maximum
number of parameters of 6 (4 for @ and 2 for p), leading
to 21 candidate models including the null model (Table 2).

We evaluated the relevance of including year as a categor-
ical covariate in all models, comparing the model including
only the year to a null model. Because the model includ-
ing year had a AAIC >4 (Table 2) and yearly estimates
confirmed similar survival among the 3 years (confidence
intervals overlapping 0; see R code), we did not include year
as a covariate to avoid overparameterization. For all precipi-
tation and temperature covariates, we tested the relevance of
fitting a quadratic effect using a likelihood ratio test. These
tests supported the inclusion of a quadratic effect for covar-
iates: mean daily precipitation during calving season (>

Table 1 Individual and environmental variables to evaluate the determinants of survival and detection probability for migratory caribou calves
during the first 3 months of life, from 2016 to 2018, from the Rivi¢re-aux-Feuilles herd in Nunavik, Canada

Model Covariate Type Description
P Time Continuous Time in weeks since 01-June
@ and p Age Continuous Age in weeks
D Summer Categorical Binary variable (0-1) to call summer covariates only during summer weeks
Season Categorical Binary variable (1-2) to identify calving and summer seasons
Year Categorical 2016, 2017, and 2018
DOB Continuous Date of birth in Julian day starting on O1-Jan
mass Continuous Mass of the mother at capture, ca. 8 weeks before calving (kg)
pepbirth Continuous Total precipitation the day of birth (kg m™2)
tealv Continuous Mean daily temperature during the calving season (°C)
pcpcalv Continuous Mean daily precipitation during the calving season (kg m™2)
iNDVI Continuous Vegetation growth index during the calving season—integrated NDVI in June
tsum?® Continuous Mean daily temperature in summer (°C)
pcpsum? Continuous Mean daily precipitation in summer (kg.m™>)
TiNDVI* Continuous Productivity index—cumulated NDVI in summer

Most variables were tested in separate models (see Table 2)

*Variables tested on a reduced sample for calves present in summer only (n=45, see “Methods”)
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Fig.2 Relationship between
the birth date and the survival
of calves monitored by camera
collars during the calving and
summer seasons of 2016, 2017
and 2018 from the Riviere-aux-
Feuilles migratory caribou herd
(Nunavik, Canada). a Distribu-
tion of birth dates: gray circles
represent calves alive at the
end of the study period, black
crosses calves that died during
the study period. b Calf survival
probability before weaning
(2016-2018) as a function of
their birth date. The line is the
mean prediction for the median
summer temperature (13.5 °C),
and the gray zone is the 95%
confidence interval

Table 2 Model selection results
for the analyses evaluating

the effects of individual and
environmental variables
measured during the calving
season (June) and the summer
season (01-July to 01-Sep)

on the pre-weaning survival
probability of migratory caribou
calves
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Date of birth
Model for @ K AIC, AAIC, AIC Wt Deviance
~DOB + Summer:tsum + Summer:tsum? 6 178.83 0.00 0.92 166.64
~DOB + pepcalv + pepealv? 6 186.04 7.21 0.02 173.85
~DOB + Summer: TiNDVI 5 187.39 8.56 0.01 177.26
~DOB 4 187.44 8.62 0.01 179.36
~DOB +iNDVI 5 188.39 9.56 0.01 178.26
~DOB + mass 5 189.31 10.49 0.00 179.18
~DOB + pcpbirth 5 189.37 10.54 0.00 179.23
~DOB +tcalv 5 189.41 10.58 0.00 179.28
~DOB + Time_sum:pcpsum 5 189.45 10.63 0.00 179.32
~ Summer:tsum 4+ Summer:tsum? 5 189.80 10.97 0.00 179.66
~Summer:TiNDVI 4 194.82 15.99 0.00 186.73
~pepealv + pepealv? 5 196.23 17.40 0.00 186.09
~1 3 197.36 18.54 0.00 112.10
~tcalv 4 198.24 19.41 0.00 190.15
~iNDVI 4 198.82 19.99 0.00 190.73
~Summer:pcpsum 4 198.96 20.13 0.00 190.87
~Age 4 199.09 20.26 0.00 111.79
~pcpbirth 4 199.33 20.50 0.00 191.24
~mass 4 199.33 20.51 0.00 191.25
~Season 4 199.40 20.57 0.00 112.10
~Year 5 201.40 22.57 0.00 112.06

Covariates in the models were centered and scaled. In all models, the detection probability was a function
of Time as a continuous variable. See Table 1 for variable description
K number of parameters, AIC. Akaike criterion for small sample size, AAIC,. AIC, — the lowest AIC,, AIC-
Wt AIC, weight, covariate’ squared covariate
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=4.88, df=1, p=0.03) and mean daily temperature during
summer (;(2=4.64, df=1, p=0.03), which we fitted using
a polynomial function of degree 2. We identified the best
models based on the AIC, as described above, and used the
function covariates.predictions from the Rmark package to
predict survival estimates with the covariates included in
the selected models.

Results

Birthdates ranged from O1-Jun to 04-Jul, with a median
of 12-Jun [80% confidence interval (CI)=07-Jun—18-Jun]
(Fig. 2A). Of the 52 calves monitored, 2 were stillborn and
16 disappeared and were considered dead, including five that
disappeared during the calving season (June). Calf survival
[95% CI] during the calving season was 0.86 [0.77-0.96]
and pre-weaning survival, from birth to 01-Sep, was 0.63
[0.50-0.77]. The survival estimates were similar when still-
births were excluded from the analysis (Table 1 and Fig. 1
in ESM 3).

For the analysis evaluating the effect of individual and
environmental covariates on pre-weaning survival, one
model stood out with an AIC, weight of 0.93 (Table 2). This
model indicated a linear negative effect of birthdate and a
quadratic effect of mean daily temperature during summer
(Table 3). Based on this model, the mean [95% CI] calf sur-
vival before weaning was 0.67 [0.53—0.80]. When account-
ing for birthdate, pre-weaning survival probability decreased
for calves born late (Fig. 2B). Mean [95% CI] calf survival
probability before weaning was 0.99 [0.97-1.00] for a calf
born on 01-Jun and 0.58 [0.24-0.85] for one born around
01-Jul. Calf survival probability also varied with mean daily
summer temperature (Fig. 3). Mean [95% CI] calf survival
probability before weaning was highest during summers
with moderate mean daily temperature (13.5 °C), at about

Table 3 Effect sizes (on the logit scale) of the covariates included
in the most supported model (Table 2) describing survival (&) and
detection probabilities (p) of migratory caribou calves during the
first three months of life (n=50; 2016-2018), from the Riviere-aux-
Feuilles herd (Nunavik, Canada)

Parameter Beta Estimate SE LCI UCI

D Intercept 346  0.32 2.83 4.09
DOB —-098 025 -—-148 —-048
Summer:tsum 18.08 5.22 7.84  28.31
Summer:tsum?> —17.44 517 —-27.57 -7.32

P Intercept 375 087 2.06 5.45
Time 0.11  0.18 —-0.23 0.46

See Table 1 for variable description

SE standard error, LCI lower 95% confidence interval, UCI upper
95% confidence interval, covariate’ squared covariate

1.00 1

0.751

0.50 1

Estimated survival rate

0.251

115 12.0 125 13.0 13.5 14.0 14.5
Mean daily summer temperature (in °C)

Fig.3 Calf survival probability before weaning as a function of the
mean daily temperature during summer (°C) for migratory caribou
from the Riviere-aux-Feuilles herd (2016-2018, Nunavik, Canada).
The line is the mean prediction for the median date of birth (12-Jun),
and the gray zone is the 95% confidence interval

0.99 [0.97-1.00]. It slightly decreased to 0.94 [0.84-0.98]
in warm summers with temperature around 14.8 °C, but
decreased to 0.69 [0.34-0.90] in cool summers with a mean
daily temperature of 11.4 °C (Fig. 3).

Discussion

We assessed calf survival during the first three months of life
and identified its main determinants. Early calf survival is
crucial to understand variations in population dynamic but
was poorly documented for barren ground caribou. Juvenile
ungulates are at high risk of dying soon after birth (Bishop
et al. 2009; Kilgo et al. 2012). Our results concur with these
studies as one third (5/16) of live-born calves that disap-
peared died within the first 2 weeks of life. Survival during
calving season (June), up to 1 month old, was consistent
with calf survival rates observed in the Porcupine migratory
caribou herd and boreal caribou (Gustine et al. 2006; Por-
cupine Caribou Technical Committee 2017). In our study,
the number of calves that died shortly after birth (n=4),
i.e. within the first week, was twice as high as in the study
by Gustine et al (2006) based on 50 boreal caribou calves.
Unlike most studies on ungulates that focus on survival dur-
ing the calving season or to recruitment (6—12 months old,
Coulson et al. 2005; Owen-Smith and Mason 2005), we also
assessed pre-weaning survival. We estimated pre-weaning
survival, i.e. to 01-Sep, at 0.63, which was similar to sur-
vival at 3 months old (93 days) in elk (Cervus canadensis,
Griffin et al. 2011). During the same years as our study,
recruitment rate at 6 months old varied substantially for the
Riviére-aux-Feuilles herd (18% in 2016, 52% in 2017, 33%
in 2018; MFFP unpubl. data) with variable winter pregnancy
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rates (55% in 2016, 70% in 2017 and 2018; MFFP unpubl.
data). The 15% difference in pregnancy rates between 2016
and 2017/2018 likely contributed to the lower recruitment
in 2016. Considering that our analyses suggested similar
estimates of pre-weaning survival among these years, the
difference in recruitment rates could also be partly related
to calf survival in autumn. Mahoney et al. (2016) estimated
6-month survival probability of boreal caribou in Newfound-
land at 35.0 £4.0% during a population decline, confirming
that survival to recruitment may often be low. For migra-
tory populations, survival from weaning to recruitment, here
September to October, may be reduced by the onset of fall
migration and associated costs (Malpeli 2022). A full under-
standing of annual variations in calf survival will require a
consideration of pregnancy rates, survival to fall recruitment
and overwinter survival.

The risk of mortality during summer was mainly influ-
enced by the covariate “date of birth”, with pre-weaning
survival decreasing by 11% per week of delay in birthdate
since 01-Jun. The date of birth might have been correlated
with calf body condition at birth, or even predation risk.
Negative effects of birthdate on juvenile survival are com-
mon in temperate and arctic ungulates (Clutton-Brock et al.
1987; Bishop et al. 2009; Kilgo et al. 2012). When calves are
born early in the season, the peak of lactation is more likely
to match the peak of vegetation growth associated with the
disappearance of snow (Pettorelli et al. 2007; Stoner et al.
2016). The mismatch between these two peaks may lead to
higher mortality rates in juvenile ungulates (Tveraa et al.
2013; Plard et al. 2014). Although we could not assess calf
body condition, birthdate could be correlated with calf birth
mass if it was primarily determined by conception date, as
demonstrated for several ungulate populations (Clements
et al. 2010). During the breeding season, female ungulates
in poor body condition might mate later (Cook et al. 2004).
Given the expected relationship between female and calf
body condition at birth, late-born calves could have been
lighter and have a lower survival probability to weaning
(Paoli et al. 2019). Early birth may also improve survival
because predation risk could be lower at the beginning of the
calving season due to lower predator density prior to peak
births (Kilgo et al. 2012; Jacques et al. 2015). Moreover,
female with enhanced nutrition may better detect predators
and successfully defend their calf, while well-fed calves
might be in better condition and less susceptible to preda-
tion (Bishop et al. 2009; Buuveibaatar et al. 2013).

Weather conditions at calving and during the summer can
influence resource availability and thermoregulation costs.
Our results suggest survival decreases when summer tem-
peratures are cooler, potentially reflecting thermoregulation
challenges for newborns. Low temperature associated with
precipitation could increase the risk of calf mortality by
hypothermia (Michel et al. 2018; Dion et al. 2020). Lower
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temperature in summer might also reflect late snow melting
and vegetation onset during spring, implying limited vegeta-
tion resources for females at calving and potentially lower
quality milk in early lactation (Scornavacca et al. 2016). All
these conditions could affect early growth of calves and their
survival to weaning (Tollefson et al. 2011; Scornavacca et al.
2016; Nord and Giroud 2020).

In ungulates, resource availability can improve calf condi-
tion and survival (Garel et al. 2011; Bonar et al. 2016). We
found no evidence that forage availability affects pre-wean-
ing survival, but other research showed that summer forage
productivity can have delayed effects on winter calf survival
(Hurley et al. 2017). Furthermore, while earlier onset of veg-
etation growth in spring could lead to a mismatch between
vegetation quality and lactation peaks (Gauthier et al. 2013;
Renaud et al. 2022), it could also increase the temporal avail-
ability of high-quality forage (“slow start hypothesis’’; Chris-
tianson et al. 2013) and indirectly enhance calf survival.
Despite the large variability in spring green-up among the
years of our study (ESM 3), we did not detect an impact of
spring onset on calf pre-weaning survival.

Maternal mass is strongly and positively related to the
ability to provide milk and improve offspring mass gain
(Dobson et al. 1999; Skibiel et al. 2009; Macdonald et al.
2020). Offspring body mass is positively related to juve-
nile survival in ungulates (Keech et al. 2000; Griffin et al.
2011; Dion et al. 2020). Smaller juveniles and juveniles from
mothers with limited body reserves are more likely to die
earlier (Keech et al. 2000; Lamb et al. 2023). Influence of
maternal body mass on calf body mass has been previously
documented in the Riviere-aux-Feuilles herd for females
and calves measured at calving in 2007-2009 (Taillon et al.
2012). However, we did not find an effect for body mass of
adult females in spring on calf survival. Females in poor
condition might have been underrepresented in our sam-
ple because larger females with a round belly, suggesting
pregnancy, were targeted for capture. Mothers captured for
this study appeared heavier (96.5 kg, range 84—121 kg) than
females of this herd captured in February—March from 2010
to 2017 and for which pregnancy was not assessed (91.7
kg, range 70.0-114.2 kg; MFFP unpubl. data). Moreover,
females were captured prior to spring migration, eight weeks
before calving. Harsh environmental conditions during
migration can increase migration costs (Leblond et al. 2016;
Le Corre et al. 2017) and deplete maternal body reserves.
The females were also not necessarily at the same stage of
pregnancy. Thus, mass recorded in March may not indicate
adequately the body condition of a female at calving.

Using a novel observational method, our results show that
birthdate and mean daily temperature during summer are
the predominant factors linked to pre-weaning survival for
migratory caribou of the Riviere-aux-Feuilles herd. Several
studies found similar relationships in other taxa such as birds



Oecologia

for which these variables are well-known determinants of
juvenile survival (Dunn 2004; Sauve et al. 2021). Small sam-
ple size and the strong influence of calf birthdate may have
limited our ability to detect small environmental effects such
as forage productivity and precipitation, which require fur-
ther investigation. In addition, we were unable to account for
predation or determine the causes of calf death from videos.
We were neither able to investigate the influence of body
condition of calves and their mothers at calving because we
could not measure individuals at that time.

Despite these limitations, our study provides cues on
how calf survival might be affected by climate change in
future years. Warmer temperatures are expected to occur,
affecting ungulates worldwide (Malpeli 2022; Zhou et al.
2022), as well as increased precipitation in the Arctic. These
conditions should provide more abundant resources during
summer, through earlier snowmelt and vegetation onset, as
well as longer growing seasons (Hassol 2004; Gauthier et al.
2013; Ciach and Pgksa 2018). Conversely, warmer summers
may increase insect harassment (Benedict and Barboza
2022). Faster change in plant phenology, however, is likely
to increase the risk of mismatch between vegetation and lac-
tation peaks, which will reduce calf survival if mothers can-
not adjust calving dates accordingly (Post and Forchhammer
2008; Lee et al. 2017). Moreover, environmental conditions
that will increase the cost and length of spring migration
(Bekenov et al. 1998; Robinson et al. 2009; Le Corre et al.
2017), may limit the potential for females to adjust their
arrival date on calving ground and exacerbate the mismatch
by increasing calving delay. Therefore, rates of pre-weaning
survival and recruitment of ungulate calves in the coming
years will depend, at least partly, on the capacity of mothers
to adapt their migration and/or habitat selection behaviors
to the changing climate.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-023-05441-7.

Acknowledgements We thank the wildlife technicians of the Ministere
des Foréts, de la Faune et des Parcs du Québec for field work as they
carried out caribou capture, deployment, and recovery of camera col-
lars, mainly S. Rivard, D. Grenier, N. Trudel, C. Jutras and V. Bro-
deur. We thank the 15 video observers for their participation in various
aspects of the study, including the analysis of nearly 64,400 videos. We
are especially grateful to M. Garel for extracting and sharing NDVI
data.

Author contribution statement SDC, MFB and JT originally formu-
lated the idea and obtained funding for the study, BV, SDC, JHR and JT
developed the methodology and BV, JHR and JT conducted fieldwork,
BV and SH collaborated in designing the analyses and developed the
models, BV performed statistical analyses, BV wrote the manuscript
and all the authors provided editorial advice.

Funding This work was mainly supported by funds from the Ministere
des Foréts, de la Faune et des Parcs du Québec and Caribou Ungava
through its financial partners: the Natural Sciences and Engineering

Research Council of Canada, Air Inuit, ArcticNet, Azimut Exploration,
Centre d'études nordiques, Exploration Osisko, Fédération des Pour-
voiries du Québec, Fédération Québécoise des chasseurs et pécheurs,
GlenCore-Mine Raglan, Grand Council of the Crees, Hydro-Québec,
Makivik Corporation, and Tata Steel Minerals Canada Limited.

Availability of data and material The data were deposited in Figshare,
available at https://doi.org/10.6084/m9.figshare.c.6806451.

Code availability The code was deposited in Figshare, available
at https://doi.org/10.6084/m9.figshare.c.6806451.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All animal handling and experiments followed
standards approved by the Animal Care Committees of the Ministere
des Foréts, de 1a Faune et des Parcs du Québec (Certificate No. CPA-
FAUNE-16-05) and Université Laval (Certificate No. #2018033).

Consent to participate Not applicable.

Consent for publication Not applicable.

References

Barber-Meyer SM, Mech LD, White PJ (2008) Elk calf survival and
mortality following wolf restoration to Yellowstone National
Park. Wildlife Monographs 169:1-30. https://doi.org/10.2193/
2008-004

Barboza P, Bowyer R (2001) Seasonality of sexual segregation in
dimorphic deer: Extending the gastrocentric model. Alces
37:275-292. https://doi.org/10.1644/1545-1542(2000)081%
3c0473:SSIDDA %3¢2.0.CO;2

Bekenov AB, Grachev IA, Milner-Gulland EJ (1998) The ecology
and management of the Saiga antelope in Kazakhstan. Mamm
Rev 28:1-52. https://doi.org/10.1046/j.1365-2907.1998.
281024.x

Benedict BM, Barboza PS (2022) Adverse effects of Diptera flies on
northern ungulates: Rangifer, Alces, and Bison. Mamm Rev
52:425-437. https://doi.org/10.1111/mam.12287

Bertulli CG, Rasmussen MH, Rosso M (2015) An assessment of the
natural marking patterns used for photo-identification of common
minke whales and white-beaked dolphins in Icelandic waters. J
Mar Biol Assoc UK 96:807-819. https://doi.org/10.1017/S0025
315415000284

Bishop CJ, White GC, Freddy DJ, Watkins BE, Stephenson TR (2009)
Effect of enhanced nutrition on mule deer population rate of
change. Wildl Monogr 172:1-28. https://doi.org/10.2193/
2008-107

Bonar M, Manseau M, Geisheimer J, Bannatyne T, Lingle S (2016)
The effect of terrain and female density on survival of neonatal
white-tailed deer and mule deer fawns. Ecol Evol 6:4387-4402.
https://doi.org/10.1002/ece3.2178

Brockman CJ, Collins WB, Welker JM, Spalinger DE, Dale BW (2017)
Determining kill rates of ungulate calves by brown bears using
neck-mounted cameras. Wildl Soc Bull 41:88-97. https://doi.
org/10.1002/wsb.733

@ Springer


https://doi.org/10.1007/s00442-023-05441-7
https://doi.org/10.6084/m9.figshare.c.6806451
https://doi.org/10.6084/m9.figshare.c.6806451
https://doi.org/10.2193/2008-004
https://doi.org/10.2193/2008-004
https://doi.org/10.1644/1545-1542(2000)081%3c0473:SSIDDA%3e2.0.CO;2
https://doi.org/10.1644/1545-1542(2000)081%3c0473:SSIDDA%3e2.0.CO;2
https://doi.org/10.1046/j.1365-2907.1998.281024.x
https://doi.org/10.1046/j.1365-2907.1998.281024.x
https://doi.org/10.1111/mam.12287
https://doi.org/10.1017/S0025315415000284
https://doi.org/10.1017/S0025315415000284
https://doi.org/10.2193/2008-107
https://doi.org/10.2193/2008-107
https://doi.org/10.1002/ece3.2178
https://doi.org/10.1002/wsb.733
https://doi.org/10.1002/wsb.733

Oecologia

Burnham KP, Anderson DR (2002) Model selection and multimodel
inference—a practical information-theoretic approach, 2nd edn.
Springer, New York

Buuveibaatar B et al (2013) Factors affecting survival and cause-spe-
cific mortality of saiga calves in Mongolia. ] Mamm 94:127-136.
https://doi.org/10.1644/11-mamm-a-077.1

Campeau AB, Rickbeil GJM, Coops NC, Coté SD (2019) Long-
term changes in the primary productivity of migratory caribou
(Rangifer tarandus) calving grounds and summer pasture on the
Quebec-Labrador Peninsula (Northeastern Canada): the mixed
influences of climate change and caribou herbivory. Polar Biol
42:1005-1023. https://doi.org/10.1007/s00300-019-02492-6

Carstensen M, Delgiudice GD, Sampson BA, Kuehn DW (2009) Sur-
vival, birth characteristics, and cause-specific mortality of white-
tailed deer neonates. J Wildl Manag 73:175-183. https://doi.org/
10.2193/2006-107

Chinn SM, Kilgo JC, Vukovich MA, Beasley JC (2021) Influence of
intrinsic and extrinsic attributes on neonate survival in an inva-
sive large mammal. Sci Rep 11:11033. https://doi.org/10.1038/
s41598-021-90495-x

Choquet R, Reboulet AM, Pradel R, Lebreton JD (2001) U-care (utili-
ties: capture-recapture) user’s guide. CEFE/CNRS, Montpellier

Choquet R, Lebreton J, Gimenez O, Reboulet A, Pradel R (2009)
U-CARE: utilities for performing goodness of fit tests and
manipulating CApture—-REcapture data. Ecography 32:1071-
1074. https://doi.org/10.1111/j.1600-0587.2009.05968.x

Christianson D, Klaver RW, Middleton A, Kauffman M (2013) Con-
founded winter and spring phenoclimatology on large herbi-
vore ranges. Landsc Ecol 28:427-437. https://doi.org/10.1007/
$10980-012-9840-2

Ciach M, Pgksa L. (2018) Impact of climate on the population dynam-
ics of an alpine ungulate: a long-term study of the Tatra chamois
Rupicapra rupicapra tatrica. Int J Biometeorol 62:2173-2182.
https://doi.org/10.1007/s00484-018-1619-y

Clements M, Clutton-Brock T, Albon S, Pemberton J, Kruuk L (2010)
Gestation length variation in a wild ungulate. Funct Ecol 25:691—
703. https://doi.org/10.1111/j.1365-2435.2010.01812.x

Clutton-Brock TH, Major M, Albon SD, Guinness FE (1987) Early
development and population dynamics in red deer. I. Density-
dependent effects on juvenile survival. J] Anim Ecol 56:53-67.
https://doi.org/10.2307/4799

Cooch EG, White GC (2013) Program MARK. A gentle introduction.
http://www.phidot.org/software/mark/docs/book/. Accessed 9
Sept 2017

Cook JG et al (2004) Effects of summer-autumn nutrition and par-
turition date on reproduction and survival of elk. Wildl Mon-
ogr 155:1-61. https://doi.org/10.2193/0084-0173(2004)155[1:
EOSNAP]2.0.CO;2

Coulson T et al (2001) Age, sex, density, winter weather, and popula-
tion crashes in Soay sheep. Science 292:1528-1531. https://doi.
org/10.1126/science.292.5521.1528

Coulson T, Gaillard JM, Festa-Bianchet M (2005) Decomposing the
variation in population growth into contributions from multiple
demographic rates. J Anim Ecol 74:789-801. https://doi.org/10.
1111/j.1365-2656.2005.00975.x

Couturier S, Jean D, Otto RD, Rivard S (2004) Demography of the
migratory tundra caribou (Rangifer tarandus) of the Nord-
du-Québec region and Labrador. Ministere des Ressources
naturelles, Québec

Couturier S, Coté SD, Otto RD, Weladji RB, Huot J (2009) Variation in
calf body mass in migratory caribou: the role of habitat, climate,
and movements. ] Mamm 90:442-452. https://doi.org/10.1644/
07-MAMM-A-279.1

DeMars CA, Serrouya R, Gilbert S, Kelly A, Larter N, Boutin S (2017)
The influence of climate on the demography of woodland cari-
bou, Alberta, BC

@ Springer

Desforges J-P et al (2021) Environment and physiology shape Arctic
ungulate population dynamics. Glob Change Biol 27:1755-1771.
https://doi.org/10.1111/gcb.15484

Dion JR, Haus JM, Rogerson JE, Bowman JL (2020) White-tailed
deer neonate survival in the absence of predators. Ecosphere
11:e03122. https://doi.org/10.1002/ecs2.3122

Dobson FS, Risch TS, Murie JO (1999) Increasing returns in the life
history of Columbian ground squirrels. J Anim Ecol 68:73-86.
https://doi.org/10.1046/j.1365-2656.1999.00268.x

Donadio E, Buskirk SW, Novaro AJ (2012) Juvenile and adult mortal-
ity patterns in a vicufla (Vicugna vicugna) population. ] Mamm
93:1536-1544. https://doi.org/10.1644/12-mamm-a-062.1

Dunn P (2004) Breeding dates and reproductive performance. In:
Mgller A, Fiedler W, Berthold P (eds) Advances in ecological
research, vol 35. Academic Press, New York, pp 69-87

Dugquette JF, Belant JL, Svoboda NJ, Beyer DE Jr, Lederle PE (2015)
Scale dependence of female ungulate reproductive success in
relation to nutritional condition, resource selection and multi-
predator avoidance. PLoS ONE 10:e0140433. https://doi.org/
10.1371/journal.pone.0140433

Dussault C, Ouellet J-P, Courtois R, Huot J, Breton L, Larochelle J
(2004) Behavioural responses of moose to thermal conditions
in the boreal forest. Ecoscience 11:321-328. https://doi.org/
10.1080/11956860.2004.11682839

Eacker DR, Hebblewhite M, Proffitt KM, Jimenez BS, Mitchell MS,
Robinson HS (2016) Annual elk calf survival in a multiple
carnivore system. J Wildl Manag 80:1345-1359. https://doi.
org/10.1002/jwmg.21133

Gagnon M, Yannic G, Boyer F, C6té SD (2020) Adult survival in
migratory caribou is negatively associated with MHC func-
tional diversity. Heredity 125:290-303. https://doi.org/10.
1038/s41437-020-0347-3

Gaillard JM, Festa-Bianchet M, Yoccoz NG (1998) Population
dynamics of large herbivores: variable recruitment with con-
stant adult survival. Trends Ecol Evol 13:58-63. https://doi.
org/10.1016/s0169-5347(97)01237-8

Gaillard JM, Festa-Bianchet M, Yoccoz NG, Loison A, Toigo C
(2000) Temporal variation in fitness components and popu-
lation dynamics of large herbivores. Annu Rev Ecol Syst
31:367-393. https://doi.org/10.1146/annurev.ecolsys.31.1.367

Garel M, Gaillard J-M, Jullien J-M, Dubray D, Maillard D, Loison
A (2011) Population abundance and early spring conditions
determine variation in body mass of juvenile chamois. ] Mamm
92:1112-1117. https://doi.org/10.1644/10-mamm-a-056.1

Gauthier G et al (2013) Long-term monitoring at multiple trophic
levels suggests heterogeneity in responses to climate change
in the Canadian Arctic tundra. Philos Trans R Soc Lond Ser B
Biol Sci 368:20120482. https://doi.org/10.1098/rstb.2012.0482

Gimenez O, Lebreton J, Choquet R, Pradel R (2018) R2ucare: An R
package to perform goodness-of-fit tests for capture—recapture
models. Methods Ecol Evol 9:1749-1754. https://doi.org/10.
1111/2041-210X.13014

Griffin KA et al (2011) Neonatal mortality of elk driven by climate,
predator phenology and predator community composition. J
Anim Ecol 80:1246-1257. https://doi.org/10.1111/j.1365-
2656.2011.01856.x

Gustine DD, Parker KL, Lay RJ, Gillingham MP, Heard DC (2006)
Calf survival of woodland caribou in a multi-predator ecosys-
tem. Wildl Monogr 165:1-32. https://doi.org/10.2193/0084-
0173(2006)165[1:Csowci]2.0.Co;2

Hagemoen RIM, Reimers E (2002) Reindeer summer activity pat-
tern in relation to weather and insect harassment. J Anim
Ecol 71:883-892. https://doi.org/10.1046/j.1365-2656.2002.
00654.x

Hamel S, Garel M, Festa-Bianchet M, Gaillard JM, C6té SD (2009)
Spring Normalized Difference Vegetation Index (NDVI) predicts


https://doi.org/10.1644/11-mamm-a-077.1
https://doi.org/10.1007/s00300-019-02492-6
https://doi.org/10.2193/2006-107
https://doi.org/10.2193/2006-107
https://doi.org/10.1038/s41598-021-90495-x
https://doi.org/10.1038/s41598-021-90495-x
https://doi.org/10.1111/j.1600-0587.2009.05968.x
https://doi.org/10.1007/s10980-012-9840-2
https://doi.org/10.1007/s10980-012-9840-2
https://doi.org/10.1007/s00484-018-1619-y
https://doi.org/10.1111/j.1365-2435.2010.01812.x
https://doi.org/10.2307/4799
http://www.phidot.org/software/mark/docs/book/
https://doi.org/10.2193/0084-0173(2004)155[1:EOSNAP]2.0.CO;2
https://doi.org/10.2193/0084-0173(2004)155[1:EOSNAP]2.0.CO;2
https://doi.org/10.1126/science.292.5521.1528
https://doi.org/10.1126/science.292.5521.1528
https://doi.org/10.1111/j.1365-2656.2005.00975.x
https://doi.org/10.1111/j.1365-2656.2005.00975.x
https://doi.org/10.1644/07-MAMM-A-279.1
https://doi.org/10.1644/07-MAMM-A-279.1
https://doi.org/10.1111/gcb.15484
https://doi.org/10.1002/ecs2.3122
https://doi.org/10.1046/j.1365-2656.1999.00268.x
https://doi.org/10.1644/12-mamm-a-062.1
https://doi.org/10.1371/journal.pone.0140433
https://doi.org/10.1371/journal.pone.0140433
https://doi.org/10.1080/11956860.2004.11682839
https://doi.org/10.1080/11956860.2004.11682839
https://doi.org/10.1002/jwmg.21133
https://doi.org/10.1002/jwmg.21133
https://doi.org/10.1038/s41437-020-0347-3
https://doi.org/10.1038/s41437-020-0347-3
https://doi.org/10.1016/s0169-5347(97)01237-8
https://doi.org/10.1016/s0169-5347(97)01237-8
https://doi.org/10.1146/annurev.ecolsys.31.1.367
https://doi.org/10.1644/10-mamm-a-056.1
https://doi.org/10.1098/rstb.2012.0482
https://doi.org/10.1111/2041-210X.13014
https://doi.org/10.1111/2041-210X.13014
https://doi.org/10.1111/j.1365-2656.2011.01856.x
https://doi.org/10.1111/j.1365-2656.2011.01856.x
https://doi.org/10.2193/0084-0173(2006)165[1:Csowci]2.0.Co;2
https://doi.org/10.2193/0084-0173(2006)165[1:Csowci]2.0.Co;2
https://doi.org/10.1046/j.1365-2656.2002.00654.x
https://doi.org/10.1046/j.1365-2656.2002.00654.x

Oecologia

annual variation in timing of peak faecal crude protein in moun-
tain ungulates. J Appl Ecol 46:582-589. https://doi.org/10.
1111/5.1365-2664.2009.01643.x

Harris N, Pletscher D, Thompson M, Fish M (2007) Cause-specific
mortality of Rocky mountain elk calves in westcentral Montana.
Trans N Am Wildl Nat Resour Conf 2007:339-347

Hassol SJ (2004) Impacts of a warming Arctic: Arctic Climate Impact
Assessment. Cambridge University Press, Cambridge

Huete A, Didan K, Miura T, Rodriguez E, Gao X, Ferreira LG (2002)
Overview of the radiometric and biophysical performance of the
MODIS vegetation indices. Remote Sens Environ 83:195-213.
https://doi.org/10.1016/S0034-4257(02)00096-2

Hurley MA, Hebblewhite M, Lukacs PM, Nowak JJ, Gaillard J-M,
Bonenfant C (2017) Regional-scale models for predicting over-
winter survival of juvenile ungulates. J Wildl Manag 81:364—
378. https://doi.org/10.1002/jwmg.21211

Jacques CN, Jenks JA, Grovenburg TW, Klaver RW (2015) Influence
of habitat and intrinsic characteristics on survival of neonatal
pronghorn. PLoS ONE 10:¢0144026. https://doi.org/10.1371/
journal.pone.0144026

Keech MA, Bowyer RT, Jay MVH, Boertje RD, Dale BW, Stephenson
TR (2000) Life-history consequences of maternal condition in
Alaskan moose. J Wildl Manag 64:450-462. https://doi.org/10.
2307/3803243

Kilgo JC, Ray HS, Vukovich M, Goode MJ, Ruth C (2012) Predation
by coyotes on white-tailed deer neonates in South Carolina. J
Wildl Manag 76:1420-1430. https://doi.org/10.1002/jwmg.393

Knott KK, Barboza PS, Bowyer RT (2005) Growth in Arctic ungulates:
postnatal development and organ maturation in Rangifer taran-
dus and Ovibos moschatus. J Mammal 86:121-130. https://doi.
org/10.1644/1545-1542(2005)086%3c0121:Giaupd%3e2.0.Co;2

Laake JL (2013) RMark: an R interface for analysis of Capture-Recap-
ture data with MARK. (version 2.1.14). AFSC Processed Rep
2013-01, 25p. Alaska Fish. Sci. Cent., NOAA, Natl. Mar. Fish.
Serv., Seattle, WA

Lamb S, McMillan BR, van de Kerk M, Frandsen PB, Hersey KR,
Larsen RT (2023) From conception to recruitment: Nutritional
condition of the dam dictates the likelihood of success in a tem-
perate ungulate. Front Ecol Evol. https://doi.org/10.3389/fevo.
2023.1090116

Landete-Castillejos T, Garcia A, Gdmez JA, Gallego L (2003) Lacta-
tion under food constraints in Iberian red deer Cervus elaphus
hispanicus. Wildl Biol 9:131-139. https://doi.org/10.2981/wlb.
2003.035

Landete-Castillejos T, Garcia A, Gémez J, Berruga I, Gallego L (2005)
Effects of birth date and order in lactation performance of Iberian
red deer (Cervus elaphus hispanicus). J Dairy Sci 88:154-158.
https://doi.org/10.3168/jds.S0022-0302(05)72673-4

Lavelle MJ et al (2012) Utility of improvised video-camera collars for
collecting contact data from white-tailed deer: possibilities in
disease transmission studies. Wildl Soc Bull 36:828-834. https://
doi.org/10.1002/wsb.216

Lavelle MJ, Blass CR, Fischer JW, Hygnstrom SE, Hewitt DG, Ver-
Cauteren KC (2015) Food habits of adult male white-tailed
deer determined by camera collars. Wildl Soc Bull 39:651-657.
https://doi.org/10.1002/wsb.556

Le Corre M, Dussault C, Coté SD (2014) Detecting changes in the
annual movements of terrestrial migratory species: using the
first-passage time to document the spring migration of caribou.
Mov Ecol 2:1-11. https://doi.org/10.1186/s40462-014-0019-0

Le Corre M, Dussault C, Coté SD (2017) Weather conditions and varia-
tion in timing of spring and fall migrations of migratory caribou.
J Mamm 98:260-271. https://doi.org/10.1093/jmammal/gyw177

Leblond M, St-Laurent M-H, Co6té SD (2016) Caribou, water, and
ice—fine-scale movements of a migratory arctic ungulate in the

context of climate change. Mov Ecol 4:1-12. https://doi.org/10.
1186/s40462-016-0079-4

Lebreton JD, Burnham KP, Clobert J, Anderson DR (1992) Mod-
eling survival and testing biological hypotheses using marked
animals: a unified approach with case studies. Ecol Monogr
62:67-118. https://doi.org/10.2307/2937171

Lee DE, Bond ML, Bolger DT (2017) Season of birth affects juvenile
survival of giraffe. Popul Ecol 59:45-54. https://doi.org/10.
1007/s10144-017-0571-8

Macdonald KR, Rotella JJ, Garrott RA, Link WA (2020) Sources
of variation in maternal allocation in a long-lived mammal. J
Anim Ecol 89:1927-1940. https://doi.org/10.1111/1365-2656.
13243

Mace GM, Collen B, Fuller RA, Boakes EH (2010) Population and
geographic range dynamics: Implications for conservation plan-
ning. Philos Trans R Soc Lond B Biol Sci 365:3743-3751.
https://doi.org/10.1098/rstb.2010.0264

Mackey BL, Durban J, Middlemas S, Thompson PM (2008) A Bayes-
ian estimate of harbour seal survival using sparse photo-identi-
fication data. J Zool 274:18-27

Mahoney SP, Schaefer JA (2002) Long-term changes in demography
and migration of Newfoundland caribou. ] Mammal 83:957-963

Mahoney SP et al (2016) Woodland caribou calf mortality in New-
foundland: insights into the role of climate, predation and popu-
lation density over three decades of study. Popul Ecol 58:91-103.
https://doi.org/10.1007/s10144-015-0525-y

Mahoney P et al (2021) ABoVE: wolf denning phenology and repro-
ductive cuccess, Alaska and Canada, 2000-2017. ORNL Distrib-
uted Active Archive Center, Oak Ridge, Tennessee, USA

Malpeli KC (2022) Ungulate migration in a changing climate—an ini-
tial assessment of climate impacts, management priorities, and
science needs. Report 1493, Reston, VA

Mesinger F et al (2006) North American regional reanalysis. Bull Am
Meteor Soc 87:343-360. https://doi.org/10.1175/bams-87-3-343

Michel ES, Jenks JA, Kaskie KD, Klaver RW, Jensen WF (2018)
Weather and landscape factors affect white-tailed deer neonate
survival at ecologically important life stages in the Northern
Great Plains. PLoS ONE 13:e0195247. https://doi.org/10.1371/
journal.pone.0195247

Michel ES et al (2020) Relative reproductive phenology and synchrony
affect neonate survival in a nonprecocial ungulate. Funct Ecol
34:2536-2547. https://doi.org/10.1111/1365-2435.13680

Ministere des Foréts de la Faune et des Parcs (2016) Caribous de la
Riviere-aux-Feuilles - Résultats de I'inventaire aérien. https://
mffp.gouv.qc.ca/2016-12-09-inventaire-caribous-riviere-aux-
feuilles/. Accessed 21 Aug 2018

Monteith KL et al (2014) Life-history characteristics of mule deer:
effects of nutrition in a variable environment. Wildl Monogr
186:1-62. https://doi.org/10.1002/wmon.1011

Mumma MA, Bastille-Rousseau G, Gullage SE, Soulliere CE,
Mahoney SP, Waits LP (2019) Intrinsic traits of woodland
caribou Rangifer tarandus caribou calves depredated by black
bears Ursus americanus and coyotes Canis latrans. Wildl Biol
2019:1-9. https://doi.org/10.2981/wlb.00494

Nord A, Giroud S (2020) Lifelong effects of thermal challenges during
development in birds and mammals. Front Physiol. https://doi.
org/10.3389/fphys.2020.00419

Otgonbayar B, Buyandelger S, Amgalanbaatar S, Reading RP (2017)
Siberian ibex (Capra sibirica) neonatal kid survival and mor-
phometric measurements in Ikh Nart Nature Reserve, Mongolia.
Mongol J Biol Sci 15:23-30. https://doi.org/10.22353/mjbs.2017.
15.03

Owen-Smith N, Mason DR (2005) Comparative changes in adult vs.
juvenile survival affecting population trends of African ungu-
lates. J Anim Ecol 74:762-773. https://doi.org/10.1111/j.1365-
2656.2005.00973.x

@ Springer


https://doi.org/10.1111/j.1365-2664.2009.01643.x
https://doi.org/10.1111/j.1365-2664.2009.01643.x
https://doi.org/10.1016/S0034-4257(02)00096-2
https://doi.org/10.1002/jwmg.21211
https://doi.org/10.1371/journal.pone.0144026
https://doi.org/10.1371/journal.pone.0144026
https://doi.org/10.2307/3803243
https://doi.org/10.2307/3803243
https://doi.org/10.1002/jwmg.393
https://doi.org/10.1644/1545-1542(2005)086%3c0121:Giaupd%3e2.0.Co;2
https://doi.org/10.1644/1545-1542(2005)086%3c0121:Giaupd%3e2.0.Co;2
https://doi.org/10.3389/fevo.2023.1090116
https://doi.org/10.3389/fevo.2023.1090116
https://doi.org/10.2981/wlb.2003.035
https://doi.org/10.2981/wlb.2003.035
https://doi.org/10.3168/jds.S0022-0302(05)72673-4
https://doi.org/10.1002/wsb.216
https://doi.org/10.1002/wsb.216
https://doi.org/10.1002/wsb.556
https://doi.org/10.1186/s40462-014-0019-0
https://doi.org/10.1093/jmammal/gyw177
https://doi.org/10.1186/s40462-016-0079-4
https://doi.org/10.1186/s40462-016-0079-4
https://doi.org/10.2307/2937171
https://doi.org/10.1007/s10144-017-0571-8
https://doi.org/10.1007/s10144-017-0571-8
https://doi.org/10.1111/1365-2656.13243
https://doi.org/10.1111/1365-2656.13243
https://doi.org/10.1098/rstb.2010.0264
https://doi.org/10.1007/s10144-015-0525-y
https://doi.org/10.1175/bams-87-3-343
https://doi.org/10.1371/journal.pone.0195247
https://doi.org/10.1371/journal.pone.0195247
https://doi.org/10.1111/1365-2435.13680
https://mffp.gouv.qc.ca/2016-12-09-inventaire-caribous-riviere-aux-feuilles/
https://mffp.gouv.qc.ca/2016-12-09-inventaire-caribous-riviere-aux-feuilles/
https://mffp.gouv.qc.ca/2016-12-09-inventaire-caribous-riviere-aux-feuilles/
https://doi.org/10.1002/wmon.1011
https://doi.org/10.2981/wlb.00494
https://doi.org/10.3389/fphys.2020.00419
https://doi.org/10.3389/fphys.2020.00419
https://doi.org/10.22353/mjbs.2017.15.03
https://doi.org/10.22353/mjbs.2017.15.03
https://doi.org/10.1111/j.1365-2656.2005.00973.x
https://doi.org/10.1111/j.1365-2656.2005.00973.x

Oecologia

Paoli A, Weladji RB, Holand @, Kumpula J (2019) The onset in spring
and the end in autumn of the thermal and vegetative growing
season affect calving time and reproductive success in reindeer.
Curr Zool 66:123-134. https://doi.org/10.1093/cz/20z032

Parker KL, Barboza PS, Gillingham MP (2009) Nutrition integrates
environmental responses of ungulates. Funct Ecol 23:57-69.
https://doi.org/10.1111/j.1365-2435.2009.01528.x

Pettorelli N (2013) The normalized difference vegetation Index. Oxford
University Press, New York

Pettorelli N, Vik JO, Mysterud A, Gaillard JM, Tucker CJ, Stenseth NC
(2005a) Using the satellite-derived NDVI to assess ecological
responses to environmental change. Trends Ecol Evol 20:503—
510. https://doi.org/10.1016/j.tree.2005.05.011

Pettorelli N, Weladji RB, Holand O, Mysterud A, Breie H, Stenseth
NC (2005b) The relative role of winter and spring conditions:
linking climate and landscape-scale plant phenology to alpine
reindeer body mass. Biol Lett 1:24-26. https://doi.org/10.1098/
rsb1.2004.0262

Pettorelli N, Pelletier F, von Hardenberg A, Festa-Bianchet M, Coté
SD (2007) Early onset of vegetation growth vs. rapid green-up:
impacts on juvenile mountain ungulates. Ecology 88:381-390.
https://doi.org/10.1890/06-0875

Plard F et al (2014) Mismatch between birth date and vegetation
phenology slows the demography of roe deer. PLOS Biol
12:e1001828. https://doi.org/10.1371/journal.pbio. 1001828

Porcupine Caribou Technical Committee (2017) Porcupine caribou
annual summary report 2017. Porcupine Caribou Management
Board

Post E, Forchhammer MC (2008) Climate change reduces reproductive
success of an Arctic herbivore through trophic mismatch. Philos
Trans R Soc Lond B Biol Sci 363:2369-2375. https://doi.org/10.
1098/rstb.2007.2207

R Core Team (2020) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna

Renaud L-A, Festa-Bianchet M, Pelletier F (2022) Testing the match—
mismatch hypothesis in bighorn sheep in the context of climate
change. Glob Change Biol 28:21-32. https://doi.org/10.1111/
gcb.15923

Robbins CT, Robbins BL (1979) Fetal and neonatal growth patterns
and maternal reproductive effort in ungulates and subungulates.
Am Nat 114:101-116. https://doi.org/10.1086/283456

Roberts NJ (2011) Investigation into survey techniques of large mam-
mals: Surveyor competence and camera-trapping vs. transect-
sampling. Biosci Horiz Int J Stud Res 4:40-49. https://doi.org/
10.1093/biohorizons/hzr006

Robinson R et al (2009) Travelling through a warming world: climate
change and migratory species. Endang Spec Res 7:87-99

Sauve D, Friesen VL, Charmantier A (2021) The effects of weather on
avian growth and implications for adaptation to climate change.
Front Ecol Evol. https://doi.org/10.3389/fevo.2021.569741

Scornavacca D et al (2016) Pasture quality affects juvenile survival
through reduced maternal care in a mountain-dwelling ungulate.
Ethology 122:807-817. https://doi.org/10.1111/eth.12530

Serrouya R et al (2017) Comparing population growth rates between
census and recruitment-mortality models. J Wildl Manag
81:297-305. https://doi.org/10.1002/jwmg.21185

Severud WJ, Obermoller TR, Delgiudice GD, Fieberg JR (2019) Sur-
vival and cause-specific mortality of moose calves in Northeast-
ern Minnesota. J] Wildl Manag 83:1131-1142. https://doi.org/
10.1002/jwmg.21672

Skibiel AL, Dobson FS, Murie JO (2009) Maternal influences on repro-
duction in two populations of Columbian ground squirrels. Ecol
Monogr 79:325-341. https://doi.org/10.1890/08-0718.1

Stoner DC, Sexton JO, Nagol J, Bernales HH, Edwards TC Jr (2016)
Ungulate reproductive parameters track satellite observations

@ Springer

of plant phenology across latitude and climatological regimes.
PLoS ONE 11:e0148780. https://doi.org/10.1371/journal.pone.
0148780

Taillon J (2013) Condition physique, allocation maternelle et utilisation
spatio-temporelle des aires de mise bas du caribou migrateur,
Rangifer tarandus. PhD dissertation, Université Laval, Québec,
Canada

Taillon J, Brodeur V, Festa-Bianchet M, Coté SD (2012) Is mother con-
dition related to offspring condition in migratory caribou (Rangi-
fer tarandus) at calving and weaning? Can J Zool 90:393-402.
https://doi.org/10.1139/22012-001

Taillon J, Brodeur V, Rivard S (2016) Biological status report of migra-
tory caribou, Leaf River herd. Ministere des Foréts, Québec

Thel L, Bonenfant C, Chamaillé-Jammes S (2021) Does timing of birth
affect juvenile and mare survival in wild plains zebra? bioRxiv.
https://doi.org/10.1101/2021.10.18.464846

Therrien JF, Coté S, Festa-Bianchet M, Ouellet J-P (2008) Maternal
care in white-tailed deer: Trade-off between maintenance and
reproduction under food restriction. Anim Behav 75:235-243.
https://doi.org/10.1016/j.anbehav.2007.04.030

Tollefson TN, Shipley LA, Myers WL, Dasgupta N (2011) Forage qual-
ity’s influence on mule deer fawns. J] Wildl Manag 75:919-928.
https://doi.org/10.1002/jwmg.113

Tveraa T, Fauchald P, Henaug C, Yoccoz NG (2003) An examination of
a compensatory relationship between food limitation and preda-
tion in semi-domestic reindeer. Oecologia 137:370-376. https://
doi.org/10.1007/s00442-003-1373-6

Tveraa T, Stien A, Béardsen B-J, Fauchald P (2013) Population den-
sities, vegetation green-up, and plant productivity: Impacts on
reproductive success and juvenile body mass in reindeer. PLoS
ONE 8:e56450. https://doi.org/10.1371/journal.pone.0056450

Venturato E, Cavallini P, Banti P, Dessi-Fulgheri F (2009) Do
radio collars influence mortality and reproduction? A case
with ring-necked pheasants (Phasianus colchicus) in Central
Italy. Eur J Wildl Res 55:547-551. https://doi.org/10.1007/
$10344-009-0271-6

Vors LS, Boyce MS (2009) Global declines of caribou and reindeer.
Glob Change Biol 15:2626-2633. https://doi.org/10.1111/j.1365-
2486.2009.01974.x

Vuillaume B, Richard JH, Co6té SD (2021) Using camera collars to
study survival of migratory caribou calves. Wildl Soc Bull
45:325-332. https://doi.org/10.1002/wsb.1193

Walker DA et al (2005) The circumpolar Arctic vegetation map. J Veg
Sci 16:267-282. https://doi.org/10.1111/j.1654-1103.2005.tb023
65.x

White KS et al (2011) Mountain goat survival in coastal Alaska: effects
of age, sex, and climate. J Wildl Manag 75:1731-1744. https://
doi.org/10.1002/jwmg.238

Whitten KR, Garner GW, Mauer FJ, Harris RB (1992) Productivity and
early calf survival in the Porcupine caribou herd. J] Wildl Manag
56:201-212. https://doi.org/10.2307/3808814

Wilson AJ, Festa-Bianchet M (2009) Maternal effects in wild ungu-
lates. In: Maestripieri D, Mateo JM (eds) Maternal effects in
mammals. University of Chicago Press, Chicago, pp 83-103

Zhou W, Wang M, Gao K, Gao H, Wei F, Nie Y (2022) Behavioural
thermoregulation by montane ungulates under climate warming.
Divers Distrib 28:2229-2238. https://doi.org/10.1111/ddi.13626

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1093/cz/zoz032
https://doi.org/10.1111/j.1365-2435.2009.01528.x
https://doi.org/10.1016/j.tree.2005.05.011
https://doi.org/10.1098/rsbl.2004.0262
https://doi.org/10.1098/rsbl.2004.0262
https://doi.org/10.1890/06-0875
https://doi.org/10.1371/journal.pbio.1001828
https://doi.org/10.1098/rstb.2007.2207
https://doi.org/10.1098/rstb.2007.2207
https://doi.org/10.1111/gcb.15923
https://doi.org/10.1111/gcb.15923
https://doi.org/10.1086/283456
https://doi.org/10.1093/biohorizons/hzr006
https://doi.org/10.1093/biohorizons/hzr006
https://doi.org/10.3389/fevo.2021.569741
https://doi.org/10.1111/eth.12530
https://doi.org/10.1002/jwmg.21185
https://doi.org/10.1002/jwmg.21672
https://doi.org/10.1002/jwmg.21672
https://doi.org/10.1890/08-0718.1
https://doi.org/10.1371/journal.pone.0148780
https://doi.org/10.1371/journal.pone.0148780
https://doi.org/10.1139/z2012-001
https://doi.org/10.1101/2021.10.18.464846
https://doi.org/10.1016/j.anbehav.2007.04.030
https://doi.org/10.1002/jwmg.113
https://doi.org/10.1007/s00442-003-1373-6
https://doi.org/10.1007/s00442-003-1373-6
https://doi.org/10.1371/journal.pone.0056450
https://doi.org/10.1007/s10344-009-0271-6
https://doi.org/10.1007/s10344-009-0271-6
https://doi.org/10.1111/j.1365-2486.2009.01974.x
https://doi.org/10.1111/j.1365-2486.2009.01974.x
https://doi.org/10.1002/wsb.1193
https://doi.org/10.1111/j.1654-1103.2005.tb02365.x
https://doi.org/10.1111/j.1654-1103.2005.tb02365.x
https://doi.org/10.1002/jwmg.238
https://doi.org/10.1002/jwmg.238
https://doi.org/10.2307/3808814
https://doi.org/10.1111/ddi.13626

	Birth date determines early calf survival in migratory caribou
	Abstract
	Introduction
	Methods
	Study area
	Captures and camera collars
	Life history
	Individual and environmental covariates
	Statistical analyses

	Results
	Discussion
	Anchor 12
	Acknowledgements 
	References


