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Abstract. Birth timing is a key life-history characteristic that influences fitness and popu-
lation performance. For migratory animals, however, appropriately timing birth on one sea-
sonal range may be constrained by events occurring during other parts of the migratory cycle.
We investigated how the use of capital and income resources may facilitate flexibility in repro-
ductive phenology of migratory mule deer in western Wyoming, USA, over a 5-yr period
(2015–2019). Specifically, we examined how seasonal interactions affected three interrelated
life-history characteristics: fetal development, birth mass, and birth timing. Females in good
nutritional condition at the onset of winter and those that migrated short distances had more
developed fetuses (measured as fetal eye diameter in March). Variation in parturition date was
explained largely by fetal development; however, there were up to 16 d of plasticity in expected
birth date. Plasticity in expected birth date was shaped by income resources in the form of
exposure to spring green-up. Although individuals that experienced greater exposure to spring
green-up were able to advance expected birth date, being born early or late with respect to fetal
development had no effect on birth mass of offspring. Furthermore, we investigated the trade-
offs migrating mule deer face by evaluating support for existing theory that predicts that births
should be matched to local peaks in resource availability at the birth site. In contrast to this
prediction, only long-distance migrants that paced migration with the flush of spring green-up,
giving birth shortly after ending migration, were able to match birth with spring green-up.
Shorter-distance migrants completed migration sooner and gave birth earlier, seemingly trad-
ing off more time for offspring to grow and develop over greater access to resources. Thus,
movement tactic had profound downstream effects on birth timing. These findings highlight a
need to reconsider classical theory on optimal birth timing, which has focused solely on condi-
tions at the birth site.

Key words: birth timing; capital–income breeding spectrum; carry-over effects; full annual cycle ecology;
green-wave surfing; migration; mule deer; Odocoileus hemionus; seasonal interactions.

INTRODUCTION

For animals living in seasonal environments, timing of
birth is a key life-history characteristic that influences
offspring survival and population dynamics (Festa-

Bianchet 1988, Coulson et al. 2003). Natural selection
should favor the alignment of energy-expensive repro-
ductive events with periods of resource abundance (Price
et al. 1988, Williams et al. 2017). Additionally, birth
should be timed to minimize risks associated with expo-
sure of early newborns to late-season storms (Descamps
et al. 2015) or predation (Estes 1976), while assuring that
young have time to grow large enough to survive periods
of resource deficiency (Festa-Bianchet 1988, Côt�e and
Festa-Bianchet 2001, Tomotani et al. 2016). Thus,
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existing theory suggests that local resource availability
and seasonality at the birth site should shape optimal
timing of birth (Pel�aez et al. 2020). When animals fail to
time birth appropriately with local resource peaks, they
often experience reduced fitness (Both et al. 2009, Har-
rison et al. 2011).
Migratory animals with complex life cycles face addi-

tional constraints that can influence birth timing. Specif-
ically, key life-history events (e.g., mating or moulting in
birds) that occur on one seasonal range or during migra-
tion may constrain reproductive events that occur on
another seasonal range (Both 2010, Tomotani et al.
2016, Tomotani et al. 2018). Such “seasonal interac-
tions” occur when events in one part of the annual cycle
have downstream effects at other times of the year, or
vice versa (Marra et al. 2015). For example, when war-
mer temperatures facilitated earlier breeding in the
migratory pied flycatcher (Ficedula hypoleuca), early-
born chicks were more likely to survive and successfully
recruit as adults because they had more time to fatten up
before moult and migration (Tomotani et al. 2016,
2018). Thus, time can be a limiting resource (Post 2019).
Notably, the time needed to grow and develop before the
onset of migration provides an alternative hypothesis,
beyond local conditions at the birth site, of potentially
important factors shaping birth timing in migratory spe-
cies.
Migration itself may impose a time constraint on

reproductive cycles as well, especially for long-distance
migrants (Both 2010). In spring, migrating birds often
use a time-minimizing tactic for spring migration
because they must complete migration before establish-
ing territories or finding mates on breeding ranges
(Lindstrom and Alerstam 1992, Karlsson et al. 2012).
Moreover, instead of using a purely time-minimizing tac-
tic, some migratory waterfowl and many migratory
ungulates forage extensively during spring migration by
pacing their migratory movements with the flush of
young and highly nutritious plant green-up that sweeps
across the landscape along elevational or latitudinal gra-
dients (Drent et al. 1978, Fryxell 1991, Merkle et al.
2016, Aikens et al. 2017). This phenomena, called “surf-
ing the green wave,” allows migrants to increase access
to high-quality forage (Drent et al. 1978, Albon and
Langvatn 1992, van der Graaf et al. 2006), which likely
helps to finance reproduction (Parker et al. 2009). Con-
sequently, for migratory ungulates and other taxa that
forage extensively during migration, there may be a
trade-off between maximizing time for offspring growth
and resource acquisition used to finance reproduction.
Early births may provide sufficient time for offspring to
grow before experiencing the physiological stresses of fall
and winter resource scarcity. In contrast, late births may
allow pregnant females more time to increase resource
gain while surfing the green wave during migration.
Migrating birds can assess conditions on the breeding
range before initiating breeding. In contrast, migratory
ungulates are constrained by long gestation periods

(often >200 d). They mate in autumn on a distinct sea-
sonal range far from the birth site and therefore breed
without information on future conditions at the birth
site (Loe et al. 2005, Mysterud et al. 2008, Ricklefs
2010). Understanding factors shaping reproductive phe-
nology for migratory animals is contingent upon under-
standing constraints that occur outside of the range
where birth occurs (Marra et al. 2015).
Although migrants face many constraints that shape

the timing of reproductive events, physiological adapta-
tions may allow for some degree of plasticity to either
advance or delay reproductive events. Individuals can
use resources derived from capital or income to finance
the nutritional requirements of reproduction. A capital
breeder relies on energy reserves stored within the body
or in food caches, whereas an income breeder relies on
currently available resources from the environment
(J€onsson 1997). Capital and income breeding are often
viewed as endpoints along a spectrum of potential tac-
tics used to finance reproduction (Stephens et al. 2009).
Reliance on capital or income resources can vary within
and across species (Yohannes et al. 2010, Hogg et al.
2017). In ungulates, both experimental and wild studies
suggest that gestation length is flexible (reviewed in Cle-
ments et al. 2011). For example, female bison (Bison
bison) in good condition that bred late were able to
advance gestation to synchronize birth with bison that
bred earlier (Berger 1992). Although flexibility in gesta-
tion length has been attributed to factors related to both
income and capital (Clements et al. 2011, Williams et al.
2017), the degree to which migratory ungulates use capi-
tal or income to fine-tune birth timing is poorly under-
stood (but see Holand et al. 2006).
Here, we investigate how constraints imposed by

migration shape birth timing, and the degree to which
the use of capital or income resources facilitates plastic-
ity in birth date, in a population of mule deer (Odo-
coileus hemionus) in a mountainous region of western
Wyoming, USA, 2015–2019 (Fig. 1). To examine how
migratory tactic shapes reproductive phenology, we
focus on three interrelated life-history traits: fetal devel-
opment, birth mass, and birth timing. Specifically, we
evaluated how seasonal interactions arising from mater-
nal condition (fat stores in December or March), migra-
tion tactic, and forage acquisition (green-wave surfing
during migration) shaped when animals gave birth and if
birth matched local resource peaks.
For each life-history trait we developed predictions

that stem from the principles of resource allocation and
annual-cycle ecology (Marra et al. 2015). We expected
that reliance on capital or income resources at various
stages of the reproductive cycle would vary depending
on their seasonal availability (Fig. 1a). We predicted that
animals in better condition entering winter would have
advanced fetal development (more capital investment)
compared with animals entering winter in poorer condi-
tion. Furthermore, we predicted that long-distance
migrants would have delayed fetal development
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compared with shorter-distance migrants, to avoid giv-
ing birth before reaching summer range (Fig. 1b). Next,
we investigated if being born early or late influenced
birth mass. We predicted that early-born individuals
would be smaller than late-born individuals, because
they had less time to grow and develop (Berger 1992,
Karadaev et al. 2018). We also investigated if proxies of
capital and income resource allocation could explain
plasticity in birth date. We predicted that better maternal
condition at the beginning of spring (capital) and higher
exposure to spring green-up (income) would result in
earlier than expected birth, whereas poorer maternal

condition and lower exposure to spring green-up would
delay parturition.
To test if migration constrains optimal birth timing,

we assessed the classical assumption that animals should
match offspring birth with peak resource availability at
the birth site (Festa-Bianchet 1988, Post et al. 2003). If
conditions at the birth site are the sole driver of birth
timing, we expected alignment between birth date and
date of peak green-up at the birth site. Alternatively, we
considered a potential trade-off between increased
access to resources and increased time for offspring
growth (Fig. 1b). Increased resources could be accrued
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FIG. 1. An overview of data collection, life-history timeline and the predicted influence of migration distance on birth timing.
(a) Timeline of life-history events for migratory mule deer (Odocoileus hemionus) in western Wyoming, USA and data collection
schedule during the study period (2015–2019). Within a year, there is variation in the availability of capital resources (body fat;
orange line) along with seasonal fluctuations in income resources (high-quality forage; green line). (b) A conceptual diagram illus-
trating how migration distance may shape birth timing.
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through surfing the green wave, whereas increased time
for offspring growth resulting from earlier birth would
curtail opportunities to surf (Fig. 1b). If such a trade-off
exists, we expected only those animals that surf the green
wave during migration, and give birth shortly after end-
ing migration, to match birth with peak green-up. At the
other end of the spectrum, those individuals that maxi-
mize time for offspring to grow and develop are pre-
dicted to end migration sooner, allowing the green wave
to pass by (Fig. 1b). In contrast to the trade-off above
highlighting how migration could constrain optimal
birth timing, we also assessed the possibility that the
need to give birth could constrain migration. Specifi-
cally, we explored if birth constrained green-wave surfing
by forcing deer to end migration early or causing them
to overtake the green wave so they could reach summer
range before giving birth (Bischof et al. 2012).

METHODS

Study area

Our research took place in western Wyoming, USA
(42°250 N, 110°420 W), a semiarid region in the Rocky
Mountains. Mule deer in this system typically migrate
10–150 km from lower-elevation (~1,800 m) winter
ranges in the sage-brush steppe to higher-elevation
(~2,300 to 2,750 m) summer ranges typified by a mixture
of tall forb, aspen, mixed-mountain shrub, and conifer
communities (see Aikens et al. 2017 for details;
Appendix S1: Fig. S1). Mating and conception occur in
fall and early winter, either during fall migration or on
winter ranges. Deer remain on winter ranges until early
spring, when the emergence of green-up triggers the start
of spring migration (Monteith et al. 2011, Aikens et al.
2017). The timing of spring migration varies depending
on migration distance and environmental variability
(Sawyer et al. 2016, Aikens et al. 2020), but typically
occurs between March and May. Birth typically occurs
in June (Fig. 1a).

Adult capture

Each March and December from 2014 to 2019, we
captured and recaptured a radiomarked group of 70,
adult (>1 yr old), female mule deer using helicopter-net
guns (Barrett et al. 1982). During the study period, any
mortality events that occurred within the group of moni-
tored individuals were replaced with newly captured
individuals during the following March or December
capture period. To replace animals that died, we ran-
domly selected an adult female from the same wintering
area as the individual that had died. Newly captured ani-
mals were fit with a GPS collar, and recaptured animals
received a GPS collar swap as needed given battery life
and the fix schedule of the collar (fix rate varied from
every 1 to 5 h, depending on collar manufacturer; see
Aikens et al. 2017 for details). Details on the sample size

and age of animals from each year of the study are in
Appendix S1.
We used nutritional condition as a proxy for capital

resource availability. During March and December cap-
tures, we estimated nutritional condition by combining
measurements of body mass, depth of rump fat (mea-
sured via ultrasonography) and body-condition scores,
to calculate ingesta-free body fat (IFBFat) using stan-
dardized protocols for mule deer (Stephenson et al.
2002, Cook et al. 2007, Cook et al. 2010; see Appendix 2
in Aikens et al. 2017 for details). Captures in December
allowed us to quantify nutritional condition during the
onset of winter, after autumn migration was completed
(Fig. 1a). Captures in March of the following year quan-
tified change in nutritional condition over winter, right
before the initiation of spring migration (Aikens et al.
2020; Fig. 1a). We examined if age influenced body con-
dition and found no relationship (Appendix S1;
Fig. S2). In March, we collected additional data on preg-
nancy, fetal number, and stage of fetal development via
ultrasonography (Karadaev et al. 2018; Appendix S2;
Fig. 1a). We used fetal eye diameter as a proxy for stage
of fetal development (Karadaev et al. 2018) and to
examine plasticity in birth date given stage of fetal devel-
opment. If a deer was pregnant (94.7% of all captured
females), they were fit with a vaginal implant transmitter
(VIT). We used the VITs that were expelled during a
birth event to determine date of birth and to locate the
birth site.

Neonate capture

During spring we monitored pregnant females each
day to identify birthing events using VITs and movement
behavior. Following a notification of VIT expulsion, or
based on a combination of reduced step length and
increased first-passage time calculated daily during the
birth season, we located females and confirmed if a birth
event had occurred. We identified birth sites based on the
presence of blood, hair, placenta, and the location of the
VIT. After confirming presence of a birth site or birth
event through visual observation of the adult female and
location of the VIT, we searched the surrounding area for
neonates. Upon capture of a neonate, we collected data
on sex, mass, and morphometric measurements (Fig. 1a).
We only included data from mother and offspring pairs in
our analysis if the offspring was captured within 24 h of
birth since birth mass was a critical response variable in
our analyses (Monteith et al. 2014). All animal capture
and handling protocols were approved by the Institu-
tional Animal Care and Use Committee at the University
of Wyoming (protocols 20131111KM00040, 20151
204KM00135, 20170215KM00260).

Quantifying income and green-wave surfing

We used remotely sensed data of the normalized dif-
ference vegetation index (NDVI) to quantify changes in
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plant phenology across space and time. We used the
instantaneous rate of green-up (IRG), to estimate expo-
sure to spring green-up and quantify green-wave surfing
behavior (see Appendix S3 for details). The IRG is
scaled from 0 to 1, with a value of 1 representing the
maximum exposure to spring green-up for a given point
on the landscape. From the IRG curves, we also calcu-
lated the date of peak green-up as the Julian date of
maximum IRG. Although remotely sensed data on plant
phenology are coarse and subject to sources of noise, the
date of peak green-up derived from the methodology
described above is strongly correlated with forage quality
in the Greater Yellowstone Ecosystem (Geremia et al.
2019), where our study took place. We paired GPS collar
data with IRG and date of peak green-up data to quan-
tify exposure to spring green-up (IRG) and green-wave
surfing behavior (Days-From-Peak). Days-From-Peak is
the absolute difference in days between the date of peak
green-up and the date of animal use, where a value of
zero represents a perfect match between the date of peak
green-up and the date of animal use (Aikens et al. 2017).
We used exposure to spring green-up and date of peak
green-up on winter and summer range as proxies for the
availability of income resources.
Additionally, we were interested in exploring if

resource phenology on winter and summer range influ-
enced timing of birth. The date of peak green-up on
winter and summer ranges represents the duration of
resource availability across the landscape used by an
individual. The date of peak green-up on winter range
represents when critical income resources first become
available, whereas the date of peak green-up on sum-
mer range represents peak forage quality at the birth
site. For each female deer and year, we calculated date
of peak green-up on winter range as the average of the
date of peak green-up of all points that fell within a 1-
km circular buffer of the start of spring migration (a
proxy of when spring green-up first becomes available
at low elevation). To quantify peak green-up on sum-
mer range, we calculated average date of peak green-
up of all cells that fell within a 1-km circular buffer of
the birth-site location (a proxy of when peak green-up
is available on summer range). To calculate if animals
match birth with timing of peak resource quality, we
calculated the difference, in days, between date of birth
and date of peak green-up at the birth site on summer
range.
To examine if the need to give birth constrained green-

wave surfing, we calculated average Days-From-Peak for
each individual day without taking the absolute differ-
ence, such that negative values represented birth before
the green wave arrived, and positive values represented
birth after the wave had passed by. We calculated indi-
vidual and population-level averages of Days-From-
Peak for 60 d up to and including the date of birth in
each year. We also calculated the number of days
between the end of migration and the date of birth to
quantify if birth constrained green-wave surfing.

Migration timing and distance

To quantify migration timing, we used net squared
displacement (NSD), which is the squared Euclidean dis-
tance between a reference point (usually the first GPS
location in a year) and subsequent relocations, calcu-
lated for each animal year (Bunnefeld et al. 2011). For
migratory animals, the NSD plotted across time has a
distinctive shape similar to a double-logistic curve (Bun-
nefeld et al. 2011). Specifically, movements on winter
range at the beginning of the year correspond to rela-
tively small NSD values. Spring migration movements
away from winter range corresponds to a rapid increase
in the NSD plotted through time. When migration is
complete and movement is restricted to a summer range,
an asymptote in NSD is reached. And finally, a decline
in NSD corresponds to fall migration. Thus, times when
there is a rapid increase or decrease in NSD can be used
to identify the start and end of spring and fall migration
events. We identified these migration events for each
individual using annual NSD profiles, following Aikens
et al. (2017). Then, we calculated migration distance as
the Euclidean distance between the start and end of
spring migration locations.

Statistical analysis

To measure plasticity in birth date given fetal develop-
ment in March, we parameterized a linear model pre-
dicting the number of days to birth from the day the
animal was handled (date range = 7 March–19 March)
as a function of fetal eye diameter. The model of the
number of days from capture to birth included fetal eye
diameter, fetal number and year as fixed effects. We used
residuals of this model to estimate plasticity in birth
date, given fetal development, which we hereafter refer
to as “plasticity in expected birth date.”
We developed three linear models to examine the fac-

tors influencing stage of fetal development, birth timing,
and birth mass, respectively. For each of the three mod-
els, we included all predictor variables hypothesized to
influence the metrics of interest and determined relative
importance of variables based on statistical significance
(a = 0.05) and effect size of the coefficient estimate.
Specifically, we parameterized the model of stage of fetal
development using migration distance and maternal
nutritional condition (measured as IFBFat) in Decem-
ber. The model of birth timing included fetal eye diame-
ter, to control for differences in stage of fetal
development, exposure to spring green-up (income),
maternal nutritional condition in March (capital), date
of peak green-up on winter range (i.e., when income
resources become available), and date of peak green-up
on summer range. The model of birth mass included the
residuals from the plasticity model (to examine the role
of being born early or late given fetal development), fetal
number, exposure to spring green-up, and maternal
nutritional condition in March. To assess goodness of fit
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of the models, we used multiple R2. We used the variance
inflation factor (VIF) of each coefficient estimate to
assess collinearity. If needed, we removed any predictor
variables from the model with a VIF > 2, and then
examined their relative influence on the response vari-
able separately. We investigated the effect of repeated-
measures across GPS-collared individuals tracked in
multiple years and found that pseudoreplication did not
bias our results (Appendix S4).

RESULTS

Short migration distance and more capital resources
resulted in advanced fetal development

A combination of IFBFat during the previous Decem-
ber and migration distance explained 22.3% of variance
in fetal eye diameter (multiple R2, degrees of freedom
[df] = 47, variance inflation factor [VIF] = 1.00). A one-
unit increase in December IFBFat increased fetal eye
diameter by 0.17 mm (equivalent to advancing birth by
0.47 d; P = 0.021), and a 10-km increase in migration
distance decreased fetal eye diameter by 0.23 mm
(equivalent to delaying birth by 0.63 d; P = 0.008,
Fig. 2).

Birth date was plastic, but plasticity did not influence birth
mass

Timing of parturition varied across years (median
dates of births: in 2015 = 8 June, in 2016 = 11 June, in
2017 = 19 June, in 2018 = 11 June, and in 2019 = 18
June), with 80% of births occurring within a range as
short as 7.2 d in 2015 to as long as 21.5 d in 2017
(Fig. 3a). Fetal eye diameter, fetal number, and a fixed
effect of year explained 72.2% of variance in birthdate

(multiple R2; df = 71, VIF = 1.57, 1.06, 1.65 for fetal
eye diameter, fetal number and year, respectively). Resid-
uals of expected birth date indicated that offspring could
be born anywhere from 16 d earlier to 10 d later than
expected based on late-stage fetal development. Being
born early or late with respect to fetal development had
no effect on birth mass, nor did exposure to spring
green-up, maternal condition in March, or fetal number
(P > 0.1 for all coefficient estimates, df = 73).

Increased availability of income resources advanced
expected birth date

Expected birth date was explained largely by late-stage
fetal development, exposure to spring green-up, and date
of peak green-up on winter and summer ranges (multiple
R2 = 0.645, df = 70). A millimeter increase in fetal eye
diameter corresponded to a 2.69-d advancement in
birthdate (P < 0.0001, VIF = 1.18; Fig. 3b), whereas a
0.1 unit increase in IRG advanced birth date by 2.53 d
(P < 0.0001, VIF = 1.27; Fig. 3c). Likewise, a day delay
in peak green-up on winter range and summer range
corresponded to a 0.38- and a 0.17-d delay in expected
birthdate respectively (P < 0.01, VIF = 1.24 [winter
range] and 1.35 [summer range]; Fig. 3d, e). Fetal num-
ber and maternal condition (i.e., IFBFat in March) had
no effect on expected birthdate (P > 0.1).

Trade-off between time for offspring growth and access to
resources was mediated by migration distance

Most animals completed migration well before giving
birth. Across the 5-yr period of this study, animals
completed migration on average 23 d before giving
birth (mean in 2015 = 22 d, in 2016 = 23.5 d, in
2017 = 18.5 d, in 2018 = 25.2 d, in 2019 = 22.5 d).
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There was individual variability, however, in the number
of days between completion of migration and birth,
with three birth events (3.85%) occurring 1 d before

migration was completed (Fig. 4a). Animals that ended
migration earlier also gave birth earlier (r2 = 0.15,
P < 0.001, b = 0.19). The date of peak green-up on

150 160 170 180 190
Julian day of birth

2015
2016
2017
2018
2019
(a)

| |
| |

| |
| |

| |

10 12 14 16 18 20
70

80

90

100

110

Fetal eye diameter (mm)

N
um

be
r o

f d
ay

s 
to

 b
irt

h

(b)

P < 0.001

2015
2016
2017
2018
2019

0.2 0.3 0.4 0.5 0.6 0.7 0.8
70

80

90

100

110

Exposure to green-up (IRG)

(c)

P < 0.001

80 90 100 110 120
70

80

90

100

110

Date peak green-up on winter range

N
um

be
r o

f d
ay

s 
to

 b
irt

h

(d)

P < 0.001

110 120 130 140 150 160 170
70

80

90

100

110

Date peak green-up on summer range

(e)

P < 0.01
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summer range was a strong predictor of the end of
migration (r2 = 0.41, P < 0.001; Fig. 4b), with each day
delay in date of peak green-up at summer range corre-
sponding to a 0.53-d later completion of migration.
Likewise, there was individual variation in the mis-
match between the date of peak green-up on summer
range and the date of birth. Animals born earlier were
more mismatched with peak green-up in comparison
with animals born later (r2 = 0.12, P < 0.01, b = 0.20;
Fig. 4c). The degree to which birth was mismatched
with peak green-up on summer range was linked to
green-wave surfing (Days-From-Peak), with animals
that surfed closer to peak green-up during migration
giving birth more synchronously with peak green-up
(Fig. 4d). Specifically, every day closer to peak green-
up that animals surfed during migration resulted in a
1.88-d closer match between birth and peak green-up
on summer range (r2 = 0.37, P < 0.001). Date of peak
green-up across individual summer ranges differed by a
minimum of 40 d (in 2016) to a maximum of 56 d (in
2017). On average, animals tended to track the green
wave closely in early spring (�15 d of peak green-up;
Fig. 4e). But once migration was completed, animals
quickly became decoupled from the green wave—a pat-
tern that was consistent across all 5 yr (Fig. 4e). Thus,
the need to give birth did not constrain green-wave
surfing, as most animals finished migration before giv-
ing birth (Fig. 4).

DISCUSSION

Via long-term, individual-based monitoring of move-
ment behavior and timing of birth in a long-lived ungu-
late, we revealed strong links among reproductive
phenology, migratory tactic, and resource allocation. As
predicted, the importance of capital or income resources
depended on their seasonal availability and varied with
stage of reproduction. Specifically, better maternal con-
dition caused fetal development to be advanced when
measured in March (Fig. 2), and availability of forage
during migration advanced expected birth date (Fig. 3).
Although fetal development was a strong predictor of
expected birth date, there was up to 16 d of plasticity in
birthdate beyond that predicted by fetal eye diameter. In
contrast to our prediction, deer that advanced parturi-
tion date in response to better exposure to income
resources in spring did so without compromising birth
mass. In contrast to existing theory, which predicts that
conditions at the birth site should shape optimal birth
timing, our results provide a clear example of birth tim-
ing being shaped by trade-offs arising from events occur-
ring away from the birth site and from other parts of the
annual cycle. Only animals that surfed the green wave
and ended migration just before giving birth matched
birth with peak green-up, whereas most gave birth after
peak green-up. Although matching birth with peak
green-up likely increased access to high-quality
resources, doing so resulted in delayed birth and

therefore, less time for offspring to grow and develop
before fall migration. Together, our results suggest sea-
sonal interactions arising from differences in migration
distance and resource allocation shape birth timing.
Integrating full annual cycle ecology into the study of
birth timing highlights how seemingly distinct events
occurring on spatially separated seasonal ranges and
migratory routes are strongly intertwined.
In ungulates, timing of birth is shaped by two key fac-

tors: date of conception and gestation length. Both date
of conception and gestation length are flexible and influ-
enced by capital- and income-based processes (Berger
1992, Langvatn et al. 2004, Clements et al. 2011).
Indeed, mule deer in our study used resources derived
from both capital and income to finance reproduction,
but their use depended on the stage of fetal develop-
ment. Maternal condition in December was important
in timing of conception and early fetal development
(Fig. 2), whereas factors related to income, including
exposure to spring green-up and the beginning of spring
green-up on winter and summer ranges, had a stronger
effect later in fetal development (Fig. 3). Variation in
conception date is shaped by estrus cycles of females,
which can be influenced by nutritional condition, age,
resource availability, density, and the presence of males
(McComb 1987, Langvatn et al. 2004, Tyler et al. 2020).
Gestation length has likewise been linked to maternal
condition, age, and environmental conditions (Mysterud
et al. 2009, Clements et al. 2011). Here, the reliance on
income or capital resources for reproduction depended
on seasonal resource availability. Capital was more
important in early stages of reproduction when resource
availability was low. Income was more important during
late-stage gestation in spring and early summer when
better forage resources were available (Fig. 1a).
Birth timing did not always align with the commonly

held assumption that birth should be matched with peak
forage quality (Post et al. 2003, Williams et al. 2017).
Animals that experienced greater exposure to spring
green-up were able to advance expected birthdate by
2.5 d for each 0.1 unit increase in IRG, compared with
those that did not track vegetation phenology as well.
Moreover, an earlier onset of spring green-up on winter
and summer range was associated with an advance in
parturition date, and individuals that better matched
parturition with peak green-up more closely surfed the
green wave. Although synchronizing birth may help to
reduce predation on vulnerable young through predator
swamping (Estes 1976), birth synchrony also is assumed
to be the result of animals timing parturition to match
peak resource availability (Post et al. 2003) or be in sync
with long-term climate averages (Bowyer et al. 1998).
Nevertheless, individuals and populations vary in their
timing of birth (Pel�aez et al. 2020), with animals born
later often experiencing the greatest mismatch with
resource availability (Festa-Bianchet 1988). Likewise,
our study revealed that in most instances animals did
not match parturition with peak green-up. But in
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contrast to previous work (Festa-Bianchet 1988, Côt�e
and Festa-Bianchet 2001, Plard et al. 2014), animals
born later did not experience more of a mismatch with
resource peaks than those born early. Instead, deer that
experienced a large mismatch between birth and peak
green-up tended to give birth earlier than individuals
that achieved greater synchronization between parturi-
tion and peak green-up (Fig. 4). Early birth often is
linked to better offspring survival in ungulates, because
early-born animals have more time to grow before the
onset of winter (Festa-Bianchet 1988, Côt�e and Festa-
Bianchet 2001). The highly heterogeneous green-up
across summer ranges in our study might provide a
unique challenge to balance early birth date, completion
of migration, and synchronizing birth with peak green-
up. Indeed, animals that gave birth early tended to end
migration early; however, the green wave had already
passed them by long before birth. Thus, in this system
animals appear to trade off early birth and increased
time for offspring growth with matching birth to peak
green-up (Fig. 1b). Consequently, time, and not just for-
age availability, is a limiting resource for migrants (Har-
rison et al. 2011). Conceptualizing birth timing through
the lens of the full annual cycle helps to illuminate addi-
tional trade-offs that migrants face when balancing
reproduction with migration, foraging, and accumula-
tion of fat reserves.
In line with previous research (Verme 1965, Berger

1992, Asher et al. 2005), maternal condition was impor-
tant in shaping conception date and gestation length.
Nevertheless, the effect of migration distance on repro-
ductive phenology is much less studied. The negative
relationship between migration distance and fetal devel-
opment indicates that movement tactic may manifest in
varied life-history strategies. Because animals that
migrated long distances had less developed fetuses in
March, long-distance migrants must either mate later or
have prolonged gestational development. Long-distance
migrants likely benefit from having less developed
fetuses in March, thereby allowing them to complete
migration before giving birth without sacrificing the
ability to surf the green wave along their migratory
route. In contrast, individuals that ended migration early
also gave birth early, and thus may sacrifice an extended
period of exposure to spring green-up but benefit from
additional time for their offspring to grow and develop
before the onset of winter (Fig. 1b). Indeed, the effect of
migration distance on fetal development indicates that
resource allocation and life-history strategy may be fine-
tuned to the movement tactic of an animal. Similarly,
movement tactic of pectoral sandpipers (Calidris melan-
otos) also shaped resource allocation. Early-arriving
birds that migrated short distances relied on capital
resources gained at staging areas to finance reproduction
because resource availability is low early in the breeding
season (Yohannes et al. 2010). In contrast, sandpipers
that arrived late because they migrated long distances
used readily available resources from the breeding range

to finance reproduction (Yohannes et al. 2010). Studies
investigating how movement tactic shapes reproductive
phenology and resource allocation tactics within a spe-
cies are rare (Monteith et al. 2014), despite providing a
promising area for future research that may help to facil-
itate the link between individual differences in move-
ment and fitness (Nathan et al. 2008).
The link between movement tactic and the timing of

birth has important conservation and management
implications. First, adjusting to anthropogenic distur-
bances that curtail migration may not be as simple as
moving to undisturbed areas. The behavioral and physi-
ological mechanisms that match movement with optimal
reproductive phenology in a given environment also
must change in tandem with altered movement behavior.
Relocation efforts by wildlife management agencies
show that it often takes several years for animals translo-
cated from different ecotypes to adjust the timing of
reproduction to the relocated site (Whiting et al. 2011,
2012). So, for animals that must drastically alter move-
ment behaviors to cope with anthropogenic distur-
bances, a similar lag in physiological adjustments that
negatively affect fitness and population performance
also may occur. Second, populations with greater life-
history diversity are more robust in the face of environ-
mental change or stochasticity—a phenomenon referred
to as the portfolio effect (Schindler et al. 2010). The
diversity of movement behaviors in our system repre-
sents more than differences in behavior—it represents
diversity in life history that warrants conservation atten-
tion. Protecting and conserving movement diversity is
beneficial to maintain populations that will be more resi-
lient to environmental change, whereas the loss of move-
ment diversity will make populations more vulnerable to
local extinction (Schindler et al. 2010).
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