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Introduction: Body size is a fundamental trait that influences survival,
reproduction, and ecosystem functioning in large herbivores. Despite their
ecological importance, our understanding of how North American bison (Bison
bison) respond to climatic variation over time remains limited.

Methods: To address this, we analyzed a large dataset comprising more than
672,000 weight observations from 186,732 individuals collected over 20 years
across 14 widely-dispersed geographic locations to investigate how climate,
birth cohorts, and translocation practices shape bison growth dynamics. Using a
three-parameter logistic model, we estimated asymptotic body mass (ABM)
across seven quinguennial cohorts and correlated these estimates with local
climatic conditions, specifically mean annual temperature (MAT) and
precipitation (MAP).

Results: Bison ABM varied geographically in accordance with climate: individuals
attained their greatest adult body masses in moderate climates (around 10-12°C
MAT and 500-650 mm MAP), whereas both warmer-drier and cooler climates
were associated with reduced ABM, as confirmed by a significant quadratic
climate—size relationship (p < 0.01). Sexual size dimorphism was also highest
under these moderate conditions, with males achieving disproportionately larger
sizes than females in such environments. Significant cohort effects were
detected, with certain birth year cohorts consistently exhibiting higher or lower
ABM, likely reflecting the influence of early-life environmental conditions.
Furthermore, animals that were translocated between localities exhibited
changed growth patterns. Female bison translocated between herds showed
growth trajectories that were intermediate between their herd of origin and their
new destination, potentially indicating partial convergence to local size norms.
Discussion: This work supports the dominant influence of environmental
conditions on bison body size, consistent with previous findings, while
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expanding our understanding on a broader spatial and temporal scale. Future
management strategies should consider localized climate optima and the long-
term impacts of translocation, ensuring that bison continue to fulfill their critical
ecological roles in North America.
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body size, bison, conservation, climate change, cohort effect, management, translocation

1 Introduction

The decline of megaherbivore abundance and body size
diminishes their roles as ecosystem engineers on a mass-specific
basis (Doughty et al, 2015; Peters, 1983a; Owen-Smith, 1988;
Hardesty et al., 1988). The last remaining large native herbivores in
North America since the end of the Pleistocene are bison (Bison
bison). Bison perform key roles as ecosystem engineers and ecological
keystone species in grassland systems, and changes in either their
abundance or body size (as total biomass) can have cascading effects
on ecological processes (Enquist et al., 2020; Smith et al., 2023).
Historically, bison body size was assumed to be primarily genetic and
relatively fixed, except in cases of cattle (Bos taurus) introgression
(hybridization) which were thought to potentially decrease body size
(Derr et al,, 2012). However, recent evidence has challenged this
assumption. Genetic introgression, when present, accounts for
merely 2-9% of body size variation in bison (White and Wallen,
2012; Licht and Johnson, 2018). In contrast, mechanistic climate-
body size models, drive and explain 95% of bison body size variation
(Martin and Barboza, 2020a), highlighting the dominant role of
climate and environment regulating asymptotic body size. These
modeling results using long-term data from the Wind Cave National
Park revealed that bison born in the 2000s and 2010s were smaller at
maturity than those from the 1960s, a decline correlated with rising
temperatures and increased drought severity (Martin and Barboza,
2020a). Across the Great Plains, higher temperatures and more
intense drought conditions have been linked to reductions in
asymptotic body mass of bison, and projections suggest that bison
body size will likely decline further in coming decades if warming
trends continue (Martin and Barboza, 2020a). Under extreme
scenarios (e.g., ~4°C of global warming by late 21*" century),
models even predict that bison body mass could be reduced by
nearly 50% (Martin et al, 2018) which would have profound
implications for their ecology and management across all sectors of
the Bison Management System (Martin et al., 2021).

A variety of ecological hypotheses predict how body size might
respond to environmental conditions. For instance, Bergmann’s rule
predicts larger body size in cooler climates (Bergmann, 1848; Watt
et al,, 2010), while Allen’s and (Allen, 1877) Geist’s (Geist, 1987;
Huston and Wolverton, 2011) rules emphasize thermoregulation
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and resource availability as drivers of morphological adaptation.
Cope’s rule further suggests evolutionary trends toward larger size
under favorable conditions (Stanley, 1973). These frameworks
highlight how both environment and resource constraints can
shape growth and morphology in large mammals. In modern
bison populations, these same ecological principles play out not
through unrestricted natural movement, as they once did, but
through management interventions that facilitate adaptation, such
as selective translocations and herd structuring. Because
contemporary bison are largely confined by fences, translocation
has become the functional equivalent of migration, and standardly
used between and within across all bison sectors (Silveira et al., 2025)
allowing gene flow, reducing inbreeding depression, and enabling
herds to persist across variable climates. Although each hypothesis
targets a different driver (thermoregulation, limb geometry, resource
dynamics, evolutionary trends), separating their relative importance
in long-lived mammals like bison has been difficult. Recent efforts
(Gardner et al,, 2011; Lovegrove and Mowoe, 2013; Martin and
Barboza, 2020b; Martin and Barboza, 2020a; Mundinger et al., 2021;
McQueen et al., 2024; McQueen et al., 2022), highlight conflicting
signals across space and time, underscoring the need for large,
longitudinal datasets to tease apart these interacting factors.
Although such data gaps are common in wildlife studies, an
exception exists within private-sector bison management programs.
Of the approximately 440,000 bison in North America, about
420,000 (~95%) are managed in private commercial herds,
primarily as livestock, while only around 20,500 are maintained
in conservation-focused herds (U.S. Fish & Wildlife Service, 2025).
These private operations routinely collect detailed, individual-level
records of body mass and demographics (Martin et al, 2021),
providing a unique opportunity to examine body size dynamics
with fine detail. Another distinguishing feature of these private-
sector datasets is that they are spatially and temporally extensive.
Long-term records (spanning decades) of these observations are
invaluable for discerning the effects of slow processes like climate
change and evolving management strategies influencing bison
growth. Additionally, although these herds are privately managed,
they operate under a conservation-oriented framework that
emphasizes ecological restoration, genetic diversity, and
sustainable grazing practices rather than intensive livestock
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production. Animal movements among properties are coordinated
primarily to maintain herd structure, promote gene flow, and align
animal distribution with available forage resources, reflecting an
ecological rather than commercial management philosophy.
Consequently, while these herds differ from publicly managed or
wild bison in oversight and setting, their long-term ecological
management provides a valuable model for studying
environmental influences on growth within low-intensity,
conservation-based production systems.

Despite prior studies linking climate and bison size, a
comprehensive assessment across multiple regions and herd
histories remain limited and the impact of translocation on body
size dynamics in bison is completely unknown. Translocation (the
movement of animals from one site to another) is a common
practice in bison management for both conservation and
production reasons, such as establishing new herds, improving
genetic diversity, or reducing local density (Halbert and Derr,
2008; Hedrick, 2009). However, it is unclear how a bison’s growth
may be influenced by being moved at certain ages to a new
geographic location, especially if the climate and forage
conditions substantially differ from its origin. Translocated
animals might experience additional environmental stress or
exposure to novel diets, vector-borne diseases, and parasites
(Herskind et al., 2023), which could temporarily slow their
growth or alter their body condition. Over the long term,
multiple generations of translocations could potentially allow
bison to attain sizes more typical of their new environment, but
empirical data of this process are lacking. Understanding
translocation effects is not only scientifically novel but also
practical with bison increasingly being moved between public,
private, nonprofit non-governmental organizations (NGOs), and
tribal sectors for conservation or production purposes. Managers
need to know if translocated individuals will thrive and how to
mitigate potential negative effects (e.g., through acclimation periods
or quarantine-based health surveillance).

To address these knowledge gaps and expand current
understanding, we analyzed 20 years of bison growth data,
integrating demographic information (sex, age), birth year
cohorts, translocation status, and environmental variables across
multiple geographic locations. The overall goal of this study is to
evaluate how environmental factors shape long-term patterns in
bison growth through three complementary dimensions: temporal
variation across birth cohorts, spatial and climatic differences
among herds, and changes associated with translocations between
contrasting environments. Although these analyses are presented
separately for clarity, together they form an integrated framework
for understanding how environmental and management factors
interact to influence body size across space and time. Specifically,
our objectives were to (1) quantify cohort effects (sex and location
differences) on bison growth and asymptotic body mass (ABM), (2)
evaluate how climate factors (temperature and precipitation)
influence ABM and sexual size dimorphism, and (3) assess the
influence of translocation on growth trajectories. The first two
objectives extend prior findings by testing consistency across a
large-scale dataset, while the third introduces a novel ecological and
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management factor by evaluating translocation effects within
this framework.

2 Materials and methods
2.1 Study population and data collection

We used bison herd data obtained from Turner Enterprises Inc.
(Bozeman, Montana, USA), which manages multiple private ranches
across the United States. These herds are privately managed, and they
operate under extensive range conditions typical of bison production
systems which include low-density grazing, seasonal movements
among large pastures, and limited handling beyond essential herd
monitoring. The initial dataset included 1,469,053 records from
210,010 unique bison born between 1986 and 2021. Each record
contained body weight (kg), sex, birth year (YOB, 1986-2021), year of
observation (YOO, 1998-2022), herd location, and whether the
animal had been translocated (i.e., moved from its birth location to
another). In some cases, individuals were translocated multiple times;
therefore, we calculated a cumulative translocation count per animal.

These records came from 41 unique sites where bison weights
had been recorded over time. However, not all of these sites
represented active ranches. Some were temporary locations such
as feedlots, slaughter facilities, or short-term holding areas used
during the early phases of herd establishment. These sites often
lacked consistent longitudinal data or reflected artificial weight gain
conditions unrelated to natural growth trajectories. To ensure the
analysis focused only on biologically meaningful patterns and to
flag and remove records not relevant to the study objectives, we
performed a data cleaning and filtering step.

2.2 Data cleaning and preparation

Data quality checks and filtering steps were performed to ensure a
reliable analysis. We removed any entries missing essential
information (body mass, birth year, sex, or location), which
eliminated 527,062 records. Obvious data errors and redundancies
were also eliminated including duplicate entries (n = 204,863) and
records from feedlots or slaughter facilities (n = 59,911). Dates were
also cleaned and standardized to a common date format (i.e., YYYY-
MM-DD). Subjects from locations with very sparse data (<50
observations; n = 538) were omitted to focus on well-represented
herds. Electronic identification (EID) numbers were also cleaned to
ensure that all observations conformed to exactly 15 digits. In
instances where individuals were missing an EID number, a unique
surrogate EID number was assigned to that individual. Finally,
Outliers were identified using the selected growth curve (described
in the next section) as a baseline to capture the overall body mass
trend across all animals over their entire lifespan. Body mass values
that deviated significantly from this baseline (falling outside the 0.3rd
to 99.7th percentile range for each age and sex class) were considered
biologically implausible and were removed from further analyses.
After all filtering steps, the final data set consisted of 672,549
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FIGURE 1

Geographic distribution of the Turner Enterprises bison herds included in the study (n=14). Each point represents a managed herd site with long-
term individual-level body weight data used to analyze growth dynamics, climate associations, and translocation effects. The underlying topographic
map highlights elevation gradients across the U.S., with darker shades indicating mountainous and high-altitude regions, and green tones
representing lowland and coastal areas. Source: © OpenStreetMap contributors, © OpenTopoMap (licensed under CC BY-SA 4.0).

observations from 186,732 individual bison across 14 distinct sites, all
corresponding to active Turner ranch locations (Figure 1). These
herds span diverse environmental settings, from northern prairies
with cold winters to southern plains with hot, arid summers, enabling
a robust analysis of climate-related growth variation (Figure 1).
Figure 1 was generated in R (version 4.4.3) using the leaflet
package. Basemap tiles © OpenStreetMap contributors and
© OpenTopoMap (licensed under CC BY-SA 4.0).

2.3 Statistical and data analysis

2.3.1 Growth model selection

We modeled bison growth (body mass as a function of age) using
sigmoidal growth functions to estimate key growth parameters. Two
common sigmoidal models (the Gompertz and the logistic) were
considered, each in both 3-parameter and 4-parameter forms. For
each sex, we fit the four candidate models to the data. Model fitting
was implemented in R (version 4.2.2) using the ‘drc’ [Dose-response
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curve modeling; (Ritz et al., 2015)]. To avoid overfitting and assess
generalizability, we performed an iterative 5-fold cross-validation. In
each iteration, 80% of the observations were used for model training
while the remaining 20% served model validation. We assessed model
performance with Akaike’s Information Criterion (AIC) as well as
predictive error metrics (root mean squared error, RMSE; and mean
absolute error, MAE). The validation metrics from the five iterations
were then averaged, with lower AIC, RMSE, and MAE values
indicating a better fit.

Among the models evaluated, the 3-parameter logistic
regression model provided the best fit for describing bison
growth. For female bison, which comprised ~80% of our dataset,
the 3-parameter logistic had the lowest AIC and error metrics
(Table 1). For males, the top-ranked model by AIC was a 4-
parameter logistic, but its advantage was minimal meaning that
predictions from the 3-parameter logistic differed by an average of
only 0.38-0.48 kg (Table 1), essentially a negligible difference in
biological terms. Following the principle of model parsimony
(Burnham and Anderson, 2004) and considering the small

TABLE 1 Evaluation of nonlinear growth model performance using AIC, RMSE, and MAE to compare fits to bison growth data.

Female data

MAE Rank AIC
3PL Model 4295257 1 33.02807 1 4016866
3GL model 43.17527 3 3327350 3 ‘ 4020874
4PL Model 43.07834 2 3315133 2 ‘ 4019104
4GL model 43.96354 4 34.04711 4 4034908

Male data
Rank RMSE MAE Rank AIC
1 58.69589 3 41.41206 3 1685708 3
3 58.93256 ‘ 4 41.65015 4 1686942 4
2 58.65795 ‘ 1 4136942 1 1685506 1
4 58.66831 2 4139071 2 1685575 2

3PL, 3-parameter logistic model; 3GL, 3-parameter Gompertz model; 4PL, 4-parameter logistic model; 4GL, 4-parameter Gompertz model. Three-parameter models include estimates for

asymptotic body mass, growth rate, and inflection point, while four-parameter models also include a lower asymptote.
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performance gap, we selected the simpler 3-parameter logistic for
both sexes as our standard growth model which is given by the
following equation:

d
f&) = s

Where:

* f(x) is the predicted weight at age

 d is the upper asymptote, representing the cohort average
asymptotic body mass (ABM)

* b is the growth rate, indicating how quickly the weight
increases with age

* e is the age at the inflection point, representing the age at
which the growth rate is highest.

To reduce the influence of short-term fluctuations, we used
asymptotic body mass (ABM), defined as the estimated maximum
body weight an animal is expected to reach at maturity based on its
growth trajectory, as a long-term growth indicator rather than
instantaneous body weight. Because each ABM estimate was
derived from large numbers of individuals measured across years
and seasons, transient variation is expected to average out.
Although the exact timing of weighing was not available, the scale
and consistency of the dataset minimize potential bias from
seasonal or daily effects.

2.3.2 Cohort definitions, growth curve estimation
and validation

To account for potential effects of climatic, environmental, and
management practices over time, we divided the dataset into seven
quinquennial (five-year) cohorts: 1) 1986-1990, 2) 1991-1995, 3)
1996-2000, 4) 2001-2005, 5) 20062010, 6) 2011-2015, and 7) 2016-
2022. For each combination of sex, location, and birth cohort, we fitted
the 3-parameter logistic growth curve to that subgroup’s data. This
yielded cohort-specific growth parameters (d, b, e for each subgroup).
We then calculated the average ABM (coefficient d) and excluded any
values that deviated more than three standard deviations from the sex-
specific mean, as these were considered biologically implausible
(Figure 2). These outlier cohorts occurred due to limited data
availability in certain age groups, which caused the model to overfit
sparse observations, leading to unrealistic growth estimates.

Two complementary validation analyses were conducted to assess
the stability and robustness of the quinquennial models linking
climate variables to sexual dimorphism and asymptotic body mass
(ABM): (1) a leave-one-year-out (LOYO) cross-validation, and (2) a
sliding-window analysis. The goal of these analyses was to determine
whether the estimated climate-trait relationships were driven by
specific years or arbitrary cohort boundaries, or whether they
represented consistent, biologically meaningful patterns across time.

2.3.2.1 Leave-one-year-out analysis

To evaluate the stability of the quinquennial models, a leave-
one-year-out (LOYO) cross-validation was performed. This
approach systematically omits one year at a time from each
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quinquennial block, re-estimates model parameters, and
compares the resulting fitted curves and vertex positions
(maximum points) with those from the full quinquennial analysis.
The objective was to determine whether the observed temperature-
and precipitation-trait relationships were driven by specific years or
represented consistent patterns across time.

The LOYO models produced nearly identical quadratic
patterns, with minimal shifts in both the position and magnitude
of the predicted maxima. This indicates that the fitted relationships
are not driven by single-year effects but represent stable temporal
patterns. The close correspondence between LOYO and
quinquennial curves (particularly in the position of their peaks)
supports the reliability of the original model fits.

Supplementary Figures SA, B; (Temperature and Precipitation
vs. Dimorphism) and Supplementary Figures S2A-D;
(Temperature and Precipitation vs. ABM) illustrate this
consistency. In both figures, the LOYO-derived lines (red) closely
overlap the quinquennial fits (black), with overlapping 95%
confidence intervals. Such agreement across independent
validation folds demonstrates that the estimated responses are
stable and repeatable, confirming the robustness of the fitted
models. Differences between the LOYO and quinquennial
maxima were minimal—typically < 0.5°C or < 150 mm in the
predictors and < 3% in the predicted values, indicating that the
quinquennial grouping yields consistent parameter estimates across
independent temporal subsets.

2.3.2.2 Sliding window analysis

To further evaluate the stability of the quinquennial models, a
sliding-window analysis was performed as an additional validation
step. This approach applies overlapping five-year moving windows
advanced by one year at a time, enabling finer temporal resolution.
The analysis was designed to test whether the observed climate-
ABM relationships depended on the fixed five-year boundaries used
to define quinquennial cohorts. By relaxing these boundaries, the
sliding-window approach assesses whether the results represent
true biological patterns rather than artifacts of temporal binning,
thereby increasing the robustness of the detected climate signals.

The overall patterns closely paralleled those observed in the
quinquennial analysis. As illustrated in Supplementary Figures S3,
S4, both frameworks produced consistent quadratic responses of
dimorphism and asymptotic body mass to temperature and
precipitation. The curvature, direction, and approximate location
of the vertices were nearly identical, confirming that the biological
interpretations are robust to the chosen temporal resolution.

As seen in Supplementary Figure S3B, average precipitation was
slightly higher under the sliding-window approach than under the
quinquennial grouping. This deviation was largely attributable to an
influential point at approximately 970 mm of average annual
precipitation, rather than to a systematic biological trend.
Consequently, the apparent increase in the precipitation or
temperature values associated with maximal sexual dimorphism
likely reflects this local influence rather than a meaningful
ecological difference.
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Sex-specific distributions of cohort asymptotic body mass (ABM; logistic-model coefficient d) before (A) and after (B) removal of biologically

implausible outliers.

Given these similarities, the interpretation of climate-trait
relationships remains consistent between the quinquennial and
sliding-window frameworks. However, because overlapping
windows introduce partial data reuse across consecutive
estimates, the sliding-window approach can generate auto
replication, which may produce an artificial sense of precision.
For this reason, and because the quinquennial grouping provides a
more parsimonious, independent, and interpretable structure, the
quinquennial analysis was adopted as the preferred framework
for inference.

2.3.3 Environmental data compilation

To explore climate effects on body size, we gathered climate data
for each of the 14 herd locations over the study period. We obtained
mean annual temperature (MAT; °C) and mean annual
precipitation (MAP; mm) from the GHCN Daily NOAA weather
and climate databases using the R package TNOAA’ (Chamberlain,
2023). For consistency with the cohort approach, and given the
limitations of the dataset (uneven individual weight records per
year), we averaged these climate variables over the same
quinquennial intervals corresponding to our cohort definitions at
each location (Supplementary Figures S5, S6), and only reported
climate data for quinquennial intervals in which corresponding
body mass data were available. Additionally, because bison typically
take several years to reach maturity, multi-year climate means
provide a biologically meaningful timescale for evaluating
growth responses.

2.3.4 Environmental correlations with body size
and sexual dimorphism

We examined the relationships between MAT and MAP with
bison ABM using quadratic regressions. Additionally, we assessed
how climate influenced sexual dimorphism (calculated as the ratio
of male ABM to female ABM for each cohort-location) by modeling
its relationship with MAT and MAP using the same regression
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approach. Model fits were assessed via R* and residual diagnostics,
and the ‘ggplot2’ package of R was used for visual interpretation
(Wickham et al., 2024). All statistical analyses were conducted in R,
and significance was judged at the o = 0.05 level.

2.3.5 Translocation data analysis

We used animal transfer records to analyze growth dynamics
associated with translocation events among the ranch sites. Animal
growth data comprising individual ID, date, translocation status,
weight, sex, age, and site identifier were imported into R statistical
software (v.4.3.0) and processed using the ‘tidyverse’ package
(Wickham et al,, 2019). Dates were standardized, and calendar
years were extracted using the Tubridate’ package (Grolemund and
Wickham, 2011). The dataset was filtered using ‘dplyr’ (Wickham,
2015) functions to include only records involving actual
translocations, and animals lacking valid identifiers were
excluded. Translocations were further refined to include only
movements between recognized origin and destination locations.
Animal translocation flows were summarized and visualized using
the ‘visNetwork’ package (Almende et al., 2019), employing the
force-directed layout ‘forceAtlas2Based’ (Jacomy et al., 2014) to
clearly and interactively represent translocation frequencies. For
logistic growth analyses of translocation effects, subsets of female
animals were extracted for each origin—destination pair with at least
50 recorded translocations, partitioned into three phases: pre-
movement (origin), during transfer (translocated), and post-
movement (destination). Logistic growth curves (three-parameter
log-logistic, L.3() from the ‘drc’ package) were fitted separately to
each subset, and estimated asymptotic body mass (ABM; parameter
d) values were extracted for comparative analysis. Only subsets with
sufficient data (=10 animals per group) and valid model fits were
retained; final ABM estimates and fitted curves were visualized
using ‘ggplot2’ and interactive ‘plotly’ graphics (Sievert et al., 2021)
to enable detailed exploration of growth performance differences
attributed to animal translocation.
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3 Results

3.1 Study herds and environmental
variation

We analyzed data from 14 herd locations that had sufficient
longitudinal data for climate analysis (Table 2; Supplementary
Figures S5, S6). These herds covered a wide climatic gradient from
cooler northern or high-elevation sites (e.g., Snowcrest and Red Rock)
with MAT ranging between 4.6-5.7°C, to warmer southern sites (e.g.,
Armendaris and Ladder) ranging between 15-16.1°C. Mean annual

10.3389/fevo.2025.1683267

precipitation varied substantially among ranches, from relatively
drier sites such as Ladder (about 210-279 mm/year) and Red Rock
(170-244 mm/year) to wetter sites including Spikebox, McMurtrey,
and Z Bar, where precipitation reached approximately 411-707 mm/
year (Table 2). Precipitation patterns fluctuated notably over time:
several ranches (e.g., Bad River, Blue Creek, and Fawn Lake) exhibited
peaks in precipitation during quinquennial 5 (2006-2010), followed
by declines in quinquennial 6 (2011-2015). Similar patterns occurred
at southwestern locations (e.g., Armendaris and Ladder), which
showed increased precipitation during quinquennial 5 and
subsequent declines (Table 2).

TABLE 2 Asymptotic body mass and sexual dimorphism trends in male and female bison across locations and climate variables, by quinquennial

periods.
. . . Male Female Sexual Mean annual Mean annual
Location | Quinquennial . . . o N
ABM ABM dimorphism (M: F) temperature (°C) precipitation (mm)
4 742.18 462.50 1.605 16.065 259.410
ARMENDARIS 5 712.09 456.23 1.561 15.999 310.102
6 684.16 417.27 1.640 16.098 189.996
3 754.83 468.62 1.611 9.436 370.488
4 780.26 470.35 1.659 9.096 367.434
BAD RIVER
5 769.72 470.76 1.635 7912 552.260
6 823.84 466.75 1.765 8.510 360.594
3 777.04 466.14 1.667 9.961 336.328
4 776.28 465.65 1.667 9.650 469.434
BLUE CREEK
5 801.03 466.14 1.718 9.023 626.338
6 787.67 478.57 1.646 9.658 357.598
4 724.06 444.10 1.630 8.643 448.668
DEER CREEK 5 764.82 465.61 1.643 7.782 569.258
6 757.53 466.51 1.624 8.387 406.485
4 770.55 466.28 1.653 8.723 481.606
FAWN LAKE 5 747.00 461.96 1.617 7.821 624.262
6 834.61 480.39 1.737 8.417 434.573
3 78246 474.55 1.649 6.156 322.126
4 72452 477.71 1.517 6.044 454.542
FLYING D
5 734.50 476.62 1.541 6.048 508.032
6 732,52 468.83 1.562 6.998 380.209
4 597.59 397.66 1.503 15.037 269.084
LADDER 5 669.92 439.13 1.526 14.899 279.476
6 685.00 420.09 1.631 15.307 210.010
4 779.99 461.53 1.690 8.951 400.756
MCGINLEY
5 747.75 469.37 1.593 7.917 544.046
MCMURTREY 5 704.50 445.99 1.580 8.320 706.678
(Continued)
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Location ~ Quinquennial Male Female _ Se)fual . Mean annuall M.ee_an gnnual
ABM ABM dimorphism (M: F) temperature (°C) precipitation (mm)
6 709.73 461.02 1.539 8.902 410.963
4 698.23 44752 1.560 5211 229.022
RED ROCK 5 685.90 45921 1.494 4591 243518
6 521.50 429.40 1214 5.607 169.987
4 765.66 45428 1.685 5530 358.496
SNOWCREST 5 704.12 446.02 1.579 4771 362.474
6 626.05 412.17 1.519 5.446 255.426
3 826.68 503.39 1.642 9.371 416.998
4 727.84 449.88 1.618 9.298 482.808
SPIKEBOX
5 737.64 451.43 1.634 8.397 698.310
6 773.73 476.11 1.625 8.982 409.498
4 616.66 447,55 1378 7.808 472.184
VERMEJO 5 582.86 419.97 1.388 7.801 431.702
6 624.49 419.10 1.490 8.012 367.453
3 731.85 444,03 1.648 14.362 503.090
4 719.37 46132 1.559 14.093 641.844
Z BAR

5 788.91 465.67 1.694 13.760 613.454
6 839.42 462.90 1.813 13.928 477.105

3.2 Spatial and cohort patterns in body size

Bison asymptotic body mass (ABM) varied significantly among
herd locations and birth cohorts (Table 2; Figure 3). At northern
locations with cooler climates (e.g., Flying D, Snowcrest, Red Rock),
male ABM generally declined over time, dropping from 698-782 kg
in earlier cohorts (quinquennials 3 and 4; late 1990s to early 2000s)
to approximately 521-732 kg by quinquennial 6 (early 2010s;
Table 2). Females in these northern herds showed a similar trend,
with ABM decreasing from 447.5-477.7 kg to approximately 412-
469 kg. At central locations with intermediate climates (e.g., Bad
River, Blue Creek, Fawn Lake, Deer Creek, McGinley, Spikebox, and
McMurtrey), body sizes were relatively stable or slightly increased
over time; males ranged between 725-780 kg in earlier cohorts to
around 747-839 kg in later cohorts, and females increased slightly
from about 445-470 kg to around 461-480 kg (Table 2). Southern
sites (Armendaris, Ladder, Vermejo, Z Bar) showed mixed patterns,
with some herds decreasing in size over time (Armendaris: males
from 742 to 684 kg; females from 462 to 417 kg), whereas others,
like Z Bar, showed notable increases (male ABM increased from
about 719 kg in quinquennial 4 to 839 kg in quinquennial 6
(Table 2). Despite cohort-level shifts, the regional size hierarchy
remained stable: northern herds generally exceeded southern herds
in body size throughout the study. Additionally, a linear regression
detected no significant temporal trend in ABM for either sex across
herds or quinquennials (Supplementary Figure S7).
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3.3 Sexual size dimorphism trends

The sexual dimorphism ratio changed over time across herds
(Table 2; Figure 4). In general, sexual dimorphism increased in
populations where males either grew larger or maintained their size
while females declined, and it decreased in populations where male
size declined more sharply than female size. For instance, at Ladder
Ranch in the Southwest, male ABM increased notably over time
from 597.6 kg to 685 kg, while female ABM rose more modestly
from 397.6 kg to 420 kg. As a result, sexual dimorphism (male-to-
female ABM ratio) increased from 1.5 in earlier cohorts to 1.6 in
more recent ones (Table 2).

3.4 Climate relationships with body size
and sexual dimorphism

Regression analyses showed statistically significant quadratic
relationships (inverted parabola) between ABM and MAP for
males (Figure 5A; p = 0.007) and females (Figure 5B; p = 0.002)
and between ABM and MAT for males (Figure 5C; p = 0.003) and
females (Figure 5D; p = 0.007). A statistically significant quadratic
relationship was observed between the sexual dimorphism ratio and
MAT (Figure 6A; p = 0.015); however, no significant relationship was
detected with MAP (Figure 6B; p = 0.092). Both male and female
body mass increased notably from the lowest precipitation conditions
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FIGURE 3

Sex-specific trends in asymptotic body mass (ABM) across quinquennial birth cohorts for each bison herd location (n = 14). Blue lines represent
males, and red lines represent females. Each point corresponds to the estimated ABM for a specific cohort X location X sex combination.

(>300 mm), reaching maximum body weights around intermediate
to high levels (500-650 mm). Beyond this precipitation optimum,
body sizes slightly declined at the highest observed precipitation levels
(>700 mm MAP). While both sexes exhibited this pattern, males
showed a slightly more pronounced decline or leveling off at very
high precipitation compared to females.

Additionally, bison achieved maximum ABM at moderate
temperatures (10-12°C MAT), with body mass reductions occurring
toward both colder (5-6°C MAT) and warmer (15-16°C MAT)
temperature extremes. As with precipitation, males showed a more
noticeable reduction in ABM at higher temperatures compared
to females.

The dimorphism ratio was highest within moderate climate
conditions, reaching a maximum (1.65) at intermediate
precipitation (500-650 mm MAP) and temperature (10-12°C
MAT). Reduced sexual dimorphism occurred at both the lower
and higher extremes of temperature and precipitation, indicating
that environmental conditions influencing absolute body size
similarly affected relative size differences between sexes.

3.5 Effects of translocation on bison ABM
We evaluated how bison translocation between ranches

influenced growth patterns, focusing on asymptotic body mass
(ABM) as the main outcome.

Frontiers in Ecology and Evolution

3.5.1 Male translocations

Translocation records for male bison totaled 1,451 entries, with
most of them (~74%) lacking unique individual identifiers, primarily
reflecting movements between 1999 and 2007 (Table 3). Due to the
absence of unique IDs, analysis were conducted at the data-entry level
rather than the individual level. Translocations involved all 14 ranches,
with Spikebox receiving the highest number of entries (Supplementary
Table S1; Supplementary Figure S7). The most prominent route was
from Vermejo to Spikebox, accounting for 1,068 movement records
representing the most frequent connection among all sites
(Supplementary Figure S8). Other inbound translocations to
Spikebox originated from Deer Creek (21) and McMurtrey (20),
while Vermejo, Z Bar, Flying D, and Bad River functioned as both
sending and receiving nodes, forming a dense network of male bison
redistribution during the early herd development period. Due to the
individual-level movement limitations in the male dataset, the analysis
was restricted to translocation records based on data entries only
without further growth assessments. This limitation largely reflects that
most bison males are mainly translocated for slaughter, resulting in
very few individual weight records. Therefore, the translocation results
from females shown in the following section cannot be generalized to
males, given the limited availability of male records.

3.5.2 Female translocations

A total of 2,930 translocation events involving uniquely tagged
female bison were retained after filtering for animals moved
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FIGURE 4

Temporal trends in sexual dimorphism, expressed as the male-to-female ratio of asymptotic body mass (ABM), across quinquennial birth cohorts for

each herd location (n=14).

between the 14 primary ranch sites. These movements connected
multiple locations, with Z Bar appearing as a dominant destination
in several routes (Supplementary Table S2; Supplementary Figures
59, S10). Of the evaluated routes with sufficient sample sizes and
valid model fits, nine origin-destination pathways were included in
the ABM comparison analysis (Figure 7).

In the Flying D to Snowcrest route, animals born at Flying D
had an estimated ABM of 475.7 kg, while translocated individuals
averaged 475.1 kg. Non-translocated animals at Snowcrest had an
ABM of 453.8 kg. A similar pattern emerged in the Flying D to Z
Bar route, where origin animals had an ABM of 475.7 kg, the
translocated group averaged 453.8 kg, and the destination
population 449 kg. Likewise, in the Spikebox to Z Bar route, the
origin ABM was 453.6 kg, the translocated group averaged 444.9 kg,
and the destination 449 kg. In all cases, translocated animals had
lower ABMs than their origin counterparts and more closely
resembled the ABM of animals at their destination site.

Other translocation pathways revealed more variation in ABM
outcomes. In the Armendaris to Z Bar route, the ABM of
translocated animals (422.8 kg) was lower than both the origin
ABM (448.4 kg) and the destination ABM (449 kg). In contrast,
bison translocated from Vermejo to Z Bar had a higher ABM (450.8
kg) compared to the origin group (439.2 kg) and slightly above the
destination ABM (449 kg). The Flying D to Vermejo route also
showed a higher ABM in translocated animals (490.7 kg) than in
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animals that remained at the origin (475.7 kg) or at the destination
(439.2 kg).

For the Vermejo to Red Rock route, ABM values were 439.2
kg for origin animals, 445.2 kg for translocated animals, and
464.4 kg for destination animals. A similar pattern was observed
in the Ladder to Z Bar route, with ABMs of 434.1 kg (origin),
446.6 kg (translocated), and 449 kg (destination). In the Spikebox
to Flying D route, translocated animals had the lowest ABM
(415.7 kg) compared to origin (453.6 kg) and destination (475.7
kg) animals. One additional route, from Armendaris to Vermejo,
yielded an unusually high ABM of 787 kg for the translocated
group, which substantially exceeded the origin (448.4 kg) and
destination (439.2 kg) values. This route was excluded from the
final comparison due to model instability caused by an extreme
outlier (Figure 7).

4 Discussion

Climate warming is known to affect animal body size across
many species. Numerous studies have shown that as temperature
have risen, terrestrial mammals in particular have exhibited
measurable declines in body size (Naya et al., 2017; Searing et al.,
2023). Among these, bison have a well-documented history of size
change in response to climate: during cooler periods bison grew

frontiersin.org


https://doi.org/10.3389/fevo.2025.1683267
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Fresno-Rueda et al.

10.3389/fevo.2025.1683267

FIGURE 5

800

Male ABM, kg

=2}
=3
=3

800

@
o
=]

~
o
(=]

Male ABM, kg
~
o
o

y =446.33 + 1.23x 0.0012x*

P-value = 0.007

2

Female ABM,

520

4801

4401

400

y = 361.24 + 0.42x - 0.00041x*
P-value = 0.002

Quinquennial
.3
a4
s 5
+ 6

Location
* ARMENDARIS
* BADRIVER

200 300 400 500 600 700
Average annual precipitation, mm

200 300 400 500 600 700 s aile chEck

Average annual precipitation, mm o DEERCREEK

y =433.39 + 61.35x - 2.83x*
P-value = 0.003

D

2

Female ABM,

'S
=
=)

5201

480

400+

y = 389.57 + 15.35x - 0.79x? ®  FAWN LAKE

P-value = 0.007 |, * FLYINGD
© LADDER

® MCGINLEY

*  MCMURTREY
® REDROCK

* SNOWCREST
* SPIKEBOX

* VERMEJO

* ZBAR

8 12
Average daily temperature, °C

8 12
Average daily temperature, °C

Quadratic relationships between asymptotic body mass (ABM, kg) and climate variables: MAP mm: panels (A, B); and MAT °C: panels (C, D), shown
separately for males (A, C) and females (B, D). Blue lines represent quadratic regression fits ( + 95% confidence interval).

larger, and as temperatures warmed, their body mass

correspondingly was more diminutive. Indeed, fossil evidence

show that Pleistocene bison were substantially larger during

glacial periods (approximately 37% heavier during the Last

FIGURE 6

Sexual dimorphism

Glacial Maximum which was on average 6°C cooler than the 20™
century average) and that over long timescales bison body mass
declined about 41 kg for each 1°C increase in global temperature
(Martin et al,, 2018). As evidence supporting this theory continues

y =1.18 + 0.081x - 0.0034x?
P-value = 0.015

Sexual dimorphism

1.6

y =1.30 + 0.0013x - 0.0000012x? Quinquennial
P-value = 0.092 } * 3

a4
=5
- + 6
Location
* ARMENDARIS
* BADRIVER
* BLUE CREEK
* DEER CREEK
*  FAWNLAKE
® FLYINGD
* LADDER
.
.
.

MCGINLEY

MCMURTREY

RED ROCK
¢ SNOWCREST
*  SPIKEBOX
* VERMEJO

8 12 16
Average daily temperature, °C

200 300 400 500 600 700

PO ZBAR
Average annual precipitation, mm =

Quadratic relationships between sexual dimorphism in bison and climate variables: (A) mean annual temperature (MAT, °C) and (B) mean annual
precipitation (MAP, mm). Blue lines represent quadratic regression fits ( + 95% confidence interval).

Frontiers in Ecology and Evolution

11 frontiersin.org


https://doi.org/10.3389/fevo.2025.1683267
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Fresno-Rueda et al.

TABLE 3 Yearly record of male and female bison translocation events.

Male

Year translocations Total ma]le Total fem_ale

(Untagged/ translocations translocations

Tagged)

1999 35/0 35 0
2000 154/6 160 2
2001 133/7 140 0
2002 220/125 345 64
2003 475/69 544 1413
2004 58/51 109 549
2005 1/0 1 205
2006 0/1 1 7
2007 2/7 9 68
2008 0/1 1 520
2009 0/5 5 58
2010 0/50 50 1
2011 0/1 1 3
2012 0/1 1 2
2013 0/0 0 15
2015 0/29 29 0
2016 0/0 0 2
2018 0/0 0 1
2020 0/0 0 1
2021 0/0 0 1
2022 0/20 20 18
Total 1078/323 1451 2936

The female data reported in this table contains information of three animals that were
translocated twice.

to grow, investigating current trends and evaluating their
implications is becoming increasingly important in the context of
bison conservation and production management.

4.1 Temporal trends in body mass over two
decades

The results of our analysis of performance data from multiple
bison herds across the early 21st century reinforce the strong
association between body size and environmental conditions,
extending previous findings across a broader spatial range
(Martin and Barboza, 2020a). Patterns in asymptotic body mass
(ABM) varied among regions and cohorts, with northern herds
generally attaining larger body sizes than those in warmer, drier
southern environments. These spatial differences are consistent
with climate-size relationships documented in bison and other
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large mammals, where temperature and precipitation gradients
shape growth potential and metabolic constraints (Mccain et al,
2014; Craine et al, 2015). While temporal fluctuations occurred
within individual herds, they did not follow a consistent directional
trend at the system level, suggesting that geographic and climatic
context exert a stronger influence on body size than temporal
changes within the observed period.

4.2 Climate effects on bison body size

Consistent to earlier reports, our results show a strong and
nonlinear relationship between climate and bison body size,
reinforcing their generality across geographically distinct herds.
Bison reached their largest sizes in regions with intermediate
temperatures (~10°C) and moderate annual precipitation
(~500mm). In contrast, animals in both hotter/drier and colder/
wetter environments tended to be smaller. This parabolic pattern,
supported by quadratic models, not only reflects where conditions
are tolerable, but also may highlight the narrow climate space where
bison can thrive physiologically.

The consistent decline in size outside this optimal zone suggests
that growth potential is not just temperature dependent, but
potentially resource mediated. In drought-prone regions, forage
availability and quality limit nutritional intake, while metabolic
stress from accumulated heat loads may further constrain weight
gain (Craine et al,, 2015). For example, bison residing in a warmer,
drier prairie in Kansas were found to rely more on low-protein
shrubs and forbs, and averaged about 227 kg lighter than
counterparts in a cooler, wetter South Dakota prairie (Craine
et al, 2015). At the other extreme, cold or highly seasonal
environments shorten growing seasons and elevate maintenance
costs, forcing trade-ofts between survival and growth. Recent work
in cattle systems has shown that secondary production peaks at
intermediate precipitation levels and tends to decline during
particularly wetter years, in part due to associated shifts in forage
quality (Raynor et al., 2024). Taking these findings together, what
emerges is a potential optimal climatic habitable zone or a set of
environmental conditions where energy intake and expenditure
are balanced in ways that allow bison to reach their full
growth potential.

This pattern further illustrates the environmental plasticity of
bison growth, consistent with climate-size responses observed in
other large mammals (McCain and King, 2014). Rather than all
herds following a fixed trajectory, body size appears responsive to
local conditions, either declining or increasing in concert with
climate. Such plastic responses are the norm in wild mammals;
reviews of climate-driven trait changes find that nearly all
documented shifts in body size are due to short-term plasticity
rather than rapid evolution (Boutin and Lane, 2014). That
responsiveness, however, may have limits. The fact that even
genetically mixed and well-managed herds consistently show
smaller sizes in harsher climates suggests that environmental
constraints override both management interventions and genetic
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diversity. Climate appears to shape growth outcomes, but climate
also appears to set the upper boundaries of what is biologically
possible under current local conditions (Boutin and Lane, 2014).

Importantly, the relationship we observed should not be viewed
as a simple, gradual trend. The non-linear nature of the pattern
suggests that there may be threshold effects and that further changes
in temperature and precipitation may have a more pronounced
impact on body size that may not be remediated with simple
changes to management practices. Recent comparative analyses
across birds and mammals show that body size shrinks most
dramatically as populations approach their species’ thermal and
aridity tolerance limits (Watson and Kerr, 2025). If climate
conditions continue to shift, particularly in already hot and dry
regions such as the southern Great Plains and arid southwest, more
herds could begin to experience stronger constraints on growth.
While the long term outcomes remain uncertain, these findings
suggest that continued environmental change may increasingly
influence bison body size, with potential implications for
reproduction, health, and population performance.

4.3 Changes in sexual dimorphism

Bison sexual size dimorphism also shifted with climate.
Bulls are typically ~30-80% heavier than cows, but dimorphism
was inconstant across herds. We found the greatest dimorphism
in moderate, resource-rich climates, and much narrower
dimorphism in extreme environments. In favorable conditions
(warm-season grazing, adequate forage), males seems to capitalize
on abundant resources and optimal thermoregulation to bulk up
disproportionately relative to females. Conversely, under
nutritional or thermal stress (very hot, arid or extremely cold
winters), male growth is curtailed more than female growth. In
fact, males appear considerably more sensitive to environmental
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stressors than females. A previous cross-herd study revealed that
each 1°C rise in local mean annual temperature led to roughly a 13
kg decrease in adult male mass, versus about a 9 kg decrease in adult
female mass (Craine, 2013). This male vulnerability to stress is
biologically sensible: polygynous ungulates evolve large male size
for competitive mating advantage, whereas females face stabilizing
selection to maintain body reserves for reproduction regardless of
conditions (Clutton-Brock et al., 1992; Clutton-Brock, 1988).
Indeed, theoretical models and empirical studies in other
mammals suggest that females often exhibit greater stress
tolerance (for example, female-biased cold resistance) than males
(Hangartner et al., 2022).

Our results support a key biological insight: male bison appear
physiologically more vulnerable than females to environmental
conditions that constrain growth. Females tend to maintain
relatively stable sizes across environmental gradients, likely due to
strong evolutionary pressures favoring reproductive efficiency over
maximum body size. Males, however, have evolve to maximize
growth when conditions allow, given the reproductive advantages of
a larger body size. When face with nutritional or thermal stress
males thus suffer more pronounce reduction in growth potential.
It’s also worth noting that herd management practices may
influence these patterns to some extent, as males are often culled
at younger ages than females, potentially affecting observed trends
in size and dimorphism. Nevertheless, the consistent sex-specific
differences across herds suggest a genuine biological signal.
Consequently, changes in sexual dimorphism may serve as early
indicators of environmental stress, potentially preceding or
amplifying overall body size trends in populations.

Shifts in dimorphism have important demographic
implications. Reduced male size may alter mating dynamics and
the genetic structure of herds. For instance, if fewer males reach the
traditional competitive size, dominance hierarchies and breeding
success could change or begin to experience cohort effects due to
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climatic periodicities related to increased interannual variation of
drought and warming. Even if body size is primarily
environmentally determined (Musani et al., 2006), smaller males
may still produce smaller or slower-growing calves due to shared
environmental conditions during development. In this sense,
monitoring sexual dimorphism alongside mean body size could
provide an early warning of population stress: a shrinking male-
female size gap might predate declines in reproduction or health. As
climate continues to change, the loss of historically pronounced
male-biased dimorphism in bison herds could thus have ripple
effects on herd dynamics, mating systems, and genetic diversity.

4.4 Asymptotic body mass patterns
following bison translocation

Our analysis of translocated female bison provides the first
multi-herd quantitative evidence of how translocation relates to
asymptotic body mass, revealing variation that may reflect partial
acclimation to new environments. Because we lack information on
the exact timing of weight measurements relative to each
translocation event, it is not possible to determine whether
individual animals gain or lose weight as a direct result of being
moved Additionally, weight data is often collected infrequently
under standard industry practices which also limits the temporal
resolution required to identify short-term responses to movement.
However, by comparing ABM values across animals born at the
origin, translocated animals, and those born at the destination, we
can evaluate broader patterns that reflect environmental or
management influences between herds.

Across many translocation pathways, we observed that
translocated animals exhibited ABM values that fell between
those typical of their origin and destination herds. For example,
females moved from Ladder Ranch (origin ABM ~434 kg) to Z Bar
(destination ~ 449 kg) had an intermediate ABM of approximately
446 kg. A similar pattern was observed for bison translocated from
Spikebox (origin ABM ~453 kg) to Z Bar (destination ~449 kg),
which may indicate partial convergence with the destination herd.
In contrast, animals translocated from Flying D (~476 kg) to
Vermejo showed a translocated ABM (~490 kg) that exceeded
both the origin (~475 kg) and destination (~439 kg) cohorts,
while bison from Spikebox moved to Flying D had markedly
lower translocated ABM (~416 kg) despite originating and
arriving in herds with higher asymptotic body masses. These
examples highlight that translocated cohorts do not uniformly
mirror their origin nor destination, and may instead reflect a
combination of environmental acclimation, physiological stress,
or management differences. These patterns align with broader
findings from this study, which demonstrate strong climate
associations with body size: bison in cooler and moderately wet
environments tend to attain larger ABM. This context helps explain
some of the translocation results: movements from arid or hotter
regions (i.e., Ladder) to more temperate or productive areas (i.e., Z
Bar) aligned with higher ABM values in the translocated cohort,

Frontiers in Ecology and Evolution

10.3389/fevo.2025.1683267

while the reverse: moves from cooler, productive herds to harsher
climates, often showed lower translocated ABMs.

The limited precision in measurement timing and sometimes
infrequent weight data collection indicate that these observed trends
are correlative rather than causal. It is also important to
acknowledge that translocation is stressful. The capture, handling,
and transportation of bison can induce acute stress or acquire illness
such as shipping fever complex which result in feed withdrawal
(McCorkell et al., 2013; Caven et al., 2022), which is well known to
cause short-term weight loss in ungulates (Brandlova and
Hejcmanova, 2022; Kannan et al., 2000; Letty, 2007). Many large
mammals lose a few percent of their body weight during transport
and take days to recover, depending on health and age (Caven et al.,
2022). Although our dataset does not specifically analyze
individuals over time, the fact that some translocated cohorts
exceeded even their original herds’ masses may suggest partial
acclimation to the destination environment. Nonetheless, without
individual tracking, these results cannot confirm whether weight
differences arise from immediate stress recovery, longer-term
adaptation, or environmental effects. In practice, managers should
monitor if body condition after moves sustained low weights as
could indicate maladaptation to the new habitat. In sum, although
our translocation results provide the first indicative that local
environment plays a major role in determining bison body size,
interacting with genetics and management, without consistent
weight measurements before and after translocation events, a
clearer assessment of short and long-term effects on growth
performance, is still limited. Future data collection approaches
should aim to implement standardized and repeated weight
monitoring across herds, consistent metadata on management
practices and strategies, and improved individual tracking to
enable more integrated analyses that strengthen the accuracy of
growth performance assessments.

5 Implications for bison conservation
and management

Our findings underscore that environmental context and cohort
differences are closely associated with ABM, even though we did not
detect a consistent temporal trend across quinquennials. Body size
in large herbivores is linked to fitness as it affects reproduction,
survival, and the ability to cope with winters or droughts (Clutton-
Brock et al., 1992; Clutton-Brock, 1988). Even without a system-
wide trend, period and site-specific variation can be biologically
meaningful for reproduction, survival, and seasonal resilience. In
ungulates, heavier females generally have higher reproductive
success and recruitment, and larger males tend to win more
mates during breeding season. For example, well-nourished
female bison are more likely to breed at a younger age and
produce a calf annually (Green and Rothstein, 1991) whereas
underweight or smaller females often experience delayed breeding
or skip calving in bad years. Moreover, smaller females generally
produce smaller calves and populations may increase at a slower
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pace as a result. Those lighter calves can face higher risks: nearly half
of Yellowstone bison calves that survived to their first winter still
died before reaching 2.5 years old (National Park Service, 2005).

Another concern is resilience to environmental change.
Historically, bison could migrate long distances to find better
forage during droughts or tough winters. In the pre-settlement
era, millions of bison ranged freely and undertook migrations of
hundreds of miles, tracking shifts in vegetation and rainfall (Craine
et al,, 2015). Today, most herds are confined to fenced reserves or
limited ranges (Silveira et al., 2025). If climate change continues to
diminish forage in a given area, the bison there cannot simply roam
to new pastures. Managers may face difficult choices by either
having to reduce herd sizes further (to match lowered food
availability), intervene with supplemental feeding, or assist with
habitat management (i.e. reseeding with drought-tolerant forage
plants). In practice, some bison managers are already adapting on
certain conservancies and ranches, stocking rates are being adjusted
downward after multiple successive drought years to prevent
overgrazing, and efforts are underway to maintain a mix of high-
quality forage plants. Research by Craine et al., 2015 emphasizes
that promoting plant biodiversity, including protein-rich forbs and
browse, beyond graminoids alone, will be key to sustaining bison
nutrition on warming, drying prairies. Based on our results, we also
suggest proactive steps such as improving water availability (e.g.,
additional water sources on the landscape, especially for during
droughts), planting more drought-resilient native plant species, and
reducing herd densities ahead of expected bad years could help
buffer the impacts of climate stress on body condition.

While this study integrates multiple drivers of body size
variation in bison, limitations related to the structure of data
restricted the ability to evaluate these factors simultaneously.
Although these constraints limited our capacity to assess potential
additive or interactive effects between cohort, climate, and
translocation factors, on a broader ecological scale, our study
adds to a growing body of evidence that larger herbivores are not
immune to rapid environmental change. Just as smaller mammals
and birds have been documented to shrink with rising temperatures
(Searing et al., 2023), the North American bison, an icon of
resilience, is showing signs of this vulnerability. This could have
cascading effects on grassland ecosystems: bison play a keystone
role in prairie ecology, and changes in their body size and condition
might alter their allometrically-scaled life history traits such as
grazing patterns and intensities, nutrient cycling, and interactions
with other species (Peters, 1983b). If body sizes continue to drop, it
may signal that grasslands habitats are under significant stress,
potentially requiring intervention to preserve ecosystem balance.

6 Conclusion

Our analysis across multiple herds confirms strong spatial and
climatic associations with ABM and reveals lasting cohort and
translocation effects, but no consistent temporal trend in ABM
across quinquennials for either sex. Animals from different cohorts
and sites vary in size in ways that align with local temperature and
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precipitation regimes, and translocated animals often exhibit ABM
values that reflect destination environments. Animals born in less
favorable years (hotter, drier cohorts) tended to reach smaller
asymptotic body masses, suggesting that early-life environmental
conditions can have enduring effects on adult size. Similarly,
patterns observed among translocated animals show that body
mass often adjusts toward the environmental context of the
destination herd, reflecting both physiological plasticity and
local adaptation.

Although this study does not include wild or publicly managed
herds, its findings provide a framework for understanding
how ecological and environmental factors influence bison growth
within conservation-aligned management systems, and reiterate
an urgent message: as the planet warms and weather becomes
more erratic, even large, long-lived animals like bison could
undergo measurable morphological responses. Fortunately, this
knowledge will help us to respond. By understanding that climate
and climate-driven resource availability are key, bison managers
and conservation practitioners can take proactive steps such as
habitat improvements, flexible herd sizes, and possibly creating
wildlife corridors to more favorable climates, to support bison
populations. Ongoing research will be vital to continuing to track
bison size, health, and genetics and can reveal whether these trends
persist, accelerate, or reverse with future climate scenarios or
management interventions. Bison once survived prehistoric climate
changes by moving and adapting; now, under our confined
stewardship, they will need informed management to weather the
challenges in the remainder of the 21% century and beyond. Our
study highlights the need for integrating climate adaptation strategies
into conservation plans for bison and other large mammals, ensuring
these iconic creatures remain robust and ecologically functional on
prairies, wherever they may migrate to, for generations to come.
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