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Abstract
1. Life- history theory predicts energy allocation trade- offs between traits when  

resources are limited. If females reduce allocation to growth when they repro-
duce, annual growth could reveal past reproductive effort, which would be useful 
to  assess population dynamics and harvest sustainability. The potential and  accuracy 
of growth measures for predicting reproductive success have rarely been evalu-
ated with individuals with known reproductive history.

2. We used long- term monitoring of annual growth and reproduction of marked  
female bighorn sheep and mountain goats, two species in which primiparity normally  
occurs well before growth completion, to evaluate growth versus reproduction 
trade- offs and their potential for predicting reproductive history of young females 
using mixed models and 10- fold block cross- validation.

3. We documented a significant reduction in mass gain and horn growth in young 
reproducing females of both species. This trade- off was affected by individual dif-
ferences in energy acquisition and allocation because population density and pre-
vious allocation to growth affected the trade- off. We then parameterized models 
to predict individual reproductive history of young females based on the growth 
traits subjected to a reproductive trade- off.

4. The accuracy of predictive models ranged from 85.2% to 91.0% across species 
and traits, indicating that growth is a good predictor of reproductive history. This 
method is especially useful for population management of species with traits 
that form permanent visible yearly annuli because they retain a record of annual 
growth that allows retrospective estimation of reproductive history over multiple 
years.

5. Synthesis and applications. We show that because growth significantly decreased 
in years of allocation to reproduction, annual growth increments provide insights 
on reproductive history of young females. Population or temporal differences in 
reproduction of young females affect demographic rates and sustainable harvest. 
Growth measures of traits that form yearly annuli, such as teeth and horns, could 
be easily obtained at a low cost from animals harvested or found dead in multiple 
species. Thus, predictive models of reproductive history based on annual growth 
could assist conservation and management in a broad range of species.
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1  | INTRODUC TION

In iteroparous species, trade- offs between current and future re-
production should determine the frequency of reproductive events 
(Stearns, 1992; Williams, 1966). Early reproduction can lead to sub-
stantial life- history costs, such as reductions in growth, survival and 
future reproductive potential (Williams, 1966). Early reproduction 
before growth completion, however, can be advantageous if delay-
ing primiparity reduces reproductive lifespan or when future repro-
ductive potential is reduced by high mortality (Hechinger, 2010). 
Thus, early reproduction at a smaller size should be particularly fa-
voured in species with a short and seasonally fixed breeding season 
for which not reproducing implies surviving a full year before the 
next potential reproductive event (Dmitriew, 2011).

Reproduction before growth completion forces a trade- off 
with growth in a broad range of taxa in both plants and animals 
(Stearns, 1992). When growth is subjected to a reproductive trade- 
off, individual differences in growth can partly arise from differences 
in reproductive status. If the negative effect of reproduction on 
growth is measurable, annual growth could be a proxy of reproduc-
tive effort. Given that growth versus reproduction trade- offs have 
been confirmed in many taxa (Stearns, 1992), traits that preserve 
measurable annual growth increments could potentially be used to 
retrospectively estimate reproductive history in several species. For 
example, annual growth increments in teeth and horns of some mam-
mals may provide information about reproductive history over mul-
tiple years. Previous studies have retrospectively assessed female 
reproductions using length of horn growth increments in Japanese 
serow Capricornis crispus (Miura et al., 1987), and width of tooth ce-
mentum annuli in black bears Ursus americanus (Allen et al., 2017; 
Coy & Garshelis, 1992), Asian black bears Ursus thibetanus (Tochigi 
et al., 2018), grizzly bears Ursus arctos (Matson et al., 1999), polar 
bears Ursus maritimus (Medill et al., 2010), sea otters Enhydra lutris 
kenyoni (von Biela et al., 2008), ringed seals Pusa hispida (Nguyen 
et al., 2017) and dolphins genus Stenella (Klevezal' & Myrick, 1984). 
Traits that form growth annuli may provide information on reproduc-
tive effort over multiple years, but their reliability has seldom been 
tested with a sample of animals with known reproductive history.

Several confounding factors may affect the detectability of 
growth versus reproduction trade- offs, partly explaining the limited 
success of earlier attempts using growth as the sole predictor of re-
productive success (Medill et al., 2010; Miura et al., 1987). Reduced 
accuracy could result from individual heterogeneity in energy allo-
cation to reproduction and growth (Hamel et al., 2009). The growth 
versus reproduction trade- off can be simplified as:

where A is the total energy acquired by an individual i, G is the alloca-
tion to growth, R is the allocation to reproduction and β is a partitioning 
parameter bounded between 0 and 1 (van Noordwijk & de Jong, 1986). 
Based on Equations 2 and 3, the detectability of a trade- off could be 
diminished by large individual differences in total energy acquired (Ai) 
and/or in energy partitioning between the two traits (βi; van Noordwijk 
& de Jong, 1986). If there are large differences in total energy ac-
quired, individuals with more energy could potentially allocate more to 
both growth and reproduction than individuals with less energy (van 
Noordwijk & de Jong, 1986). Possible sources of differences in energy 
acquisition include changes in population density and environmental 
conditions, or differences in resource availability within home ranges 
(Ruf et al., 2006). A factor that can affect energy partitioning is previ-
ous growth. Indeed, individuals with reduced growth the previous year 
could compensate by increasing allocation to current growth (increase 
βi: Hector & Nakagawa, 2012).

Accurate models that retrospectively assess reproductive his-
tory based on growth measurements are appealing for both applied 
and fundamental reasons. These models could be used in ecologi-
cal studies when growth is known, but reproductive history is not. 
This is particularly interesting for long- term studies in which bet-
ter model validation could be made through larger sample sizes. 
Predictive models could also assist species management and conser-
vation. In species for which females are hunted (e.g. bears, seals, big-
horn sheep Ovis canadensis, mountain goats Oreamnos americanus, 
Japanese serow, ibex Capra ibex and chamois Rupicapra rupicapra), 
growth data can be collected from harvested females at low cost 
and be used for retrospective determination of age at primipar-
ity and reproductive history of young females. Age at primiparity 
is particularly important in the demography of long- lived species 
(Gaillard et al., 1998, 2000). Accurate estimates of this parameter 
could help managers determine appropriate hunting quotas (Skalski 
et al., 2010). For example, mountain goats are thought to be highly 
vulnerable to harvest partly because of the late age of primiparity 
(Festa- Bianchet & Côté, 2008).

Here, we investigated whether mass gain and horn growth ac-
curately predict reproductive events in females of two seasonally 
breeding mountain ungulates: bighorn sheep and mountain goats. 
In both species, horn growth stops in winter. When growth resumes 
the following spring, a distinct annulus is formed, allowing a precise 
measurement of horn growth each year as the segment between 
successive annuli. Using longitudinal data on marked individuals, 
we first fitted exploratory models that investigated potential repro-
ductive costs on growth. This first step was essential as it allowed 
identifying the growth traits subjected to a reproductive trade- off. 
Second, we fitted predictive models of reproductive success based 

(1)Ai = Gi + Ri
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on growth of the traits that suggested a reproductive trade- off 
while accounting for confounding variables. Finally, we evaluated 
the predictive accuracy of these models using cross- validation. We 
focused on females because the occurrence of this trade- off is un-
likely in male ungulates because male reproductive effort is mainly 
during the rut, which happens after the growing season (Pelletier 
et al., 2006).

2  | MATERIAL S AND METHODS

2.1 | Study areas and data collection

2.1.1 | Bighorn sheep

The study area consists of 38 km2 of subalpine meadows and alpine 
tundra on Ram Mountain (52°N, 115°W), Alberta, Canada. From 
1972 to 2018, sheep were captured in a corral trap baited with salt 
from late May to late September, and individually marked with ear 
tags or visual collars. Resighting probability of females was >99% 
(Festa- Bianchet et al., 2003). Age of all individuals was known be-
cause they were first captured as lambs or yearlings. The length 
of the previous year's horn growth increment was measured at 
first capture each year, typically in late May or early June. At each 
capture, mass was measured to the nearest 250 g with a Detecto 
spring scale. We adjusted repeated masses of all individuals to 15 
September using mixed models (Martin & Pelletier, 2011). Annual 
mass gain was determined by subtracting the mid- September mass 
of year t−1 from that of year t. Reproductive status was determined 
by observations of ewes nursing a lamb. Only females that incurred 
some costs of lactation, including those whose lamb died pre- 
weaning (<5%), were considered reproductive. Ewes whose lamb 
died at birth were not considered reproductive. Lamb sex was de-
termined at first capture. Density was measured each year in June 
as the number of adult females (≥2 years old) because of sexual seg-
regation (Ruckstuhl, 1998).

2.1.2 | Mountain goats

Mountain goats were studied at Caw Ridge (54°N, 119°W), Alberta, 
Canada. The study area consists of c. 28 km2 of alpine tundra and 
subalpine open forest. From 1990 to 2018, goats were captured 
from late May to mid- September with traps baited with salt. Goats 
≥3 years were chemically immobilized (Haviernick et al., 1998). All 
goats were fitted with a visual collar and/or plastic ear tags at first 
capture. Resighting probability of females exceeded 99% (Festa- 
Bianchet & Côté, 2008). Age of most goats was known because they 
were either captured as juveniles or were aged by counting horn 
annuli, a reliable technique up to about 7 years of age (Stevens & 
Houston, 1989). The length of all visible horn growth increments was 
measured at every capture (Côté et al., 1998). Captured individuals 
were weighted to the nearest 0.5 kg with a spring scale. Beginning in 

2001, mass was also recorded to the nearest 0.5 kg using remotely 
controlled electronic platform scales baited with salt. We adjusted 
repeated mass measurements of adult females to 15 July using the 
average rates of summer mass gain for five age classes (3, 4, 5, 6 and 
≥7 years old) obtained from linear mixed models (Hamel et al., 2010). 
Annual mass gain was determined by subtracting mass adjusted to 
15 July of year t−1 from mass adjusted to 15 July of year t. We did not 
adjust mass to September as for bighorn sheep because few mass 
measurements were recorded after July. Reproductive status was 
determined by observations of females nursing a kid. Only lactat-
ing females, including those for which their kid died pre- weaning 
(<12%), were considered reproductive. Kid sex was determined by 
observations of the black vulvar patch in females or by urination 
posture. Population density was measured in June as the number of 
adult females (≥2 years old; Festa- Bianchet & Côté, 2008).

2.1.3 | Growth data

Only horn growth increments 3– 6 were used because later horn 
growth is negligible or absent (Stevens & Houston, 1989). These in-
crements represented growth when 2– 5 years old for bighorn ewes, 
and when 3– 6 years old for female goats because the first increment 
in goats grows over the first 1.5 years of life. For mass gain models, 
ages 2– 5 were used for bighorn ewes and ages 3– 6 for goats, based 
on the minimum age of primiparity and on when females attain as-
ymptotic mass in each species (Côté & Festa- Bianchet, 2001; Marcil- 
Ferland et al., 2013).

2.2 | Statistical analyses

2.2.1 | Exploratory growth models

All statistical analyses were performed in r version 3.5.2 (R Core 
team, 2018). To explore the determinants of annual horn growth 
and mass gain, we fitted four models, one for each growth trait 
in each species. Models included five main variables: age, re-
productive status, density, North Pacific Index (NPI; Trenberth 
& Hurrell, 1994) and previous growth. We used the November– 
March anomalies of the NPI as a global climate index for environ-
mental conditions in winter, with high NPI values representing cold 
and snowy winters in both study areas (Hamel et al., 2009). The 
models also included six interactions: reproductive status*age, re-
productive status*density, reproductive status*previous growth, 
reproductive status*North Pacific Index, previous growth*age 
and density*North Pacific Index. Each model was fitted as a linear 
mixed effects model using the lmer function in the lme4 package 
(Bates et al., 2014). Age was fitted as a polynomial in all models, 
using Akaike's information criterion corrected for small sample 
sizes (AICc; Burnham & Anderson, 2004) to select the appropriate 
polynomial degree. To circumvent multicollinearity between age 
and previous growth, we used the residuals of the regression of 
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the previous year's total horn length or adjusted mass with age 
(Dormann et al., 2013). These residuals (hereafter referred to as 
‘previous growth index’) measure the age- independent effect of 
previous growth, with positive values representing above- average 
growth for a given age. Previous growth index ranged from −9.54 
to 7.26 cm, −17.6 to 15.9 kg, −5.35 to 3.13 cm and −16.9 to 12.5 kg 
for sheep horn growth, sheep mass gain, goat horn growth and 
goat mass gain, respectively. We included population density and 
NPI to account for yearly differences in resource availability. We 
included year as a random intercept to account for annual varia-
tion in unmeasured environmental variables. The model for goat 
horn growth showed a singular fit estimating the year random in-
tercept at zero. We thus removed the year random intercept for 
that model. Finally, we added individual identity (ID) as a random 
intercept to control for non- independence in repeated measure-
ments of the same individuals (362 annual horn growth measures 
on 186 sheep; 877 annual mass gain measures on 257 sheep; 157 
annual horn growth measures on 49 goats and 277 annual mass 
gain measures on 103 goats).

2.2.2 | Predictive reproductive success models

We modelled 4 sets of 22 competing hypotheses to develop pre-
dictive models of past reproductive events that we compared to a 
null model (Table S1). We fitted generalized linear mixed models with 
reproductive status as the response variable using the glmer func-
tion with a binomial family and a logit link function. We attempted 
to include random intercepts for both year and ID in all models but 
only retained year because of singular fit. We included the ‘previ-
ous growth index’ described above and calculated a ‘current growth 
index’ as the residual of the regression of current horn increment 
length or mass gain with age. Predictive models included the mod-
ulating parameters accounted for in the exploratory growth mod-
els, but reproductive status was replaced by current growth index 
(Table S1). Age was included as a factorial variable in the predictive 
models.

To select the most parsimonious models among each candidate 
set, we used an AICc model selection in which all models within 
ΔAICc < 2 were considered as providing equivalent fit to the data. 
We then evaluated the predictive accuracy of the selected models 
using 10- fold block cross- validation (Roberts et al., 2017). Block 
cross- validation implies separating folds of data strategically rather 
than randomly (e.g. excluding observations on an individual basis, 
with all observations from a single individual removed together). 
Blocking at the individual level was used to avoid overestimation of 
predictive accuracy from pseudoreplication, and to allow predictions 
for new individuals as would be typical in a conservation or manage-
ment context. To optimally classify each prediction, we determined 
the binary classification threshold that maximized the sum of true 
positive and true negative rates using the roc function of the prOC 
package (Robin et al., 2011). Model accuracy was determined as the 
sum of true positives and true negatives over total predictions × 100 

with the confusionMatrix function of the Caret package (Kuhn, 2008). 
We selected the model with the best predictive accuracy as the final 
model. To evaluate age- specific predictive accuracy, we subsam-
pled the data by age and determined accuracy for each age sepa-
rately. Finally, we compared the accuracy of the selected model to 
the accuracy of a simpler model that only had fixed effects of age 
and current growth, without any random effects. This simpler model 
would be more broadly applicable in the context of conservation and 
management.

3  | RESULTS

3.1 | Exploratory growth models

3.1.1 | Sheep horn growth

Lactating females had lower horn growth than non- lactating females 
(Table S2; Figure 1a). The effect of reproduction diminished with age 
(Table S2; Figure 1a). At age 2, reproductive females grew 1.82 cm 
(95% confidence intervals [CI]: 1.21, 1.44; ~29%) less horn than 
non- reproductive females. By age 5, this effect disappeared, with 
large uncertainty in the difference between reproductive and non- 
reproductive females (0.41 cm [95% CI: −0.60, 1.43]). The effect of 
previous growth on current horn growth was negative, independent 
of age and slightly stronger in lactating ewes (Table S2; Figure S1b,d). 
The horns of a lactating ewe with a previous growth index of 5 cm 
grew 1.57 cm [95% CI: 0.12, 0.44] (~43%) less than a lactating ewe 
with a previous growth index of −5 cm (Figure S1b). Density reduced 
growth independently of reproductive status (Table S2; Figure S1a).

3.1.2 | Sheep mass gain

Lactating females had a lower annual mass gain than non- lactating 
females (Table S2; Figure 1c) and the negative effect of reproduc-
tion increased with density (Table S2). The predicted difference in 
mass gain between lactating and non- lactating ewes increased from 
2.90 kg [95% CI: 1.95, 3.84] at a density of 20– 5.25 kg [95% CI: 
4.22, 6.27] at a density of 100 (Figure S2a). Previous mass generally 
reduced current mass gain, particularly in ewes older than 2 years 
(Table S2; Figure S2d). The predicted difference in mass gain be-
tween ewes with a previous mass gain index of −10 kg and 10 kg 
increased from 6.79 kg [95% CI: 3.62, 9.95] at age 2 to 7.97 kg [95% 
CI: 4.58, 11.36] at age 5 (Figure S2d).

3.1.3 | Goat horn growth

Lactating females aged 3 grew 0.95 cm [95% CI: 0.57, 1.33] (~47%) 
less horn than non- lactating females (Figure 1b). The effect of lacta-
tion disappeared starting at age 5, with a difference between lac-
tating and non- lactating females at age 6 of only 0.08 cm [95%: CI 
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−0.19, 0.36] (Table S3; Figure 1b). The negative effect of reproduc-
tion tended to weaken as winter conditions worsened (Figure S3c), 
but overall, there was little influence of winter conditions, density or 
previous growth on current growth (Table S3; Figure S3).

3.1.4 | Goat mass gain

Reproduction reduced goat annual mass gain (Table S3; Figure 1d), 
and this effect varied with density and previous growth in mass 
(Table S3; Figure S4a,b,d). The predicted difference in mass gain be-
tween a lactating and a non- lactating female was negligible at low 
density but increased to 6.97 kg [95% CI: 5.59, 8.36] at a density of 
68 (Figure S4b). Similarly, the predicted difference in mass gain be-
tween a lactating and a non- lactating female increased from 4.26 kg 
[95% CI: 2.05, 6.47] at a previous growth index of −10 kg to 7.49 kg 
[95% CI: 5.44, 9.54] at a previous growth index of 10 kg (Figure S4b). 

Previous mass gain reduced current gain, especially for lactating fe-
males older than 3 years (Figure S4b,d).

3.2 | Predictive reproductive success models

3.2.1 | Sheep horn growth

No model of the determinants of ewe reproductive status using 
horn growth fell within ΔAICc < 2 of the model with the lowest AICc 
(model 17; Table S4). The predictive accuracy of model 17 in 10- fold 
block cross- validation was 91.0% [95% CI: 87.4, 94.1] across all ages. 
Accuracy was highest at ages 2 and 3, lower at age 4 and uncertain 
at age 5 (Figure 2a). The accuracy of the simpler model which only 
included fixed effects of age and current growth index was 87.1% 
[95% CI: 83.1, 90.4], indicating a small gain in accuracy obtained with 
the more complex model. The estimates of model 17 show that the 

F I G U R E  1   Changes in annual 
horn growth (a: bighorn ewes, b: 
female mountain goats) and in annual 
mass gain (c: bighorn ewes, d: female 
mountain goats) as a function of age and 
reproductive status. Boxplots with outlier 
dots represent the raw data (blue full 
line = no reproduction and grey dashed 
line = reproduction). Lines with shaded 
areas represent model predicted values 
with 95% confidence intervals

F I G U R E  2   Age- specific predictive 
accuracy (sum of true positives and true 
negatives over total predictions × 100%) 
with 95% confidence intervals of models 
fitted to predict the reproductive status 
of bighorn ewes (a) and female mountain 
goats (b). Black dots and errors bars 
represent accuracy based on annual 
horn growth; orange dots and error bars 
represent accuracy based on annual mass 
gain
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effect of age on the probability of reproducing varied with current 
growth index but was generally positive (Table 1). Reproduction de-
creased with current growth index at all ages (Table 1). For instance, 
a 3- year- old female with a current growth index of −2 cm had a 0.99 
[95% CI: 0.98, 1.00] probability of reproducing, whereas the prob-
ability of a female of the same age with a current growth index of 
2 cm was 0.006 [95% CI: 0.004, 0.008].

3.2.2 | Sheep mass gain

Three models (11, 12 and 22) of the determinants of ewe reproduc-
tive status using mass gain fell within ΔAICc < 2 (Table S4). The over-
all predictive accuracy of models 11, 12 and 22 in cross- validation 
were 85.6% [95% CI: 82.9, 87.8], 85.5% [95% CI: 82.9, 87.8] and 
84.8% [95% CI: 82.1, 87.2], respectively. Because of a slightly greater 
predictive accuracy, we selected model 11 (Table S4). Accuracy of 
model 11 was highest at age 2 at 93.8% [95% CI: 89.9, 96.5] and low-
est at age 4 at 78.8% [95% CI: 72.6, 84.2] (Figure 2a). The accuracy 
of a model with only age and current growth index was 77.9% [95% 
CI: 75.0, 80.6]. The estimates of model 11 show that the probability 
of reproducing strongly decreased with current growth index, espe-
cially when winter conditions were harsh and when previous growth 
was low (Table 1). For instance, the probability of reproducing 

in years with harsh winter conditions (NPI = 3) and high previous 
growth (previous growth index = 5 kg) decreased from 0.83 [95% 
CI: 0.67, 0.92] to 0.48 [95% CI: 0.30, 0.67] when current growth in-
creased from low (index = −5 kg) to average (index = 0 kg). For the 
same winter conditions and the same difference in current growth, 
however, the probability of reproducing decreased from 0.90 [95% 
CI: 0.73, 0.95] to 0.32 [95% CI: 0.16, 0.54] when previous growth 
was low (previous growth index = −5 kg).

3.2.3 | Goat horn growth

Only one model (model 10) of the determinants of female goat re-
productive status using horn growth fell within ΔAICc < 2 (Table S4). 
The predictive accuracy of this model in 10- fold block cross- 
validation was 85.2% [95% CI: 78.2, 91.0] across all ages. Accuracy 
was highest at age 3, decreased at ages 4 and 5, and then plateaued 
at 6 (Figure 2b). The accuracy of a model with only age and cur-
rent growth index was 78.4% [95% CI: 71.1, 84.7]. The estimates 
of model 10 show that current growth index was correlated with 
a lower probability of reproducing, particularly at high density and 
when previous growth was low (Table 2). The probability of repro-
ducing increased from 0.15 [95% CI: 0.04, 0.41] for a current growth 
index of 0 cm to 0.40 [95% CI: 0.03, 0.93] for a current growth index 

Variables Horn growth Mass gain

Fixed effects β 95% CI β 95% CI

Intercept −2.54 [−3.97; −1.11] −2.82 [−3.98; −1.66]

Age 3 4.14 [2.86; 5.42] 4.16 [3.33; 4.98]

Age 4 4.03 [2.76; 5.30] 4.89 [4.04; 5.75]

Age 5 31.09 [−8,770; 8832] 5.74 [4.84; 6.65]

Previous growth index 0.28 [0.11; 0.45] 0.03 [−0.02; 0.08]

Current growth index −0.81 [−1.39; −0.22] −0.46 [−0.54; −0.38]

Population density −0.04 [−0.06; −0.01] −0.023 [−0.042; −0.004]

North Pacific Index −0.77 [−1.29; −0.24] −0.07 [−0.28; 0.14]

Age 3*current growth 
index

−1.59 [−2.71; −0.48]

Age 4*current growth 
index

−0.69 [−1.98; 0.60]

Age 5*current growth 
index

−69.03 [−22,098; 21960]

Density*North Pacific 
Index

0.02 [0.01; 0.03]

Previous growth 
index*current  
growth index

0.009 [−0.002; 0.020]

Current growth 
index*North Pacific 
Index

−0.028 [−0.058; 0.001]

Random effects SD SD

Year 0.76 1.75

TA B L E  1   Coefficients (β— on the 
logit scale) of fixed effects and standard 
deviations (SD) of random intercepts 
with corresponding 95% confidence 
intervals (95% CI) for variables included 
in models assessing the determinants 
of reproductive status of bighorn ewes 
aged 2– 5 years at Ram Mountain, Alberta, 
Canada using annual horn growth and 
annual mass gain
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of −1 cm at a density of 40 and previous growth index of −1 cm. For 
the same difference in current growth index, but at a density of 60 
and a previous growth index of 1 cm, the probability increased from 
0.24 [95% CI: 0.09, 0.51] to 1.00 [95% CI: 0.99, 1.00].

3.2.4 | Goat mass gain

Five models (models 2, 5, 6, 8 and 20) of the determinants of fe-
male mountain goat reproductive status using mass gain fell within 
ΔAICc < 2 (Table S4). The overall predictive accuracy of models 2, 5, 6, 
8 and 20 were 89.2% [95% CI: 84.7, 92.2], 89.2% [95% CI: 84.7, 92.6], 
89.8% [95% CI: 85.7, 87.8], 89.5% [95% CI: 85.2, 93.0] and 88.8% [95% 
CI: 83.9, 93.0], respectively. The selected model was therefore model 6 
(Table S4), whose accuracy was highest at age 3 at 96.2% [95% CI: 89.7, 
99.2] and lowest at age 5 at 84.5% [95% CI: 74.0, 92.0] (Figure 2b). The 
accuracy of a model with only age and current growth index was 83.8% 
[95% CI: 78.9, 87.9]. The estimates show that current growth index had 
a strong negative effect, especially when winter conditions were good 
(low NPI; Table 2). The probability of reproducing decreased from 0.50 
[95% CI: 0.40, 0.60] for a current growth index of −5 kg to 0.08 [95% 
CI: 0.06, 0.12] for a current growth index of 0 kg and harsh winter con-
ditions (NPI = 3). For the same difference in current growth index but 
good winter conditions (NPI = −3), the decrease was from 0.78 [95% CI: 
0.70, 0.84] to 0.15 [95% CI: 0.11, 0.20].

4  | DISCUSSION

We found clear evidence of a trade- off between growth and re-
production in young female bighorn sheep and mountain goats, 

supporting previous studies (Côté et al., 1998; Gallant et al., 2001; 
Hamel & Côté, 2009). Horn growth and mass gain were reduced in 
young lactating females so that all studied growth traits could be 
used to predict past reproductive events. The overall accuracy of 
reproductive success predictions in young females was high across 
species and traits, suggesting that our predictive models could ret-
roactively estimate the reproductive history of young females from 
measures of annual growth. Accuracy was higher for younger fe-
males, indicating that these models would be particularly useful to 
estimate age at primiparity, a key demographic parameter, from ani-
mals harvested, found dead or live- captured. This predictive method 
could be extended to determine primiparity from annual growth in-
crements in a broad range of mammalian species.

4.1 | Growth and the reproductive trade- off

A substantial growth versus reproduction trade- off was confirmed 
for both horn growth and mass gain in young females. Confounding 
factors that influenced total energy acquired (Ai; Equations 2 and 
3) and energy partitioning (βi; Equations 2 and 3) directly affected 
the strength of this trade- off (Stearns, 1992; Van Noordwijk & 
de Jong, 1986). First, the negative effect of reproduction on an-
nual growth was greater at high population density, particularly 
for mass gain. Earlier studies on the same populations reported 
density- independent growth in females but they did not assess the 
interaction between reproduction and density as reported here 
(Festa- Bianchet & Côté, 2008; Martin & Festa- Bianchet, 2010). 
Second, the negative effect of reproduction on current growth was 
strongest when previous growth was high for horns in ewes and 
mass gain in goats. Reproductive females allocated fewer resources 

Variables Horn growth Mass gain

Fixed effects β 95% CI β 95% CI

Intercept −7.40 [−12.37; −2.44] −7.65 [−7.66; −7.64]

Age 4 5.23 [2.34; 8.12] 2.88 [2.87; 2.88]

Age 5 6.65 [3.39; 9.90] 4.10 [4.09; 4.11]

Age 6 7.41 [4.10; 10.72] 4.48 [4.47; 4.49]

Previous growth index 0.06 [−0.35; 0.46] −0.17 [−0.18; −0.16]

Current growth index 8.88 [−4.24; 22.00] −0.54 [−0.55; −0.53]

Population density 0.02 [−0.05; 0.09] 0.05 [0.04; 0.06]

North Pacific Index −0.06 [−0.48; 0.36] −0.11 [−0.12; −0.10]

Previous growth 
index*current  
growth index

−2.93 [−5.35; −0.52]

Current growth 
index*density

−0.33 [−0.61; −0.06]

Current growth  
index*NPI

0.02 [0.01; 0.03]

Random effects SD SD

Year 0.94 0.90

TA B L E  2   Coefficients (β— on the 
logit scale) of fixed effects and standard 
deviations (Std. Dev.) of random intercepts 
with corresponding 95% confidence 
intervals (95% CI) for variables included 
in models assessing the determinants of 
reproductive status of female mountain 
goats aged 3– 6 years at Caw Ridge, 
Alberta, Canada using annual horn growth 
and annual mass gain
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to current growth and more to reproduction if they had already at-
tained a large horn size or mass. Although previous studies reported 
negative effects of previous growth on current growth (Marcil- 
Ferland et al., 2013; Martin & Festa- Bianchet, 2010), by differenti-
ating the effect of previous growth according to reproductive status 
we provide a more nuanced portrait of carryover effects on annual 
growth. Previous growth generally had a negative effect on current 
growth, suggesting catch- up growth (Hector & Nakagawa, 2012; 
Marcil- Ferland et al., 2013). These results highlight the importance 
of considering factors that may affect not only total energy ac-
quired (Ai; Equations 2 and 3) but also energy partitioning between 
traits (βi; Equations 2 and 3). They also underline how the repro-
ductive tactic of iteroparous large mammals is affected by resource 
availability and allocation decisions over multiple years.

4.2 | Growth as an index of past 
reproductive success

Our models predicted reproductive success with good accuracy in 
10- fold cross- validations using both traits in both species. Based 
on the exploratory growth models, the probability of reproduc-
tion decreased with current growth. Accuracy ranged from 85.2% 
to 91.0% across species and traits. Previous studies, such as Miura 
et al. (1987), von Biela et al. (2008) and Medill et al. (2010) reported 
77.6%, 83% and 72%, respectively. We determined accuracy from 
numerous individuals whose reproductive status was confirmed 
by direct observations, whereas Miura et al. (1987) and von Biela 
et al. (2008) relied on small sample sizes and determined reproduc-
tive status from analyses of ovaries, which are subject to some error. 
The higher predictive performance we report partially results from 
considering several confounding effects. Indeed, although the pre-
dictive accuracy of simpler models with only fixed effects of age 
and growth remained reasonable, it dropped by several percentage 
points. Additional variables such as population density and climate 
indices are often available to researchers interested in investigating 
reproductive history from a sample of growth measurements when 
the year of collection is known. Attempts to reconstruct reproduc-
tive history based on growth measures should aim to account for 
confounding effects whenever possible. Nevertheless, accuracy of 
simpler models was reasonable, indicating that this method would 
be robust when performed on populations with fewer data available.

Predictive accuracy decreased with age. For horn growth, the 
age effect could partially be explained by the constant measure-
ment error (0.05 cm) becoming considerably larger relative to horn 
increment length with age (Figure 1). This problem is particularly 
evident for 5-  and 6- year- old goats because horn growth is often 
<0.6 cm at these ages and variance is low. Because of reduced 
 accuracy with age, our models should perform best in determining 
age at primiparity, but less accurately in determining all reproduc-
tions before reaching asymptotic size. Knowing age at primiparity 
in long- lived species could be very useful for conservation and 
management. In these species, reproduction probability of young 

females is more sensitive to environmental conditions and usually 
shows larger variability than reproduction probability of prime- aged 
females (Gaillard et al., 2000; Hadley et al., 2006). Because popula-
tion recruitment decreases as age at primiparity advances, variation 
in age at primiparity has considerable effects on demographic rates 
and harvest sustainability (El Bizri et al., 2019; Mace et al., 2008).

Finally, our results highlight the use of annual growth as a 
proxy for past reproduction. Using two traits in two species, we 
show that the method is not trait-  or species- specific, and thereby 
could be used in a broad range of species. Growth data from traits 
that form annual growth annuli such as horns and teeth already 
can be collected from harvested female ungulates, ursids, phocids 
or other taxa at low cost (Allen et al., 2017; Corlatti et al., 2015; 
Nguyen et al., 2017). Many wildlife management agencies al-
ready have decades of measurements of such traits (Douhard 
et al., 2016).
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