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Abstract

Environmental variation affects foraging decisions and resources available for allocation among competing life-history traits. In
seasonal environments, variation in breeding phenology leads to differences in relative timing of resource intake and expenditure,
which can lead to variation in maternal allocation tactics. Monitoring maternal allocation to fetal growth in wild mammals is
challenging, however, and few studies have linked seasonal effects of forage and maternal condition to early offspring develop-
ment. Asynchronous parturition and short gestation make kangaroos ideal for studying phenological effects on very early growth,
since pouch young born in different seasons can be measured during stages equivalent to in utero development for eutherian
mammals. Over 4 years, we recaptured 68 eastern grey kangaroo mother-young pairs with parturition dates spanning 5 months to
evaluate how birthdate affects maternal allocation to offspring growth before pouch exit. Structural equation modeling revealed
that mothers that gave birth in autumn gained mass during lactation, and their young grew faster than young born in early
summer. When later lactation coincided with poor winter forage and cold temperatures, mothers prioritized maintenance of their
own mass over offspring growth. Differences in maternal mass change and allocation to early and late-born young suggest that
seasonal resource availability influenced tactics of resource storage and expenditure. Our results provide a mechanistic link
between reproductive phenology, seasonal forage, and allocation trade-offs in wild mammals, and demonstrate a clear effect of
maternal mass change on growth of young during a phase that occurs in utero for eutherian mammals.

Significance statement

Capital and income breeding are often presented as opposing tactics of resource provisioning. Many species, however, use a
combination of stored and concurrent resources to reproduce. In seasonal environments, reproductive phenology should affect
the relative timing of resource acquisition and expenditure, which could affect maternal allocation to offspring. We used repeated
captures of mother-young kangaroo pairs and path analysis to explain how maternal allocation tactics adjust to season of
parturition. Mothers that timed later lactation with cold weather and low winter forage relied more heavily on stored resources
for reproduction and allocated less to offspring growth. Flexibility in foraging tactics may explain the variability in kangaroo
parturition date by allowing mothers to use stored energy to sustain reproduction during periods of scarce forage.
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Introduction

Resource allocation among competing traits controls the life
history of individuals, and therefore demography (Boggs
1992). When resource pools are restricted, different allocation
tactics can prioritize survival or reproduction according to the
residual reproductive value of parents and offspring
(Hirshfield and Tinkle 1975; Brommer et al. 2000). For her-
bivores in seasonal environments, plant phenology affects for-
aging decisions and the quality and availability of resources to
be allocated to successive stages of reproduction
(Forchhammer 1995). When the season of high resource ac-
quisition is shorter than an organisms’ period of reproductive
expenditure, stored “capital” resources can sustain reproduc-
tion during periods of restricted resource intake (Jonsson
1997; Oftedal 2000; Stephens et al. 2009). Hence, variation
in reproductive phenology should affect the relative timing of
resource intake and expenditure, leading to variation in re-
source storage and allocation.

To maximize lifetime fitness, most iteroparous mammals
prioritize allocation of resources to survival over reproduction,
by reducing maternal care when resources are scarce (Therrien
et al. 2008). Hence, the survival of adult females should be
canalized against environmental variation by a risk-avoidance
reproductive strategy (Gaillard and Yoccoz 2003). Reduced
allocation to offspring may, however, decrease pre- and post-
natal growth rates, decreasing offspring fitness independently
of post-weaning conditions (Boltnev et al. 1998; Lummaa and
Clutton-Brock 2002; Beauplet et al. 2005). Faster post-natal
growth is associated with higher fitness (Festa-Bianchet et al.
2000; Marcil-Ferland et al. 2013), but can be costly if it re-
quires diversion of resources from somatic maintenance and
reproduction (Dmitriew 2011), reducing lifespan (Metcalfe
and Monaghan 2003).

Despite its probable fitness consequences, there are no lon-
gitudinal studies of maternal allocation during fetal develop-
ment in wild free-ranging mammals, likely because it is ex-
tremely difficult to measure prenatal growth. Several studies
made population-level inferences using cross-sectional data
from culled pregnant animals (Skogland 1984; Reimers
1997; Christiansen et al. 2014), but none measured fetal
growth directly. Others found that timing of birth relative to
seasonal resources affected environment and maternal condi-
tion during gestation (Albon et al. 1983; Ceesay et al. 1997;
Strand et al. 2011), which can affect size at birth (Lummaa and
Clutton-Brock 2002), a possible proxy for fetal growth rate.
Size at birth, however, is also dependent on gestation length,
which is usually unknown. Mothers that adjust gestation
length in response to timing of conception (Morel et al.
2002), forage availability (Holst and Allan 1992; West
1996), or to time birthdate with a local environmental opti-
mum (Hogg et al. 2017), can affect offspring size at birth
independently of fetal growth rate. The causal relationships
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(Pearl 2012) between reproductive phenology, foraging deci-
sions and maternal allocation to early offspring growth, have
not been examined.

Here, we use structural equation modeling (SEM) (Bollen
and Pearl 2013; Shipley 2016) and repeated captures of wild
eastern grey kangaroo (Macropus giganteus) mother-young
pairs to uncover mechanisms explaining how reproductive
phenology affects maternal allocation to offspring growth
while young are completely dependent on maternal care. We
expected a faster juvenile growth rate when mothers had ac-
cess to more resources. We predicted that mothers with differ-
ent reproductive phenologies would adopt different tactics of
resource allocation.

Methods
Study species

Eastern grey kangaroos have a 36-day gestation and a 10-
month pouch life period (Poole et al. 1982; King and
Goldizen 2016), minimizing the effects of environment dur-
ing gestation (Clements et al. 2011) and allowing measure-
ment of young at very early stages of development. In mar-
supials, a long, maternally controlled lactation (Trott et al.
2003; Nicholas et al. 2012) accounts for the majority of
maternal energy allocation to reproduction (Atramentowicz
1995; Kuruppath et al. 2012). Pouch young are protected
from weather and consume only milk until first pouch exit
(~9 months), when they resemble a newborn ungulate in
size and development (Tyndale-Biscoe and Renfree 1987).
Thus, environmental effects on early growth are transmitted
solely through the mother, similar to fetal growth in euthe-
rians. Despite the different schedules of allocation to gesta-
tion and lactation, weaning mass does not differ between the
two infraclasses for similar-sized species (Hayssen et al.
1985). Kangaroos also share ecological and life-history traits
with ungulates: they are herbivorous, long-lived and
iteroparous (Jarman 1991). Growth during pouch life in mar-
supials is therefore likely to affect early survival and lifetime
reproductive success similarly to fetal growth in eutherian
ungulates.

Kangaroos likely exhibit a combination of income and cap-
ital breeding tactics (Stephens et al. 2009), as do some other
mammals (Broussard et al. 2005; Lewis and Kappeler 2005;
Wheatley et al. 2008). While fecundity may depend on pre-
breeding mass gain (Gélin et al. 2016), females also increased
resource intake during lactation (Gélin et al. 2013). Finally,
male pouch young grow faster than female pouch young
(Poole et al. 1982), which may make males more susceptible
to reduced maternal care in a poor environment (Byers and
Hogg 1995; Garel et al. 2006).
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Study area, population and environment

The study area is 1.5 km® of coastal grassland around an
emergency landing strip in Wilsons Promontory National
Park, southern Victoria (38° 56’ S, 146° 17" E). The shrub-
encroached grassland comprises sedges, herbs, ferns and
grasses (Davis et al. 2010). The study population declined
from 5.6 kangaroos/ha in spring 2013 (Glass et al. 2015) to
2.8 kangaroos/ha in autumn 2015; the lowest since quarterly
monitoring began in 2009. For this study, we used data from
the 2013 to 2016 cohorts.

Palatable forage was harvested from 50 systematically dis-
tributed, circular, wire-mesh 0.25 m? exclusion cages every
January, April, July and October. We used clippers to cut the
forage to ground level. Samples were combined to give the
mean palatable forage growth per 1 m? since the previous
sample. We calculated total forage growth between birthdate
and capture as a large pouch young (LPY) for each mother-
young pair using a forage accumulation curve
(Online Resource 1; Fig. S1). To control for variability in
intervals between birthdate and capture as an LPY, we divided
the total forage accumulated since birth by the capture inter-
val, obtaining a mean daily rate of forage growth.

Southern Victoria has a temperate climate (Stern et al.
2000). We used meteorological data from the Shallow Inlet
(38°47'S, 146° 10’ E) and Corner Inlet (38°48'S, 146° 19" E)
weather stations of the Australian Government Bureau of
Meteorology (http://www.bom.gov.au/climate/data/), 17 km
and 19 km NW from our study area, respectively. Rainfall
was the mean of both stations, but only temperature from
Corner Inlet was used because Shallow Inlet lacked
temperature data for some periods. Despite high yearly
variability, summer is drier (median January rainfall =42.
5 mm) and warmer (median daily minimum temperature =
13.2 °C) than winter (median July rainfall =97.2 mm;
median daily minimum temperature =7.5 °C). We calculated
mean daily minimum temperature and mean daily rainfall
between birthdate and date of LPY capture for each mother-
young pair.

Captures

Mothers (n =54) were immobilized by injection of Zoletil
using a pole syringe (King et al. 2011), then marked with
Allflex ear tags and collars (Gélin et al. 2016). Mothers were
first captured when young in the pouch (n=68) averaged
75 days old (SD = 32) and again when young were nearing
first pouch exit (LPY mean age =231 days, SD = 16). At each
capture, we measured maternal mass to the nearest 0.25 kg.
We also measured head, leg and foot length of the pouch
young to the nearest millimeter following Poole et al.
(1982). We compared body measurements of pouch young
to growth models for captive kangaroos (Poole et al. 1982)

to estimate age at each capture. Mother-young pairs were
measured and weighed on location and released with the
young in the pouch. It was not possible to record capture data
blind because our study involved marked wild animals.

Growth curves from captive eastern grey kangaroos

Congruence between growth rates of captive and wild marsu-
pials has previously been documented (Wood et al. 1983;
Atramentowicz 1995) and may be explained by a buffered
pouch environment (Delaney and De'ath 1990) or by high
mortality of slow-growing young. Poole et al. (1982) con-
structed sex-specific hyperbolic growth models from weekly
body measurements of 25 male and 22 female captive eastern
grey kangaroos from multiple genetic lineages whose
birthdates were exactly known. Age estimates derived from
these models were used to construct latent variables of
birthdate and pouch young growth.

Latent variables: birthdate and pouch young growth

Because we did not directly observe births, birthdate is a latent
variable estimated with error (Shipley 2016). We estimated
age of small pouch young (SPY) using non-linear growth
models for captive young (Poole et al. 1982) for head, leg
and foot length. We then subtracted these age estimates from
the capture date to obtain three indicators of birthdate per
pouch young. Birthdate was expressed in Julian days with 1
August as day 1, because only 2% of births in this population
occur between June and September (King and Goldizen
2016).

Pouch young growth is also a latent variable because it can
be measured in different ways (Shipley 2016). Growth is usu-
ally represented by change in length of body parts over time;
here we investigated increases in head, leg and foot lengths
from SPY to large pouch young (LPY) stages. We could not,
however, simply use a linear rate of change of body size be-
tween captures, because growth during pouch life is non-
linear and the rate of change is age-dependent. Instead, we
relied on growth trajectories for captive young (Poole et al.
1982) to establish an expected pattern of growth and measured
how much individual age estimates at capture as LPY deviat-
ed from the mean trajectory. A difference of 1 mm in head
length is not comparable to a 1 mm difference in leg or foot
length. Therefore, we used differences in ages estimated from
size measurements to express all three indicators in the same
unit, age in days:

Growth Indicator; ;)

= <age from length;) LPY(,-))f(age from length(; SPY ;) + interva]).

Hence, each indicator of latent growth was the difference
between ages estimated from body length i for individual j
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when captured as an LPY and as an SPY. Interval was the
number of days between captures and was added to age esti-
mated at SPY to obtain the age that we expected to estimate at
LPY if the pouch young had followed the growth trajectory
perfectly. Positive values indicated that young grew faster than
predicted by the growth curves, while negative values indicat-
ed slower growth. A similar method, although not with a latent
variable approach, was used to estimate pouch young growth
in wild brushtail possums (7richosurus vulpecula) (DeGabriel
et al. 2009). Variance for both latent variables was set to one,
allowing all indicators to load freely on the latent constructs
(Shipley 2016).

Statistical analyses

We used structural equation modeling (SEM) and the package
lavaan (Rosseel et al. 2015) in R version 3.2.4 (R Core Team
2016) to test effects of birthdate on growth from small pouch
young (SPY) to large pouch young (LPY), nearing the age of
pouch exit. SEM is ideal for testing complex directional hy-
potheses as it can measure chains of causal effects and indirect
effects (Pearl 2012; Bollen and Pearl 2013), and permits the
inclusion of latent variables (Lowry and Gaskin 2014). All
variables were standardized (mean=0, SD=1).

Our path models tested the general prediction that resources
available in the environment affected, through foraging deci-
sions, the resources available for reproduction (Boggs 1992).
We added an effect of timing of parturition on seasonal envi-
ronmental resources, and measured allocation to reproduction
as offspring growth between captures. The timing of birthdate
determines the seasonal weather and forage production experi-
enced during lactation. Mothers that time lactation with more
favorable spring weather and greater forage availability should
allocate more to pouch young growth, compared to mothers
that time lactation with restricted winter plant growth. We in-
cluded temperature, rainfall and forage independently in path
models instead of using them as indicators of a latent variable
“environment” because we were interested in their individual
effects. We considered interaction effects between environmen-
tal variables by multiplying their standardized values and in-
cluding the product as a new variable (Little et al. 2007).
Models including rainfall and control variables of age at first
capture and year were not coherent with the covariance struc-
ture of the data and were rejected (o= 0.05). Seven alternate
nested path models were coherent with the data, and included
maternal mass change during lactation and an interaction be-
tween temperature and forage (Online Resource 1; Fig. S2). We
compared models by Akaike’s information criterion corrected
for sample size (AICc) (Shipley 2013) using the AICcmodavg
package (Mazerolle 2015). Nested models were designed to
test if indirect effects of birthdate on pouch young growth were
transferred either sequentially through a chain of effects of en-
vironment on maternal mass change, or by a parallel direct
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effect of environment on pouch young growth. A parallel mod-
el structure suggests a risk-avoidance strategy, as environmen-
tal effects are passed directly by the mother to the young. We
then used the highest-ranked model to investigate whether un-
measured maternal attributes affected parturition date, maternal
mass changes and pouch young growth. We again performed
model selection using AICc selection to test different patterns
of free covariance between variables (Shipley 2016, pp. 103—
104) while maintaining the causal structure selected for in the
previous analysis. Finally, we used a multigroup approach
(Shipley 2016) to investigate whether the expected faster
growth rates of sons (Poole et al. 1982) made them more vul-
nerable than daughters to maternal mass loss or poor
environment.

Data availability All data analyzed during this study are in-
cluded in this published article and its supplementary infor-
mation files (Online Resource 2).

Results

We recaptured 69 female-young pairs over 4 years (2013 to
2016), including 33 daughters and 36 sons. There were no
recorded instances of multiple births. One mother-son pair
was excluded, despite conforming to the tendencies of the path
model, because the mother was the only primiparous female
sampled. Hence, her mass increase was likely influenced more
by size growth due to her young age than by seasonal variabil-
ity, and inexperience could explain her late parturition, 45 days
later than the next latest mother. Mean age of young did not
differ by sex at SPY (¢ test, overall mean =75 days, =—1.08,
df=61, P=0.28) or at LPY capture (¢ test, overall mean=
231 days, t=—10.85, df =67, P=0.39). Birthdate estimates at
SPY capture ranged from 1 December to 15 May (mean=9
January, SD =35 days), and did not vary by year (ANOVA,
F(3, 68)=1.4, P=0.25), and were 17 days later for daughters
than for sons (¢ test, t=2.04, df = 50, P =0.04). Mean maternal
mass at SPY capture was 28.2 kg (SD =2.4) and mass change
between captures ranged from —4.0 to 2.0 kg (mean+SD =—
0.6 = 1.1 kg), with no year effect (ANOVA, F(3, 68)=1.6, P=
0.19). Overall, 47 mothers lost mass, 6 maintained mass, and 15
gained mass. The mean (= SD) interval between captures was
156 +33 days. Pouch young growth did not vary with year
(ANOVA, F(3, 68)=1.1, P=10.38) and was not correlated with
interval between captures (7pearson=—0.18, P=0.15), age at
SPY (rpearson=0.16, P=0.19), or age at LPY capture
("Pearson = — 0.05, P =0.68).

The mean (+ SD) difference between measured and expect-
ed age at LPY capture was 0.16 £ 11.36 days. Birthdate indi-
rectly explained 30.5% of variance in growth between cap-
tures through parallel effects of maternal mass change and
forage, moderated by temperature, during lactation (Fig. 1).
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Fig. 1 Confirmatory structural equation model of the effect of birthdate
on growth of eastern grey kangaroo pouch young (PY) through maternal
and environmental effects. Birthdate and PY growth are latent variables
(circles), each with three observed indicator variables. Birthdate was con-
structed from the age estimated at small pouch young (SPY) capture from
measures of head, leg, and foot lengths applied to growth models for
captive kangaroos. PY growth is the difference between measured and
expected age at large pouch young (LPY) capture according to head, leg,
and foot length measurements. Boxes represent observed variables and R

Most mothers that gave birth later than 30 January gained
mass during lactation (Fig. 2a) and their young grew faster
than those born earlier (Fig. 2b). However, only 20.5% of
mothers gave birth after 30 January, so most did not time
parturition to favor seasonal mass increases that maximize
pouch young growth. Furthermore, mothers that experienced
relatively warmer temperatures for similarly-timed lactation
periods (i.e., relatively warmer winter) also lost less mass
(Online Resource 1; Fig. S2). In parallel, the increased forage
availability associated with later summer and autumn
birthdates improved pouch young growth independently of
maternal mass change, but only when seasonal conditions
were cooler (Fig. 3). The total indirect mean (+ SE) standard-
ized effect of birthdate on pouch young growth was 0.63 +
0.19 (Z=3.3, P=0.001). The mean (= SE) effect of birthdate
transmitted through maternal mass change was 0.20 + 0.09
(Z=2.2, P=0.03), while that acting through forage was
0.43+0.20 (Z=2.2, P=0.03).

The full model without the effect of the environmental
interaction on maternal mass change (Online Resource 1
Fig. S2d) also had support (Table 1). However, the added
effect of daily forage production on maternal mass change
was not statistically significant. Furthermore, adding free co-
variance between parturition date, maternal mass change and
pouch young growth did not improve model fit (Table 2).

Growth of sons was no more susceptible to harsh environ-
ment than that of daughters (Online Resource 1; Table S1).
Multi-group models with effects allowed to vary according to
pouch young sex did not explain more variance than the fully
constrained model.

values show the variance explained by the effects of all causal parent
variables. Solid black arrows indicate significant paths (*P < 0.05;
*##P <0.01; ##*P <0.001); grey, dashed arrows indicate paths that were
not significant (a =0.05). Numbers on arrows are standardized effect
coefficients. The double-headed arrow indicates a free covariance be-
tween PY growth as estimated from head and foot length. The structural
model was the best supported of seven path models tested using Akaike’s
information criterion corrected for sample size (AICc) (Table 1) and is
coherent with the data (X2 =31.65,df=27, P=0.24, n=68)

Discussion

Timing of parturition determined the food resources available
to lactating mothers, and affected maternal mass change dy-
namics, which in turn affected maternal resource allocation to
pouch young growth. The variation in reproductive phenology
of eastern grey kangaroos allowed us to measure the effects of
a difference in relative timing of resource intake and expendi-
ture on resource storage and allocation to reproduction. All
mother-young pairs were measured during the same reproduc-
tive stage: from undeveloped altricial young until near pouch
exit. Yet, maternal mass change dynamics differed dependent
on parturition date.

Mothers that gave birth in early summer moved into the
costlier phase of lactation for older pouch young (Trott et al.
2003; Nicholas et al. 2012) in late winter, when forage was
scarce. Nearly all of these early-timed mothers lost mass, sug-
gesting that they relied on stored “capital” resources to sustain
lactation (Bowen et al. 1992; Oftedal 2000). Conversely, late
summer and autumn parturitions resulted in a net maternal
mass gain during lactation, likely due to an alternative tactic
of compensatory feeding (Jonsson 1997) on abundant spring
forage. Indeed, kangaroo mothers with later-stage young in-
creased foraging efforts compared to females without, or with
younger, pouch young (Gélin et al. 2013). Food availability
affects growth rate in juvenile primates (Altmann and Alberts
2005), and some ungulates (Andersen et al. 2000; Kerby and
Post 2013) and other macropodid marsupials (Schwanz and
Robert 2012) also rely on concurrent resources to offset the
costs of lactation. The young of late-timed mothers that gained
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Fig. 2 Indirect effect of parturition date on growth of eastern grey
kangaroo pouch young (PY) until first pouch exit via changes in maternal
mass during lactation. Effects are unstandardized and taken from the path
analysis (Fig. 1). a Maternal mass change during lactation as a function of
parturition date, controlled for mean minimum temperature during lacta-
tion (shaded area, 95% CI). Horizontal dashed line indicates no net
change in maternal mass during lactation. Vertical dashed line indicates
30 January, after which mothers tended to gain mass during lactation. b
Effect of maternal mass change on PY growth (shaded area, 95% CI),
controlled for direct environmental effects. Horizontal and vertical dashed
lines indicate no deviation from growth as predicted by models derived
from captive PY, and no net change in maternal mass during lactation,
respectively. Latent PY growth is the difference in mean age estimates
from leg, foot, and head measurements at large PY capture and expected
age estimates according to age at small PY capture and days elapsed
between captures

body mass also showed faster age-specific growth. This effect,
however, was moderated by temperature, since for a given
parturition date, mothers lost less mass in warmer years, lead-
ing to faster pouch young growth. Mothers that timed costly
late lactation with abundant spring resources apparently allo-
cated more to offspring growth than early-birthing mothers
that used capital body stores to sustain lactation. Greater allo-
cation may be expressed through better quality milk. For
same-aged young, milk produced later in the spring has higher
concentrations of lipids and protein, which are essential for
offspring growth (Quesnel et al. 2017). Our study revealed
different tactics of relative timing of resource acquisition and
expenditure among individuals experiencing the same season-
al environment.
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Fig. 3 Effect of daily forage production during lactation, moderated by
mean daily minimum temperature, on growth of eastern grey kangaroo
pouch young (PY). a Declining effect of forage on PY growth (measured
—expected age at large PY capture) with increasing mean daily minimum
temperature during lactation (shaded area, 95% CI). The histogram
displays the distribution of mean minimum daily temperatures during
lactation. b Effect of daily forage production during lactation on PY
growth (a standardized latent construct) for high and low mean daily
minimum temperatures, bars are 95% confidence intervals. Mean
deviation from growth predicted by models derived from measures of
captive kangaroos was 0.16 days (horizontal dotted line). One standard
deviation of PY growth is 11.36 days

Parturition date explained 43% of the variance in mater-
nal mass change. Unexplained variance could be due to
individual differences in foraging strategies or nutrient
gain efficiency (Boggs 1992). Greater net allocation to off-
spring growth does not necessarily indicate greater repro-
ductive effort since late-born young may receive a smaller
proportion of the overall resource pool (Brommer et al.
2000). Therefore, more information about total available
resources and physiological efficiency of energy transfer
to young (Boggs 1992) is required before drawing conclu-
sions about differential reproductive effort for young with
varying birthdates.
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Table1 Ranking of candidate models for effects of birthdate on growth
of eastern grey kangaroo pouch young using Akaike’s information
criterion corrected for sample size (AICc), their number of estimated
model parameters (K), and weights (Wr). The sequential models
included indirect effects of birthdate (BD) that cascaded through mean
minimum daily temperature (T) and mean daily forage produced during
lactation (F) affecting maternal mass change (M), which in turn affected
pouch young growth. In parallel models, the effects of birthdate passed

independently through parallel paths of maternal and environmental var-
iables. Full models included all possible effects found in sequential and in
parallel models. Additional effects were added to the corresponding mod-
el base. The top-ranked model (Fig. 1) had a parallel base structure with
an additional effect of temperature on maternal mass change. All models
maintain the same latent variable structure as shown in Fig. 1. For the
complete list of illustrated models and effects, see Online Resource 1
(Fig. S2)

Model base Additional effects K AlCc AAICc AlICc Wt Log likelihood
Parallel (M~T) 38 818.06 0.00 0.63 —364.05
Full 39 820.53 247 0.18 —363.35
Sequential (M~BD) 37 821.16 3.10 0.13 —367.46
Full (M~T:F) 40 824.57 6.51 0.02 —363.35
Parallel Base model 37 824.81 6.75 0.02 -369.29
Parallel (M~F) 38 826.14 8.08 0.01 —368.09
Sequential Base model 36 837.31 19.25 0.00 -377.32

Forage productivity directly affected pouch young growth,
suggesting that kangaroo mothers exhibit a risk-avoidance re-
productive strategy similar to that reported for ungulates
(Gaillard and Yoccoz 2003; Therrien et al. 2008). Forage pro-
ductivity interacted with seasonal temperature dynamics to in-
fluence resource allocation. During colder winters, maternal
energy requirements for thermoregulation appeared to have
priority over milk production, since the combination of low
temperature and low forage directly reduced pouch young
growth. The direct effect of forage on pouch young growth,
not acting through maternal mass change, suggests that
mothers allocated resources to body condition at the expense
of maternal care, as reported for bighorn ewes (Ovis
canadensis) (Festa-Bianchet and Jorgenson 1998; Martin and
Festa-Bianchet 2010). By restricting allocation to reproduction
in a harsh environment, female eastern grey kangaroos might
maximize energy available for future reproduction (Hirshfield
and Tinkle 1975; Brommer et al. 2000), should conditions
improve. In primates, mothers that reconceived sooner
invested less in their current infant’s growth (Bowman and
Lee 1995). Trade-offs between current and future reproduction

Table 2  Ranking of candidate models for free covariance structures of
the top-ranked path model (Fig. 1) for indirect effects of birthdate on
growth of pouch young (PY) in eastern grey kangaroos using Akaike’s
information criterion corrected for sample size (AICc), their number of

are also expected in kangaroos, which must maintain or gain
mass to successfully reproduce in the subsequent year (Gélin
et al. 2016), and where the use of energy stores for reproduc-
tion establishes a common resource pool linking breeding at-
tempts (Jonsson 1997). Our results support the hypothesis that
highly iteroparous mammals should canalize adult survival
against environmental variation to maximize fitness (Gaillard
and Yoccoz 2003). Hence, the convergence of life-history traits
between species could result in the convergence of reproduc-
tive strategies.

Allowing free covariance between pouch young growth and
either birthdate or maternal mass change did not improve model
fit (Table 2), but these models were equivalent and had essen-
tially the same amount of support as the null model (Fig. 1). Itis
therefore likely that there remain unmodelled causal relation-
ships between these three variables, possibly due to unmea-
sured maternal traits that affect both timing of parturition and
pouch young growth. Despite the better understanding we have
achieved through relatively simple path models, the unresolved
covariance highlights the complexity of seasonal effects on
aseasonal reproduction and resource allocation tactics.

estimated model parameters (K), and weights (Wr). The null model does
not allow covariance between residuals. Candidate models test free co-
variance between PY growth, maternal mass change (M), and birthdate
(BD). All models maintain the same structural and latent variable models

Covariance structure K AlCc AAICc AlICc Wt Log likelihood
Null 38 818.06 0.00 0.33 —364.05
PYgrowth~~M 39 818.36 0.30 0.29 —362.26
PYgrowth~~BD 39 818.36 0.30 0.29 —362.26
M~~BD 39 821.93 3.87 0.05 —364.05
PYgrowth~~M + BD 40 822.40 434 0.04 —362.26
PYgrowth~~M + BD and M~~BD 41 826.61 8.55 0.00 —362.26
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The use of path analysis was essential to understand how
reproductive phenology affected maternal allocation to repro-
duction, because it included indirect effects of birthdate on
offspring growth. Strong indirect effects of birthdate on the
growth rate of maternally dependent young were conveyed
through maternal mass change and forage availability during
lactation. Most females, however, gave birth earlier than ex-
pected if the timing of parturition was selected to maximize
growth during pouch life, which is comparable to fetal growth
in eutherians. We predict, therefore, that early parturition is
likely to benefit other components of reproduction that out-
weigh the fitness costs of slower growth in the pouch.
Synchronizing post-pouch lactation, which is comparable to
lactation in eutherians, with spring forage could improve ju-
venile survival, and warrant the stored energy expenditure we
observed in early-timed mothers (Hogg et al. 2017). Despite
slower growth while in the pouch, early-born young may ben-
efit from more time to grow prior to the subsequent winter, or
from faster growth as young-at-foot, analogous to post-partum
growth in young ungulates (Coté and Festa-Bianchet 2001,
Feder et al. 2008). Hence, parturition cannot be timed to max-
imize growth at all stages of juvenile development, and future
studies should focus on how birth timing leads to potential
trade-offs between growth stages.

We used a latent variable for birthdate to reduce the poten-
tially biasing influence of imperfect estimates. The high con-
gruence between loadings of the three indicators for birthdate
estimates at SPY capture reinforces our confidence in the ac-
curacy of the estimates at this age. Higher precision in mea-
surements of smaller pouch young, and a more constrained
error in the growth model at younger ages (Poole et al. 1982),
likely contribute to the congruence between indicators. Age
estimates obtained from foot, leg, and head lengths at SPY
capture were very similar (mean difference = 0.45 days). The
short time between birth and capture likely restricted diver-
gence from the predicted growth rate. Very early growth could
also be less variable among individuals due to the lower ener-
gy required to carry and suckle the very small young in the
first few months after birth (Trott et al. 2003; Nicholas et al.
2012), making environmental and maternal effects less likely
to cause variation in growth at this stage. Eutherian mammals
also exhibit low variability in early fetal development. In both
reindeer (Rangifer tarandus) and red deer (Cervus elaphus),
variation in fetal growth rate and effects of environment on
birth mass were apparent only in the last third of gestation
(Albon et al. 1983; Skogland 1984).

The use of sex-specific growth prediction models may ex-
plain why path coefficients were similar for both sexes, since
the faster male growth rate was accounted for when predicting
age at large pouch young (LPY) capture. The growth models
were accurate in predicting the age of LPY nearing pouch
emergence, particularly for young born near the mean partu-
rition date of 9 January. The mean deviation between

@ Springer

measured and expected age at LPY capture was 0.16 (95%
CI: —2.64, 2.96) days. However, since parturition date ex-
plained a significant part of the variance in growth between
captures, birthdate estimates of older pouch young from this
population should be corrected to account for seasonal effects
on growth.

Asynchronous parturition and a short gestation in kanga-
roos provided novel insight into the effects of phenology on
tactics of maternal resource allocation to reproduction.
Seasonal timing of birth strongly influenced growth indirectly
through maternal mass changes and forage availability.
Female eastern grey kangaroos exhibited flexibility in the
use of income-capital resources to sustain reproductive efforts
dependent on season of parturition. Kangaroo mothers used a
risk-avoidance reproductive strategy, prioritizing body condi-
tion and opportunity for future reproduction over current re-
production in colder conditions. Our results provide a clear
link between maternal resources and growth of young during a
phase that occurs in utero for eutherian mammals.

Acknowledgements We acknowledge the important contributions of stu-
dents and field assistants. We thank two anonymous reviewers for their
insightful suggestions. L. Quesnel and W. King provided constructive
comments on an earlier draft of the manuscript and helped with fieldwork.
N. Davis assisted with vegetation monitoring, and B. Shipley provided
guidance with analyses. This research was supported by the Natural
Sciences and Engineering Research Council of Canada (NSERC), the
Australian Research Council (ARC) Linkage Program (LP0560344),
the Ministére de 1’Education, du Loisir et du Sport of Québec (MELS),
Parks Victoria, the Quebec Center for Biodiversity Science, the
University of Melbourne and the Université de Sherbrooke. We also
acknowledge the logistical support provided by Parks Victoria.

Project funding This research was supported financially by the Natural
Sciences and Engineering Research Council of Canada (NSERC), the
Australian Research Council (ARC) Linkage Program (LP0560344),
the Ministére de 1’Education, du Loisir et du Sport of Québec (MELS),
Parks Victoria, the Quebec Center for Biodiversity Science, the
University of Melbourne and the Université de Sherbrooke. We appreci-
ate the logistic support of Parks Victoria.

Compliance with ethical standards

Ethical approval  All procedures involving animals were authorized by
The University of Melbourne Animal Ethics Committee (protocol no.:
1312902.1) and by the Université de Sherbrooke Animal Care Committee
(protocol no.: MFB2012-02), affiliated with the Canadian Council on
Animal Care. All applicable institutional, national, and international
guidelines for the care and use of animals were followed.

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

References

Albon SD, Guinness FE, Clutton-Brock TH (1983) The influence of
climatic variation on the birth weights of red deer (Cervus elaphus).
T Zool 200:295-298



Behav Ecol Sociobiol (2018) 72:7

Page 9 of 10 7

Altmann J, Alberts SC (2005) Growth rates in a wild primate population:
ecological influences and maternal effects. Behav Ecol Sociobiol
57(5):490-501. https://doi.org/10.1007/s00265-004-0870-x

Andersen R, Gaillard JM, Linnell JD, Duncan P (2000) Factors affecting
maternal care in an income breeder, the European roe deer. J] Anim
Ecol 69(4):672—682. https://doi.org/10.1046/j.1365-2656.2000.
00425.x

Atramentowicz M (1995) Growth of pouch young in the bare-tailed
woolly opossum, Caluromys philander. J] Mammal 76(4):1213—
1219. https://doi.org/10.2307/1382614

Beauplet G, Barbraud C, Chambellant M, Guinet C (2005) Interannual
variation in the post-weaning and juvenile survival of subantarctic
fur seals: influence of pup sex, growth rate and oceanographic con-
ditions. J Anim Ecol 74(6):1160—1172. https://doi.org/10.1111/].
1365-2656.2005.01016.x

Boggs CL (1992) Resource allocation: exploring connections between
foraging and life history. Funct Ecol 6(5):508-518. https://doi.org/
10.2307/2390047

Bollen KA, Pearl J (2013) Eight myths about causality and structural
equation models. In: Morgan S (ed) Handbook of causal analysis
for social research. Springer-Verlag, Dordrecht, pp 245-274. https://
doi.org/10.1007/978-94-007-6094-3 15

Boltnev Al, York AE, Antonelis GA (1998) Northern fur seal young:
interrelationships among birth size, growth, and survival. Can J
Zool 76(5):843—854. https://doi.org/10.1139/298-010

Bowen WD, Oftedal OT, Boness DJ (1992) Mass and energy transfer
during lactation in a small phocid, the harbor seal (Phoca vitulina).
Physiol Zool 65(4):844-866. https://doi.org/10.1086/physzo0l.65.4.
30158543

Bowman JE, Lee PC (1995) Growth and threshold weaning weights
among captive rhesus macaques. Am J Phys Anthr 96(2):159-175.
https://doi.org/10.1002/ajpa.1330960205

Brommer J, Kokko H, Pietidinen H (2000) Reproductive effort and re-
productive values in periodic environments. Am Nat 155(4):454—
472. https://doi.org/10.1086/303335

Broussard DR, Dobson FS, Murie JO (2005) The effects of capital on an
income breeder: evidence from female Columbian ground squirrels.
Can J Zool 83(4):546-552. https://doi.org/10.1139/z05-044

Byers JA, Hogg JT (1995) Environmental effects on prenatal growth rate
in pronghorn and bighorn: further evidence for energy constraint on
sex-biased maternal expenditure. Behav Ecol 6(4):451-457. https://
doi.org/10.1093/beheco/6.4.451

Ceesay SM, Prentice AM, Cole TJ (1997) Maternal supplementation
during pregnancy in a primary health care setting in rural Gambia:
effects on birth outcome. BMJ 315(7111):786—790. https://doi.org/
10.1136/bm;j.315.7111.786

Christiansen F, Vikingsson GA, Rasmussen MH, Lusseau D (2014)
Female body condition affects foetal growth in a capital breeding
mysticete. Funct Ecol 28(3):579-588. https://doi.org/10.1111/1365-
2435.12200

Clements MN, Clutton-Brock TH, Albon SD, Pemberton JM, Kruuk LE
(2011) Gestation length variation in a wild ungulate. Funct Ecol
25(3):691-703. https://doi.org/10.1111/j.1365-2435.2010.01812.x

Coté SD, Festa-Bianchet M (2001) Birthdate, mass and survival in moun-
tain goat kids: effects of maternal characteristics and forage quality.
Oecologia 127(2):230-238. https://doi.org/10.1007/
5004420000584

Davis NE, Forsyth DM, Coulson G (2010) Facilitative interactions be-
tween an exotic mammal and native and exotic plants: hog deer
(Axis porcinus) as seed dispersers in south-eastern Australia. Biol
Invasions 12(5):1079-1092. https://doi.org/10.1007/s10530-009-
9525-1

DeGabriel JL, Moore BD, Foley WJ, Johnson CN (2009) The effects of
plant defensive chemistry on nutrient availability predict reproduc-
tive success in a mammal. Ecology 90(3):711-719. https://doi.org/
10.1890/08-0940.1

Delaney R, De'ath G (1990) Age estimation and growth-rates of captive
and wild pouch young of Petrogale assimilis. Wildl Res 17(5):491—
499. https://doi.org/10.1071/WR9900491

Dmitriew CM (2011) The evolution of growth trajectories: what limits
growth rate? Biol Rev 86(1):97-116. https://doi.org/10.1111/j.1469-
185X.2010.00136.x

Feder C, Martin JG, Festa-Bianchet M, Bérubé C, Jorgenson JT (2008)
Never too late? Consequences of late birthdate for mass and survival
of bighorn lambs. Oecologia 156(4):773—781. https://doi.org/10.
1007/s00442-008-1035-9

Festa-Bianchet M, Jorgenson JT (1998) Selfish mothers: reproductive
expenditure and resource availability in bighorn ewes. Behav Ecol
9(2):144-150. https://doi.org/10.1093/beheco/9.2.144

Festa-Bianchet M, Jorgenson JT, Réale D (2000) Early development,
adult mass, and reproductive success in bighorn sheep. Behav
Ecol 11(6):633-639. https://doi.org/10.1093/beheco/11.6.633

Forchhammer MC (1995) Sex, age, and seasonal variation in the foraging
dynamics of muskoxen, Ovibos moschatus, in Greenland. Can J
Zool 73(7):1344-1361. https://doi.org/10.1139/295-158

Gaillard JM, Yoccoz NG (2003) Temporal variation in survival of mam-
mals: a case of environmental canalization? Ecology 84(12):3294—
3306. https://doi.org/10.1890/02-0409

Garel M, Solberg EJ, SZEther BE, Herfindal I, Hogda KA (2006) The
length of growing season and adult sex ratio affect sexual size di-
morphism in moose. Ecology 87(3):745-758. https://doi.org/10.
1890/05-0584

Gélin U, Wilson ME, Coulson GM, Festa-Bianchet M (2013) Offspring
sex, current and previous reproduction affect feeding behaviour in
wild eastern grey kangaroos. Anim Behav 86(5):885-891. https://
doi.org/10.1016/j.anbehav.2013.08.016

Gélin U, Wilson ME, Cripps J, Coulson G, Festa-Bianchet M (2016)
Individual heterogeneity and offspring sex affect the growth—repro-
duction trade-off in a mammal with indeterminate growth.
Oecologia 180(4):1127-1135. https://doi.org/10.1007/s00442-015-
3531z

Glass R, Forsyth DM, Coulson G, Festa-Bianchet M (2015) Precision,
accuracy and bias of walked line-transect distance sampling to esti-
mate eastern grey kangaroo population size. Wildl Res 42(8):633—
641. https://doi.org/10.1071/WR 15029

Hayssen V, Lacy RC, Parker PJ (1985) Metatherian reproduction: transi-
tional or transcending? Am Nat 126(5):617-632. https://doi.org/10.
1086/284443

Hirshfield MF, Tinkle DW (1975) Natural selection and the evolution of
reproductive effort. Proc Natl Acad Sci USA 72(6):2227-2231.
https://doi.org/10.1073/pnas.72.6.2227

Hogg JT, Dunn SJ, Poissant J, Pelletier F, Byers JA (2017) Capital vs.
income-dependent optimal birth date in two North American ungu-
lates. Ecosphere 8(4):¢01766. https://doi.org/10.1002/ecs2.1766

Holst PJ, Allan CJ (1992) The timing of a moderate nutritional restriction
in mid pregnancy and its effect on lamb birth weight and ewe ges-
tation length. Anim Prod Sci 32(1):11-14. https://doi.org/10.1071/
EA9920011

Jarman PJ (1991) Social behavior and organization in the
Macropodoidea. Adv Study Behav 20:1-50. https://doi.org/10.
1016/S0065-3454(08)60318-6

Jonsson KI (1997) Capital and income breeding as alternative tactics of
resource use in reproduction. Oikos 78(1):57—66. https://doi.org/10.
2307/3545800

Kerby J, Post E (2013) Capital and income breeding traits differentiate
trophic match—mismatch dynamics in large herbivores. Philos Trans
R Soc B 368(1624):20120484. https://doi.org/10.1098/rstb.2012.
0484

King WJ, Goldizen AW (2016) Few sex effects in the ontogeny of
mother-offspring relationships in eastern grey kangaroos. Anim
Behav 113:59-67. https://doi.org/10.1016/j.anbehav.2015.12.020

@ Springer


https://doi.org/10.1007/s00265-004-0870-x
https://doi.org/10.1046/j.1365-2656.2000.00425.x
https://doi.org/10.1046/j.1365-2656.2000.00425.x
https://doi.org/10.2307/1382614
https://doi.org/10.1111/j.1365-2656.2005.01016.x
https://doi.org/10.1111/j.1365-2656.2005.01016.x
https://doi.org/10.2307/2390047
https://doi.org/10.2307/2390047
https://doi.org/10.1007/978-94-007-6094-3_15
https://doi.org/10.1007/978-94-007-6094-3_15
https://doi.org/10.1139/z98-010
https://doi.org/10.1086/physzool.65.4.30158543
https://doi.org/10.1086/physzool.65.4.30158543
https://doi.org/10.1002/ajpa.1330960205
https://doi.org/10.1086/303335
https://doi.org/10.1139/z05-044
https://doi.org/10.1093/beheco/6.4.451
https://doi.org/10.1093/beheco/6.4.451
https://doi.org/10.1136/bmj.315.7111.786
https://doi.org/10.1136/bmj.315.7111.786
https://doi.org/10.1111/1365-2435.12200
https://doi.org/10.1111/1365-2435.12200
https://doi.org/10.1111/j.1365-2435.2010.01812.x
https://doi.org/10.1007/s004420000584
https://doi.org/10.1007/s004420000584
https://doi.org/10.1007/s10530-009-9525-1
https://doi.org/10.1007/s10530-009-9525-1
https://doi.org/10.1890/08-0940.1
https://doi.org/10.1890/08-0940.1
https://doi.org/10.1071/WR9900491
https://doi.org/10.1111/j.1469-185X.2010.00136.x
https://doi.org/10.1111/j.1469-185X.2010.00136.x
https://doi.org/10.1007/s00442-008-1035-9
https://doi.org/10.1007/s00442-008-1035-9
https://doi.org/10.1093/beheco/9.2.144
https://doi.org/10.1093/beheco/11.6.633
https://doi.org/10.1139/z95-158
https://doi.org/10.1890/02-0409
https://doi.org/10.1890/05-0584
https://doi.org/10.1890/05-0584
https://doi.org/10.1016/j.anbehav.2013.08.016
https://doi.org/10.1016/j.anbehav.2013.08.016
https://doi.org/10.1007/s00442-015-3531-z
https://doi.org/10.1007/s00442-015-3531-z
https://doi.org/10.1071/WR15029
https://doi.org/10.1086/284443
https://doi.org/10.1086/284443
https://doi.org/10.1073/pnas.72.6.2227
https://doi.org/10.1002/ecs2.1766
https://doi.org/10.1071/EA9920011
https://doi.org/10.1071/EA9920011
https://doi.org/10.1016/S0065-3454(08)60318-6
https://doi.org/10.1016/S0065-3454(08)60318-6
https://doi.org/10.2307/3545800
https://doi.org/10.2307/3545800
https://doi.org/10.1098/rstb.2012.0484
https://doi.org/10.1098/rstb.2012.0484
https://doi.org/10.1016/j.anbehav.2015.12.020

7 Page 10 of 10

Behav Ecol Sociobiol (2018) 72:7

King WJ, Wilson M, Allen T, Festa-Bianchet M, Coulson G (2011) A
capture technique for free-ranging eastern grey kangaroos
(Macropus giganteus) habituated to humans. Aust Mammal 33(1):
47-51. https://doi.org/10.1071/AM10029

Kuruppath S, Bisana S, Sharp JA, Lefevre C, Kumar S, Nicholas KR
(2012) Monotremes and marsupials: comparative models to better
understand the function of milk. J Biosci 37(4):581-588. https://doi.
0rg/10.1007/s12038-012-9247-x

Lewis RJ, Kappeler PM (2005) Are Kirindy sifaka capital or income
breeders? It depends. Am J Primatol 67(3):365-369. https://doi.
org/10.1002/ajp.20190

Little TD, Card NA, Bovaird JA, Preacher KJ, Crandall CS (2007)
Structural equation modeling of mediation and moderation with
contextual factors. In: Little TD, Bovaird JA, Card NA (eds)
Modeling contextual effects in longitudinal studies. Psychology
Press, New York, pp 207-230

Lowry PB, Gaskin J (2014) Partial least squares (PLS) structural equation
modeling (SEM) for building and testing behavioral causal theory:
when to choose it and how to use it. IEEE T. Prof Commun 57:123—
146

Lummaa V, Clutton-Brock T (2002) Early development, survival and
reproduction in humans. Trends Ecol Evol 17(3):141-147. https://
doi.org/10.1016/S0169-5347(01)02414-4

Marcil-Ferland D, Festa-Bianchet M, Martin AM, Pelletier F (2013)
Despite catch-up, prolonged growth has detrimental fitness conse-
quences in a long-lived vertebrate. Am Nat 182(6):775-785. https:/
doi.org/10.1086/673534

Martin JG, Festa-Bianchet M (2010) Bighorn ewes transfer the costs of
reproduction to their lambs. Am Nat 176(4):414-423. https://doi.
0rg/10.1086/656267

Mazerolle MJ (2015) Package 'AlCcmodavg, https:/CRAN.R-project.
org/package=AlCcmodavg

Metcalfe NB, Monaghan P (2003) Growth versus lifespan: perspectives
from evolutionary ecology. Exp Gerontol 38(9):935-940. https://
doi.org/10.1016/S0531-5565(03)00159-1

Morel MD, Newcombe JR, Holland SJ (2002) Factors affecting gestation
length in the thoroughbred mare. Anim Reprod Sci 74(3-4):175—
185. https://doi.org/10.1016/S0378-4320(02)00171-9

Nicholas K, Sharp J, Watt A, Wanyonyi S, Crowley T, Gillespie M,
Lefevre C (2012) The tammar wallaby: a model system to examine
domain-specific delivery of milk protein bioactives. Semin Cell Dev
Biol 23(5):547-556. https://doi.org/10.1016/j.semcdb.2012.03.016

Oftedal OT (2000) Use of maternal reserves as a lactation strategy in large
mammals. Proc Nutr Soc 59(01):99-106. https://doi.org/10.1017/
S0029665100000124

Pearl J (2012) The causal foundations of structural equation modeling. In:
Hoyle R (ed) Handbook of structural equation modeling. Guilford
Press, New York, pp 68-91

Poole W, Carpenter S, Wood JT (1982) Growth of grey kangaroos and the
reliability of age determination from body measurements I. The
eastern grey kangaroo, Macropus giganteus. Wildl Res 9(1):9-20.
https://doi.org/10.1071/WR9820009

Quesnel L, MacKay A, Forsyth DM, Nicholas KR, Festa-Bianchet M
(2017) Size, season and offspring sex affect milk composition and
juvenile survival in wild kangaroos. J Zool 30:252-262

@ Springer

R Core Team (2016) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna https://
www.R-project.org/

Reimers E (1997) Rangifer population ecology: a Scandinavian perspec-
tive. Rangifer 17(3):105—118. https://doi.org/10.7557/2.17.3.1359

Rosseel Y, Oberski D, Byrnes J et al (2015) Package ‘lavaan’, https:/cran.
r-project.org/web/packages/lavaan/lavaan.pdf

Schwanz LE, Robert KA (2012) Reproductive ecology of wild tammar
wallabies in natural and developed habitats on Garden Island,
Western Australia. Aust J Zool 60(2):111-119. https://doi.org/10.
1071/2012024

Shipley B (2013) The AIC model selection method applied to path ana-
lytic models compared using a d-separation test. Ecology 94(3):
560-564. https://doi.org/10.1890/12-0976.1

Shipley B (2016) Cause and correlation in biology: a user’s guide to path
analysis, structural equations and causal inference with R.
Cambridge University Press, Cambridge. https://doi.org/10.1017/
CBO09781139979573

Skogland T (1984) The effects of food and maternal conditions in fetal
growth and size in wild reindeer. Rangifer 4(2):39-46. https://doi.
org/10.7557/2.4.2.501

Stephens PA, Boyd IL, McNamara JM, Houston A (2009) Capital breed-
ing and income breeding: their meaning, measurement, and worth.
Ecology 90(8):2057-2067. https://doi.org/10.1890/08-1369.1

Stern H, De Hoedt G, Ernst J (2000) Objective classification of Australian
climates. Aust Meteorol Mag 49:87-96

Strand LB, Barnett AG, Tong S (2011) The influence of season and
ambient temperature on birth outcomes: a review of the epidemio-
logical literature. Environ Res 111(3):451-462. https://doi.org/10.
1016/j.envres.2011.01.023

Therrien JF, C6té SD, Festa-Bianchet M, Ouellet J-P (2008) Maternal
care in white-tailed deer: trade-off between maintenance and repro-
duction under food restriction. Anim Behav 75(1):235-243. https://
doi.org/10.1016/j.anbehav.2007.04.030

Trott JF, Simpson KJ, Moyle RL, Hearn CM, Shaw G, Nicholas KR,
Renfree M (2003) Maternal regulation of milk composition, milk
production, and pouch young development during lactation in the
tammar wallaby (Macropus eugenii). Biol Reprod 68(3):929-936.
https://doi.org/10.1095/biolreprod.102.005934

Tyndale-Biscoe H, Renfree M (1987) Reproductive physiology of mar-
supials. Cambridge University Press, New York. https://doi.org/10.
1017/CBO9780511623493

West HJ (1996) Maternal undernutrition during late pregnancy in sheep.
Its relationship to maternal condition, gestation length, hepatic phys-
iology and glucose metabolism. Br J Nutr 75(04):593-605. https://
doi.org/10.1079/BIN19960162

Wheatley KE, Bradshaw CJ, Harcourt RG, Hindell MA (2008) Feast or
famine: evidence for mixed capital-income breeding strategies in
Weddell seals. Oecologia 155(1):11-20. https://doi.org/10.1007/
s00442-007-0888-7

Wood JT, Poole W, Carpenter S (1983) Validation of aging keys for
eastern grey kangaroos, Macropus giganteus. Wildl Res 10(2):
213-217. https://doi.org/10.1071/WR9830213


https://doi.org/10.1071/AM10029
https://doi.org/10.1007/s12038-012-9247-x
https://doi.org/10.1007/s12038-012-9247-x
https://doi.org/10.1002/ajp.20190
https://doi.org/10.1002/ajp.20190
https://doi.org/10.1016/S0169-5347(01)02414-4
https://doi.org/10.1016/S0169-5347(01)02414-4
https://doi.org/10.1086/673534
https://doi.org/10.1086/673534
https://doi.org/10.1086/656267
https://doi.org/10.1086/656267
https://CRAN.R-project.org/package=AICcmodavg
https://CRAN.R-project.org/package=AICcmodavg
https://doi.org/10.1016/S0531-5565(03)00159-1
https://doi.org/10.1016/S0531-5565(03)00159-1
https://doi.org/10.1016/S0378-4320(02)00171-9
https://doi.org/10.1016/j.semcdb.2012.03.016
https://doi.org/10.1017/S0029665100000124
https://doi.org/10.1017/S0029665100000124
https://doi.org/10.1071/WR9820009
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.7557/2.17.3.1359
https://cran.r-project.org/web/packages/lavaan/lavaan.pdf
https://cran.r-project.org/web/packages/lavaan/lavaan.pdf
https://doi.org/10.1071/ZO12024
https://doi.org/10.1071/ZO12024
https://doi.org/10.1890/12-0976.1
https://doi.org/10.1017/CBO9781139979573
https://doi.org/10.1017/CBO9781139979573
https://doi.org/10.7557/2.4.2.501
https://doi.org/10.7557/2.4.2.501
https://doi.org/10.1890/08-1369.1
https://doi.org/10.1016/j.envres.2011.01.023
https://doi.org/10.1016/j.envres.2011.01.023
https://doi.org/10.1016/j.anbehav.2007.04.030
https://doi.org/10.1016/j.anbehav.2007.04.030
https://doi.org/10.1095/biolreprod.102.005934
https://doi.org/10.1017/CBO9780511623493
https://doi.org/10.1017/CBO9780511623493
https://doi.org/10.1079/BJN19960162
https://doi.org/10.1079/BJN19960162
https://doi.org/10.1007/s00442-007-0888-7
https://doi.org/10.1007/s00442-007-0888-7
https://doi.org/10.1071/WR9830213

	Maternal resource allocation adjusts to timing of parturition in an asynchronous breeder
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Study species
	Study area, population and environment
	Captures
	Growth curves from captive eastern grey kangaroos
	Latent variables: birthdate and pouch young growth
	Statistical analyses

	Results
	Discussion
	References


