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In species where offspring survival is highly variable relative to adult survival, such 
as bighorn sheep (Ovis canadensis), physiological indicators of maternal investment 
could clarify the functional mechanisms of life history trade-offs and serve as 
important predictors of population dynamics. From a management perspective, 
simple predictors of juvenile survival measured non-lethally from maternal samples 
could aid in identifying at-risk populations or individuals before significant mortality 
occurs. Blood biochemical parameters can offer low-cost insights into animal 
health and physiology, therefore we  sought to develop a simple biochemical 
predictor of juvenile survival based on maternal blood samples. We  measured 
biochemical indicators of energy balance in adult bighorn sheep at a single time 
point in January or February, and then monitored survival through August of the 
same year to assess how those measures related to survival of individual adults 
and their juvenile offspring. Juvenile survival was lower over the subsequent 
spring and summer when maternal adult serum beta-hydroxybutyric acid (β-HBA) 
concentration was high, indicating a negative energy balance in the mothers. 
However, serum β-HBA did not correlate with adult survival over the same period. 
Our findings suggest that even when maternal body condition is high, short-term 
caloric deficit may be sufficient trigger to decrease investment in offspring survival. 
This mechanism could protect adult females from investing heavily in juvenile 
survival when resources become too limited to support population growth. Our 
study suggests that β-HBA could be a powerful monitoring tool for bighorn sheep 
and other threatened ruminant populations under resource limitation.
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Introduction

The relative influence of adult versus juvenile survival on population dynamics varies 
strongly across species depending on whether they are k-selected, i.e., having fewer young with 
greater parental investment, or r-selected, i.e., having more young with reduced parental 
investment (Mac Arthur and Wilson, 1967). For k-selected species such as large terrestrial 
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herbivores, which often exist near the carrying capacity of their 
environment, annual adult survival tends to be relatively high with 
little variation (Mac Arthur and Wilson, 1967). In contrast, juvenile 
survival tends to be variable, and therefore population growth is more 
sensitive to juvenile survival parameters (Gaillard et al., 2000). The 
trade-off of investing in adult versus juvenile survival has been 
documented across numerous species, including large terrestrial 
herbivores. However, the physiological mechanisms underlying these 
trade-offs remain unclear due to the challenges of obtaining long-term 
measures of survival and linking them to function (Ricklefs and 
Wikelski, 2002). Mechanistic understanding of life history choices 
could contribute to improved understanding of demographic trends 
in natural wildlife populations.

Reproductive success depends on the physiological propensity of 
an animal to breed, and subsequently to invest in the survival of its 
offspring (Wasser and Barash, 1983). In k-selected species that evolved 
near carrying capacity, we  would expect reduced probability of 
breeding and investment in the survival of fewer offspring when 
resources become limited (Pianka, 1970). In capital breeders that rely 
on stored endogenous resources for reproduction and offspring 
rearing, fertility is heavily dependent on maternal energy balance 
(Boyd, 2000). This pattern is likely mediated by hormonal regulation 
(Garcia-Garcia, 2012; Clarke, 2014). Postpartum maternal expenditure 
is also dependent on resource availability. For example, in bighorn 
sheep, maternal expenditure decreases when competition for 
resources increases (Festa-Bianchet et al., 1997). Reduced fertility and 
maternal expenditure under resource limitation reflects a conservative 
reproductive strategy that favors maternal rather than offspring 
survival (Martin and Festa-Bianchet, 2010). While reproductive 
hormones mediate the relationship between energy balance and 
fertility, they do not explain the expected trade-off between maternal 
energy balance and offspring survival. In large mammals, lactation is 
the costliest part of raising offspring (Clutton-Brock et  al., 1989), 
therefore reducing the quantity or quality of lactation as soon as 
resources become limited could significantly reduce energy 
expenditure and enhance maternal survival at the cost of juvenile 
survival. In k-selected species with high adult survival and variable 
juvenile survival, we would therefore expect reduced investment in 
lactation as soon as resources become limited and before significant 
loss of maternal body condition occurs. Biochemical indicators of 
current maternal energy balance are therefore likely to be  good 
predictors of investment in offspring survival, because they reflect 
current resource availability and may be a proxy for lactation quality 
(Adewuyi et al., 2005).

In species where offspring survival is highly variable relative to 
adult survival, indicators of maternal investment could be important 
predictors of population dynamics. In populations of conservation 
concern, including a biochemistry profile of serum or plasma samples 
during routine monitoring could provide a low-cost and informative 
tool for managers to identify at-risk populations or individuals before 
juvenile mortality occurs. The utility of blood biochemical parameters 
for monitoring large ungulates has been demonstrated by Milner et al. 
(2003), who found that parameters reflecting energy balance and body 
condition were related to subsequent survival and successful calving 
in Svalbard reindeer. The relationships between blood biochemical 
parameters and offspring survival have not been evaluated in 
ungulates from temperate environments or that are subjected to 
predation, but it is reasonable to expect that energy balance would 

correlate to survival and reproduction in any resource-
limited population.

Biochemical parameters that reflect energy balance in ruminants 
include serum concentrations of glucose, triglycerides, non-esterified 
fatty acids (NEFAs), and beta-hydroxybutyric acid (β-HBA). Blood 
glucose is an important source of fuel for glycolytic tissues, including 
nerves and muscles, and may decrease when energy stores become 
depleted (Chowdhury and Ørskov, 1994). However, blood glucose is 
also highly sensitive to stress and therefore may not accurately reflect 
energy balance in animals that are captured for sampling (Marco et al., 
1997). Adipose tissue in mammals is composed of triglycerides which 
are broken down, in a process known as lipolysis, to form NEFAs 
during periods of negative energy balance (Herdt, 2000). NEFA 
concentrations in the blood could therefore indicate negative energy 
balance. β-HBA is a type of ketone made in response to negative 
energy balance in all mammals, but is most clinically apparent in 
lactating ruminants (Herdt, 2000). In addition to fueling tissues 
during energy restriction, β-HBA is a precursor to and regulator of 
milk fat in ruminants (Zhang et  al., 2015). β-HBA is much less 
sensitive to acute stress than glucose, and is therefore unlikely to 
be affected by capture stress (Koeslag et al., 1980). Because β-HBA 
directly links maternal energy balance with milk quality in ruminants, 
this metabolite could accurately indicate when a lactating female is 
conserving energy versus investing in offspring survival. β-HBA levels 
in wild ruminant species could therefore represent an important 
physiological mechanism for life history trade-offs under resource 
limitation in wild ruminant species.

In this study, we  assessed the utility of blood biochemical 
parameters (Table  1), including measurements of energy balance, 
organ health, and immune function for predicting adult and juvenile 
survival in bighorn sheep (Ovis canadensis) in southeastern Oregon 
and northern Nevada. Bighorn sheep are a large herbivore species 
historically distributed across the North American west, but now 
existing mainly in fragmented populations which are vulnerable to 
local extinction (Whittaker et al., 2004). In this ecosystem, bighorn 
sheep feed on grasses and shrubs, with diet selection varying by 
season and by reproductive status (Van Dyke et  al., 1983). Adult 
survival is relatively stable between years, but juvenile survival varies 
significantly as is typical for k-selected species (Spaan, 2022). 
Persistence of local populations is therefore highly dependent on 
juvenile survival rates, and monitoring and predicting juvenile 
survival is critical for effective management. During our study period, 
annual pregnancy rates in adult females exceeded 90 and 78% were 
seen with juveniles (Spaan et al., 2021). Juvenile survival is influenced 
by many factors including the presence of the respiratory bacterial 
pathogen Mycoplasma ovipneumoniae and forage quality (Spaan et al., 
2021), but the role of maternal health has not been investigated in this 
region. Maternal body condition, a long-term measure of nutritional 
status, is known to influence juvenile survival in other bighorn sheep 
populations (Festa-Bianchet et al., 2019), but the effect of short-term 
maternal energy balance has not been explored. We hypothesized that 
parameters reflecting maternal energy balance would predict offspring 
survival from late gestation through the first 4 months of life, a period 
when juvenile mortality tends to be particularly high (Spaan et al., 
2021). We also hypothesized that these parameters would predict 
adult survival during the same time period, but to a lesser extent 
because adult survival rates tend to be relatively stable. We did not 
expect measures of organ function to predict survival because organ 
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TABLE 1 All biochemical and immune parameters that were investigated are listed.

Parameter Associated organ/
system

Clinical significance

Total WBC Immune system Overall status of cellular immunity (i.e., non-humoral).

Total neutrophils Immune system Bacterial defense.

Total lymphocytes Immune system Cell mediated immunity.

Total monocytes Immune system Differentiate into macrophages once in the tissues to provide resident microbial defense in various tissues.

Total eosinophils Immune system Parasitic defense.

Total basophils Immune system Parasitic defense.

Blood urea nitrogen (BUN) Liver/Kidney/GI 

(Ruminants)

The urea is produced by the liver in mammalian species. It is excreted by the kidney and in the saliva in 

ruminants. Urea is used by the rumen microbes for protein production. The main clinical use is to measure 

glomerular filtration rate.

Creatinine Kidney/Muscle Measurements of serum creatinine are directly related to glomerular filtration rate because creatinine is freely 

filtered by the kidneys. Significant muscle atrophy/damage can increase creatinine levels.

Glucose Liver/Endocrine system/

Energy balance

Created or stored by the liver in response to various hormones (insulin, glucagon, catecholamines, growth hormone, 

and corticosteroids). Hyperglycemia associated with various endocrinopathies, iatrogenic overdose of drugs, and 

various other diseases. Hypoglycemia associated with various endocrinopathies, sepsis, and bovine ketosis.

Cholesterol Liver/Biliary system/

Metabolic health

Made in the liver and excreted through the bile. Clinically associated with altered metabolism in various 

disease states including cholestasis.

Triglycerides Liver/Metabolic health Synthesized from NEFAs. Ruminants store triglycerides in their livers and use NEFAs to make ketones. 

Clinically associated with hepatic lipidosis and ketosis in ruminants.

Total protein Various systems Numerous physiological functions. Clinically significant ones include oncotic pressure maintenance, 

transportation of electrolytes and metabolites, inflammation, and hemostasis.

Albumin Liver Made in the liver. One of the main constituents of blood protein and main factor in plasma osmotic pressure.

Globulins Liver/Immune system Made in the liver. All non-albumin blood proteins. Made of three distinct subgroups (α, β, and γ). Gamma 

globulins are associated with inflammatory conditions.

Total bilirubin Red blood cells/Liver/Biliary 

system

80% comes from breakdown of hemoglobin from red blood cells. Increased in diseases that cause significant 

hemolysis and diseases that are associated with cholestasis.

Creatine kinase (CK) Muscle Leakage enzyme from myocytes. Significant muscle damage leads to increases in CK.

Gamma-glutamyl 

transferase (GGT)

Liver/Biliary system Membrane bound protein in various tissues. Main source of serum GGT is biliary epithelium. Increased in 

hepatobiliary disease, especially ones associated with cholestasis. In large animals, it is specific for biliary 

hyperplasia and structural cholestasis.

Aspartate aminotransferase 

(AST) or serum glutamic-

oxaloacetic transaminase 

(SGOT)

Liver/Muscle Non organ specific intracellular enzyme. Found in highest concentrations in muscle cells and hepatocytes. 

Increases are due to muscle and/or liver damage.

Sodium (Na) Various vital functions Sodium is involved in water balance, acid/base balance, and renal tubular absorption balance. Many 

physiologic and pathologic states can vary sodium concentration.

Potassium (K) Various vital functions Potassium is the primary intracellular cation and is primarily responsible for maintaining the membrane 

potential of cells.

Chloride (Cl) Various vital functions Chloride is the primary extracellular anion and provides electroneutrality for sodium. The main functions of 

chloride are acid/base balance and osmolality.

Phosphorus (P) Bone Phosphorus is always found in the body as phosphate. The main source of phosphate in the body is in the 

bone. Changes in phosphate are seen in various diseases including kidney disease, endocrinopathies, 

gastrointestinal disease, and nutritional issues. Ruminants excrete large amounts of phosphate in their saliva 

which acts to buffer the rumen pH and can be increased in dehydrated ruminants.

Magnesium (Mg) Various vital biochemical 

reactions

Magnesium is the second most abundant intracellular cation. The main function of magnesium is its role in 

various enzymatic reactions including the making of ATP. Magnesium concentration is affected by various 

diseases which distort its absorption/excretion balance.

Total Carbon Dioxide 

(TCO2)

Acid/Base status TCO2 is an indicator of blood pH. It is defined as the dissolved CO2 + the bicarbonate concentration in the 

blood. It is lowered in metabolic acidosis and increased in metabolic alkalosis.

(Continued)
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FIGURE 1

Bighorn sheep in this study were from 7 populations in southeastern 
Oregon and Northern Nevada. Polygons shown here for each 
population indicate female bighorn sheep 95% summer utilization 
distributions from Spaan (2022). Abbreviations are: Blue Mountain 
(BSP), Trout Creek (TCP), Bowden Hills (BHP), Rattlesnakes (RSP), Ten 
Mile (TMP), Santa Rosa Population (SRP), and the Upper Owyhee 
(UOP) populations.

failure is rare in wildlife except in instances of severe malnutrition or 
disease. Immune function is highly dependent on energy balance (Van 
Noordwijk and de Jong, 1986), therefore we did not expect immune-
related parameters to improve upon survival predictions derived from 
indicators of energy balance.

To evaluate our hypotheses, we collected a blood sample from 
each individual in the study population in January or February of each 
study year and then monitored adult and juvenile survival through 
August. Our study design was made possible by an intensive 
monitoring program carried out by the Oregon Department of Fish 
and Wildlife (ODFW) and Nevada Department of Wildlife (NDOW), 
but this type of monitoring is not feasible in all bighorn sheep 
populations. However, periodic capture and blood sampling of 
individuals is a common management practice even in populations 
that are not intensively monitored. A simple biochemical indicator of 
adult and juvenile survival probability could therefore provide a useful 
tool for large-scale monitoring of bighorn sheep in populations where 
intensive, long-term monitoring is not possible.

Methods

Study site

Our study encompassed seven bighorn sheep populations, all 
located in southeastern Oregon and northern Nevada, United States 
(Figure 1). The populations included the Blue Mountain (BSP), Trout 
Creek (TCP), Bowden Hills (BHP), Rattlesnakes (RSP), Ten Mile 
(TMP), Santa Rosa Population (SRP), and the Upper Owyhee (UOP) 
populations in Oregon and Nevada. Elevation across the study area 
ranged from approximately 1,050 m in the Owyhee Canyon to 2,957 m 
in the Santa Rosa Mountains. Mean precipitation for the study area 
was approximately 22.5–35.0 cm per annum (Omernik and Griffith, 
2014). The study area terrain types included elevated plateaus, sheer-
walled canyons with intermittent lakes and ephemeral streams, and 
mountains of low to mid-elevation with primarily steep slopes and 
ephemeral or perennial streams (Omernik and Griffith, 2014). For 
more detailed information on geology, vegetation, wildlife, and land 
use practices, please refer to Spaan (2022).

Capture of bighorn sheep

All capture, handling, and disease testing were conducted by 
Oregon Department of Fisheries and Wildlife (ODFW) and Nevada 

Department of Wildlife (NDOW). Capture methodology followed the 
recommendations of Foster (2004) and the American Society of 
Mammalogists (Sikes and the Animal Care and Use Committee of the 
American Society of Mammalogists, 2016). ODFW and NDOW 
captured, collared, and sampled adult bighorn sheep across the 7 
populations between January 2016 and February 2018. Captures were 
conducted using a net gun fired from a helicopter, with individual 
bighorn sheep blindfolded and hobbled once captured (Krausman 
et al., 1985). Bighorn sheep were brought to a centralized area at the 
base of their range to be fitted with a telemetry collar and to collect 

TABLE 1 (Continued)

Parameter Associated organ/
system

Clinical significance

Sorbitol dehydrogenase 

(SDH)

Liver SDH converts fructose to sorbitol and is a very specific indicator of hepatocellular damage.

Beta Hydroxybutyric acid 

(β-HBA)

Energy balance Ketone produced from the metabolism of non-esterified fatty acids (NEFAs). It is used as a sensitive indicator 

for negative energy balance in all species but especially in ruminants.

Non-esterified fatty acids 

(NEFAs)

Energy balance The main source of NEFAs is the breakdown of fat making it one of the most sensitive biochemical markers of 

negative energy balance.

Summaries of the clinical significance of each parameter were obtained from Cornell University’s College of Veterinary Medicine’s eClinPath website (https://eclinpath.com/).
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biological samples, except where capture location was too far from 
basecamp to transport them quickly, in which case they were field 
processed, at the capture location.

At capture, each adult female was fitted with a Vertex Survey 
Globalstar collar (Vectronic Aerospace, Berlin, Germany) and each 
adult male was fitted with one of two collars (n = 41 Vertex Survey 
Globalstar collars; n = 5 with Telonics Globalstar collars). The age of 
each adult was estimated from horn growth rings (Geist, 1966; Hoefs 
and Konig, 1984). Blood was obtained via jugular venipuncture into a 
vacutainer tube with no additive and placed on ice for transport back 
to the mobile laboratory within 12 h.

Laboratory analyses from capture samples

At the mobile laboratory the no-additive tubes containing whole 
blood were spun at 5000xg for 10 min to separate the serum. The 
serum was pipetted into sterile cryotubes and frozen in liquid nitrogen 
for transport back to Oregon State University. The large animal 
metabolic chemistry panels were run at the Veterinary Diagnostic 
Laboratory of the Carlson College of Veterinary Medicine at Oregon 
State University1 on an automated analyzer from the frozen serum in 
one batch each year to detect all analytes shown in Table 1.

Population-level M. ovipneumoniae presence was determined as 
described in Spaan et al. (2021). Briefly, testing of adult sheep was 
performed at Washington Animal Disease Diagnostic Laboratory 
(WADDL) using PCR (Manlove et al., 2019) and cELISA (Ziegler 
et al., 2014). Testing of juvenile sheep was done opportunistically, 
where dead juveniles were located in a population and samples 
(including either the entire corpse, heart, liver, lungs, the head, nasal 
and ear swabs, and/or tissue samples depending on the state of 
decomposition) were submitted to WADDL for gross-and histo-
pathology on lung tissue sample and PCR tests on swabs. Similarly to 
Spaan et al. (2021), for survival analyses, each juvenile bighorn sheep 
was encoded as M. ovipneumoniae-exposed if it came from a 
population with dead M. ovipneumoniae juveniles in the same year.

Monitoring of bighorn sheep

The GPS collars fitted to the adults provide a GPS location every 
13 h and were set to report a mortality if stationary for 12 h, allowing 
us to accurately determine mortality date for each adult. Each collar 
also transmitted its own unique VHF frequency, with the occasional 
duplicate placed on individuals in different populations between 
which dispersal was deemed unlikely. The collars were also fitted with 
colored tags with unique numbers, allowing for identification of 
individuals observed in the field.

From 2016 to 2018, as described in Spaan et  al. (2021), 
we conducted semi-monthly observations of all collared adult females 
between April 1 and August 31 to assess the survival of their juvenile. 
Juvenile identification was determined via observation of physical 
contact between adult females and juveniles, such as nursing or 
bedding down together. Juveniles are weaned at approximately 

1 https://vetmed.oregonstate.edu/ovdl/test-catalog

4 months of age (Festa-Bianchet, 1988); thus, our observation period 
was intended to cover birth through weaning. We  located adult 
females for observation using an R-1000 telemetry receiver fitted with 
an RA-23 K VHF directional antenna (Telonics, Inc., Mesa, AZ). 
We conducted observations with Kowa TSN-601 spotting scopes fitted 
with a 20–60x magnification mounted on tripods. Once an adult 
female was confirmed to not or no longer have a juvenile, i.e., two 
consecutive observations where the adult female was observed 
without a juvenile, we stopped tracking that individual adult female 
(e.g., Cassirer and Sinclair, 2007).

Statistical analyses

We conducted the following analyses separately for adult bighorn 
sheep and juveniles. We estimated survival functions of adults and 
juveniles using Kaplan–Meier survival estimates (Kaplan and Meier, 
1958) using the R package survival (Therneau, 2021). For an initial 
selection of covariates for model selection, we used extreme gradient 
boosting (Chen and Guestrin, 2016) in the package xgboost (Chen 
et  al., 2021) to estimate the relative importance of multiple 
physiological parameters (Supplementary Appendix I) in predicting 
binary outcomes of known deaths vs. survival or unknown fates. 
We chose covariates with a relative importance greater than 0.05 to 
use in the model selection process for Cox proportional hazards 
models (Cox, 1972) using right-censored data to estimate correlates 
of selected covariates with survival. We  calculated the pairwise 
Pearson’s correlation coefficient for all selected covariates, and using 
a correlation threshold of 0.5, we  chose one of two correlated 
variables for the next model selection step. Using an exhaustive 
model selection process, we  compared the Akaike’s information 
criteria (AIC) score for each model that included sex, population, 
and age for adult survival, and population and adult female’s age for 
juvenile survival.

With the most parsimonious models for adult and juvenile 
survival, we used the Cox proportional hazards (hereafter Coxph) 
model to investigate the association between survival time and 
predictor covariates identified in the previous analysis. Only complete 
cases (i.e., no missing data) were used in the Coxph models. We used 
survival data for eight observation periods, each lasting approximately 
2 weeks. We used an alpha value of 0.05 for thresholds of model and 
parameter significance, and after Bonferroni correction for multiple 
comparisons using the same data (two tests), we used an alpha value 
of 0.025. For visualization of variation in hazard ratio in relation to 
individual continuous covariates, we used the R packages rankhazard 
(Karvanen and Koski, 2016) and smoothHR (Araújo and Meira-
Machado, 2022) to examine relationships between individual 
covariates and survival. All analyses were performed in R version 3.6.3 
(R Core Team, 2020).

Results

We observed the survival outcomes of 129 adult sheep (82 female, 
47 male) and 61 juveniles across seven populations during the study 
period (Figure 2). Adult estimates of survival over the study period 
were high (0.92, Figure 3) while juvenile estimates of survival were 
relatively low (0.44, Figure 3).
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FIGURE 2

Sample sizes and demographic distribution of Bighorn Sheep (Ovis canadensis) in seven populations in Nevada and Oregon, United States. Sample 
sizes for juveniles are reflected in “F with lamb” categories; i.e., each pink point represents two individuals used in this study (a female and its juvenile), 
blue points represent one female without a juvenile, and yellow points represent one male.

FIGURE 3

Kaplan–Meier survival estimates and sample sizes for 
adult bighorn sheep and juveniles across 8 observation 
periods. Each observation period lasted approximately 
two weeks.

Correlates of adult survival

Covariates considered are listed in Table 1. The covariates that were 
important in predicting survival in the extreme gradient boosting 
analysis (Supplementary Appendix I) were age, P (phosphate), total 
CO2, creatinine, and β-HBA, cholesterol and Cl (chloride). P and TCO2 
were correlated with each other (Supplementary Appendix VII) so 
we  did not include both in the Coxph model. We  chose to use P, 
because the distribution of TCO2 data for bighorn sheep with different 
survival outcomes was highly variable (Supplementary Appendix II). 
However, we reported results from models including TCO2 to inform 
future studies (Supplementary Appendix V). Cholesterol and the total 
number of monocytes had >0.05 relative importance in predicting 
binary sheep survival (Supplementary Appendix I), but inclusion of 
these covariates substantially lowered sample size of full cases (n = 125 
to 95), therefore we left them out of the Coxph model selection step. 
The most parsimonious Coxph model included P, creatinine, and 
β-HBA (Supplementary Appendix III). We observed a significant and 
positive correlation between P and bighorn sheep mortality (Table 2; 
Figure 4). Age was also significantly and positively correlated with 
bighorn sheep mortality (Table  2). The effect size of age on adult 
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mortality was 1.62 (95% CI 1.12–2.33), indicating that a one-year 
increase in age was associated with a 1.62 increase in the chances of 
mortality. The effect size of P on adult mortality was 2.29 (95% CI 
1.05–4.98), indicating that a 1 mg/dL increase in P was associated with 
a 2.29 increase in the chances of mortality.

Correlates of juvenile survival

Covariates considered are listed in Table 1. The covariates that were 
important in predicting juvenile survival in the extreme gradient 
boosting analysis (Supplementary Appendix 1) were the presence/
absence of M. ovipneumoniae, adult female β-HBA, adult female K 
(potassium), total number of adult female monocytes and total number 
of adult female neutrophils. None of these covariates were correlated 
with each other (Supplementary Appendix VII). The total number of 
adult female monocytes and neutrophils had >0.05 relative importance 
in predicting binary juvenile survival (Supplementary Appendix I), but 
inclusion of these covariates substantially lowered sample size of full 

cases (N = 59 to 46) for juveniles, therefore we  left them out of the 
Coxph model selection step. The most parsimonious Coxph model 
included all three covariates (M. ovipneumoniae, adult female’s β-HBA 
and K, Supplementary Appendix IV). We observed a significant and 
positive correlation with adult females’ β-HBA and juvenile mortality 
(Table 3; Figure 5). When the β-HBA outlier was removed, the overall 
result remained unchanged (Supplementary Appendix VI). With the 
full dataset, the effect size of β-HBA was 1.83 (95% CI 1.02–3.28), 
indicating that a 1 mg/dL increase in maternal β-HBA was associated 
with a 1.83 increase in the chances of juvenile mortality.

Discussion

Maternal β-HBA, an indicator of negative energy balance in 
ruminants, was a significant predictor of bighorn sheep juvenile 
mortality during the 16 weeks after sampling in our study. Because 
β-HBA supplies energy to tissues during periods of caloric deficit and 
is a regulator of milk fat production (Zhang et  al., 2015), this 
metabolite may be an important biochemical mediator of the trade-off 
between adult versus offspring survival in k-selected ruminant species. 
Our findings align with previous work in Svalbard reindeer, where 
maternal β-HBA concentration was also associated with reduced 
juvenile survival (Milner et al., 2003). Together, results from these 
studies suggest that maternal β-HBA could be a consistent indicator 
of stage-specific survival probability in capital breeders. In species 
where population dynamics are largely determined by juvenile 
survival rates, the ability to predict offspring survival rates from a 
simple biochemical indicator could contribute to large-scale 
monitoring efforts and facilitate targeted conservation actions.

In contrast to juvenile survival, serum concentration of β-HBA was 
not a significant predictor of adult survival, possibly because it is an 
indicator of current energy balance and does not directly correspond to 
total energy stores. Body mass and fat percentage, which are more direct 
measures of stored energy, have previously been found to correlate with 
overwinter survival of bighorn adult females (Festa-Bianchet et  al., 

TABLE 2 Results of Cox proportional hazard models for adult bighorn 
sheep (Ovis canadensis).

Covariate Coefficient z Pr(>|z|)
Age 0.485 2.618 **0.009
PopBSP 20.065 0.000 1.000
PopRSP 0.750 0.000 1.000
PopSRP 21.064 0.000 1.000
PopTCP 19.242 0.000 1.000
PopTMP 21.733 0.000 1.000
PopUOP −0.349 0.000 1.000
Sex_male −1.301 −1.007 0.314
P (phosphate) 0.845 2.214 **0.027
Creatinine 1.139 0.829 0.407
β-HBA −1.021 −1.178 0.239

Covariates significantly correlated with survival are bolded. “Pop” represents categorical 
variables for different populations. Overall Cox proportional hazards model significant 
(Likelihood ratio test = 29.66, DF = 11, p = 0.002). Four of the observations were removed due 
to missing data, resulting in n = 125 with 10 deaths. Coefficients can be exponentiated to 
produce the hazard ratio (i.e., effect size) of covariates.

FIGURE 4

Violin plots overlaid with box plots of phosphate (P) in adult bighorn sheep, grouped by survival outcome (A), and corresponding smoothed hazard 
functions of the same variables with 95% confidence intervals for adults (B). Minimum values refer to values of x when the natural log of hazard ratio is 
0. Violin plots indicate probability density of the raw phosphate data points, and boxplots indicate median and interquartile range of the same data 
points.
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1997; Denryter et al., 2022). However, we only monitored adult survival 
from January or February through August, so it is unknown how the 

short-term measures of energy balance in our study might correlate 
with overwinter survival. Among the biochemical parameters that 
we measured, serum phosphate concentration was the only significant 
predictor of adult survival. Adult ruminants excrete most of their 
phosphorus as phosphate in saliva to support rumen microorganisms 
and to buffer rumen pH (Grünberg, 2014), therefore increased serum 
phosphate could indicate decreased saliva production due to 
dehydration. Dehydration could reflect a number of factors such as 
capture stress, underlying disease, or unknown environmental stressors 
that decrease probability of survival in adults.

Survival probability for juveniles was only 44% over the 16 week 
monitoring period of our study, compared with 92% survival in adults. 
This highlights the extreme vulnerability of bighorn sheep juveniles and 
the important role of juvenile mortality rates in driving population 
dynamics. In addition to maternal energy balance, juvenile mortality is 
known to be related to M. ovipneumoniae infection in our study system. 
Using data from the same populations, Spaan et al. (2021) found that 
the populations without M. ovipneumoniae have juvenile survival rates 

TABLE 3 Results of Cox proportional hazard models for juvenile bighorn 
sheep (Ovis canadensis, Likelihood ratio test = 26.66, DF = 9, p = 0.002).

Covariate Coefficient z Pr(>|z|)
adult female B-HBA 0.455 2.400 **0.016
Juvenile Mycoplasma −0.329 −0.320 0.749
adult female K 0.060 0.212 0.832
adult female age −0.039 −0.372 0.710
PopBSP 1.704 1.302 0.193
PopRSP 0.996 1.308 0.191
PopSRP −1.073 −1.304 0.192
PopTCP −1.397 −1.499 0.134
PopTMP 0.482 0.448 0.654
PopUOP NA NA NA

The covariate significantly correlated with survival is bolded. “Pop” represents categorical 
variables for different populations. Two of the observations were removed due to missing 
data, resulting in n = 59 with 33 deaths. Coefficients can be exponentiated to produce the 
hazard ratio (i.e., effect size) of covariates.

FIGURE 5

Violin plots overlaid with box plots of beta-hydroxybutyric acid (β-HBA) in adult bighorn sheep (A) and maternal β-HBA in juveniles (B), grouped by 
survival outcome. Corresponding smoothed hazard functions of the same variables with 95% confidence intervals for adults (C) and juveniles (D). 
Minimum values refer to values of x when the natural log of hazard ratio is 0. Violin plots indicate probability density of the raw β-HBA data points, and 
boxplots indicate median and interquartile range of the same data points.
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that are 20 times higher than populations with M. ovipneumoniae. 
Similarly, our analysis found that M. ovipneumoniae presence in the 
population was important in predicting binary outcomes of juvenile 
survival, although not statistically significant in Cox survival models 
once we controlled for population (due to reduced sample sizes and 
population structure compared to Spaan et al., 2021). However, it is 
important to consider the effects of maternal energy balance in the 
context of disease, predation, and other environmental stressors on 
juvenile survival.

Our study found that maternal β-HBA, a simple biochemical 
indicator of negative energy balance, significantly predicted juvenile 
survival from late pregnancy through the first 4 months post-birth, 
but did not predict adult survival during the same period. This 
finding may represent a snapshot of the physiological processes 
involved in life history trade-offs of a k-selected herbivore species. 
Even when maternal body condition is high, short-term caloric 
deficit may be a sufficient trigger to decrease investment in offspring 
survival. This mechanism could protect adult females from investing 
heavily in juvenile survival when resources become too limited to 
support population growth. Our study suggests that β-HBA could 
be a powerful monitoring tool for bighorn sheep and other threatened 
capital breeding populations under resource limitation. However, 
maternal energy balance is only one factor that affects juvenile 
survival, and it must be interpreted in the context of environmental 
and disease factors that vary over time and among populations. For 
example, although we  did not detect an interaction effect of 
M. ovipneumoniae and β-HBA on lamb survival in our study, such a 
relationship could manifest in other ecosystems or on different time 
scales. Additionally, the drivers of maternal energy balance in 
bighorn sheep are not fully understood. Previous research found that 
forage availability did not strongly influence juvenile survival, 
suggesting that competition or other behavioral traits might underlie 
the differences in maternal energy balance we observed in our study. 
Future research should seek to determine the relative importance of 
maternal energy balance, disease, and other variables for predicting 
juvenile survival, as well as the underlying causes of variation in 
maternal energy balance.
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