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ABSTRACT 
 
 

In a dynamic world, organisms must swiftly adapt to environmental changes. Phenotypic 

plasticity enables organisms to alter their traits within their lifetime, providing a rapid response 

to shifting environments. Dung beetle horns display extreme plasticity, with males exhibiting 

varying horn sizes (horned "major" to hornless "minor" morphs) based on larval diet (dung type). 

Horns are utilized in male-male contests for mating, and body and horn size strongly influence 

success. Though plastic responses to dung quality are well studied, the interplay of temperature 

and nutritional conditions on these traits remains unexplored. We reared the dung beetle 

Digitonthophagus gazella in bison (Bison bison) and cattle (Bos taurus) dung, and across seven 

temperatures (22-34°C) to determine how these environmental factors interact to shape plastic 

responses in body size and horn length in dung beetles. Almost all (99%) of reared male beetles 

were major males in both cattle and bison dung treatments, indicating that both dung types are 

high quality resources for developing dung beetle larvae. The interaction between dung quality 

and temperature revealed distinct responses: beetles from bison dung show no temperature-

related changes in body size and horns, while those from cattle dung exhibit larger sizes at 

intermediate (26-30°C) temperatures compared to those at colder (22-24°C) or warmer (32-

34°C) temperatures. This suggests that cattle dung may be a higher quality resource for D. 

gazella, allowing beetles to utilize a thermal optimum. In addition, development rates increased 

with temperature, with a more pronounced increase in the bison dung treatment. The interactive 

effects of diet quality and temperature on morphological and physiological plasticity in dung 

beetles demonstrate that plastic responses to one factor are not always fixed and can vary with 

changes in another. To accurately predict how organisms will respond to changing climates, it is 

essential to evaluate how thermal responses are altered by other factors such as diet quality. 
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CHAPTER 1 

INTRODUCTION 

Ecosystems globally are rapidly changing. While evolution serves as a powerful 

mechanism for organisms to adapt to new environments, change occurs between generations. 

That is to say, adaptation to changing environments occurs slowly. In contrast, phenotypic 

plasticity allows organisms to adjust their phenotypes within their lifetimes, allowing them to 

increase their fitness in response to rapid environmental changes (Snell-Rood et al., 2018; Fox et 

al., 2019). Plastic responses have been shown to account for phenotypic changes in response to 

climate change, while evidence of evolutionary adaptation to rapid climate change is limited 

(Gienapp et al., 2008; Merilä and Hendry, 2014). Further, plastic responses in response to short 

term changes have been observed across levels of organization including the individual, 

population and species level (Matesanz et al., 2010). As a result, plasticity plays an important 

role in allowing organisms to persist in the face of major disturbances (Price et al., 2003; Casasa 

and Moczek, 2018; Snell-Rood et al., 2018). Most studies on plasticity examine plastic responses 

to one environmental factor (Westneat et al., 2019). However, ecosystems are complex and many 

factors are variable. For example, ecosystems can vary in both temperature and photoperiod 

(Gienapp et al., 2010), predator and competitor densities (Relyea, 2004), and elevated 

temperature and water availability (Rahman et al., 2021). Do plastic responses to changes in one 

environmental variable constrain or shape responses to another?  In this time of rapid ecosystem 

change, an understanding of how organisms adapt to multiple environmental factors 

simultaneously and the role of phenotypic plasticity is essential. 

Some of the most variable plastic traits can be found in the sexually selected horns used 

by male dung beetles of the genus Onthophagus to compete for mates (Emlen et al., 2005). 
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Horns are exceptionally variable across species and also variable within species (Emlen, 2000). 

The horns of males are highly responsive to larval nutritional conditions (animal dung) and are a 

model system for nutritional plasticity (Moczek, 2007). Horn size and body size are a major 

determinant of fight success over potential mates and, as a result, reproductive success (Emlen, 

1997; Moczek and Emlen, 2000; Emlen, et al., 2005; Moczek, 2009; Knell, 2011). In females, 

body size is important for fitness because larger females have increased fecundity and offspring 

fitness (Hunt and Simmons, 2000; Simmons and Emlen, 2008). 

Males in many species have two discrete horns morphs. Large ‘major’ males express 

fully developed horns, while small ‘minor’ males have only rudimentary horns or none at all 

(Kijimoto et al., 2013). Horn morphs are separated by a body size threshold – only beetles that 

reach a critical body size during larval development express horns (Snell‐Rood et al. 2013, 

Moczek and Kijimoto, 2014). Body size is a major determinant of contest outcome, and the 

threshold regulation of horn morphs evolved such that beetles could adjust their phenotype to 

maximize their reproductive fitness (Hunt and Simmons, 2001). Females dig tunnels under dung 

to feed, mate and lay eggs (Emlen, 1997). Major male morphs defend females in tunnels from 

other major males, whereas minor morphs avoid fighting by digging side tunnels and sneak into 

tunnels to mate with the female (Moczek and Emlen, 2000). The quality of dung available to 

developing beetles is a major determinant of body size and, as a result, male horn phenotypes are 

also largely determined by the quality of dung that is provisioned by the female for larval 

development (Kijimoto et al., 2013). Developing larvae that feed on high quality dung are larger 

and are more likely to emerge as major morphs (Moczek, 1998; Tomkins and Hazel, 2011). In 

addition, both wild and experimental populations that feed on different kinds of dung display 

different threshold body sizes (Emlen, 1997; Moczek, 2002). As a result, changes in the quality 
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of dung available to developing beetles, such as a shift in animal fauna in an ecosystem, can have 

important fitness consequences for dung beetles. 

Body size is not only important for male reproductive fitness in dung beetles but also 

carries significant consequences for females (Macagno et al., 2018; Fleming et al., 2021). Larger 

females are more fecund and the provision larger brood balls to offspring (Hunt and Simmons, 

2000; Hunt and Simmons, 2002). Offspring from smaller mothers are, on average, smaller and 

have reduced survival (Macagno et al., 2018). The body size of females can impact subsequent 

beetle size and survival even after two generations (Macagno et al., 2018). Female body size is 

also influenced by dung quality (Moczek, 1998). Thus, plasticity in growth and development in 

response dung quality significantly impacts fitness for both sexes. 

Although dung beetle body size and horn length are highly responsive to dung quality, 

whether plastic responses to diet are consistent across temperatures is not understood. 

Temperature and food quality influence animal body size (Parker and Johnston, 2006), yet how 

these factors interact to shape plastic traits in dung beetles has yet to be studied. Dung beetles are 

ectotherms, and their growth and development are tied to temperature (Floate et al., 2014; Carter 

and Sheldon, 2020; Fleming et al., 2021).  Previous studies have generally found that body size 

and temperature are inversely related in dung beetles, a trend found in most ectotherms known as 

the temperature size rule (TSR) (Atkinson, 1994; Macagno et al., 2018; Fleming et al., 2021; 

Rohner and Moczek, 2023). In other insects, diet quality has been shown to alter plastic 

responses to temperature. Hornworm caterpillars Manduca sexta (Diamond et al., 2010) and seed 

beetles Callosobruchus maculatus (Stillwell et al., 2007), however, have been studied for their 

response to both temperature and nutrition. In these insects, nutrients altered thermal responses 

in body size, even reversing the TSR, indicating that plastic responses to nutritional conditions 
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are temperature-dependent (Stillwell et al., 2007; Diamond et al., 2010).  Might dung beetles be 

the same?   

By examining both growth and development rates across temperatures and nutritional 

conditions we can better determine how shifts in development affects plastic traits like body size 

or horn length. One mechanism by which the TSR is believed to function is by increasing 

development rate, thereby limiting the amount of time ectotherms can grow (Kingsolver et al., 

2006). Dung beetles emerge faster at higher temperatures (Floate et al., 2017), but determining 

how growth rates respond to variation in both temperature and dung quality is crucial for 

elucidating the factors that contribute to variation in the expression of plastic traits. Nutrition has 

been identified as another factor influencing development rates (Rohner and Moczek, 2021). 

Moreover, faster development rates (early emergence) are linked to higher survival and increased 

female fecundity, suggesting that plastic responses in development can carry significant 

implications for dung beetle fitness, independent of changes in body size and horn size (Tyndale-

Biscoe and Walker, 1992; Hunt and Simmons, 1997). 

Temperature has a nonlinear effect on fitness-related traits because physiological 

processes typically increase with temperature up to a thermal maximum or optimum (CTmax) 

(Kingsolver and Umbanhowar, 2018). Thermal reaction norms that capture nonlinear trait 

responses across temperatures have been used to predict organismal responses to changing 

climates (Sinclair et al., 2016; Luhring et al., 2019). In dung beetles, thermal response curves 

have been used to predict the likelihood of establishment in non-native ranges (Floate et al., 

2017). However, if nutritional conditions shape plastic responses to temperature, dung beetles 

may respond differently to temperature variation when the quality of dung varies in 

environments. In other insects, diet has been demonstrated to have an unequal effect of growth at 
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different temperatures (Kingsolver et al., 2006), causing a change in the shape of thermal 

reaction norms (Luhring et al., 2019). Most studies that have investigated the relationship 

between dung beetle body size and temperature have compared growth under a limited range of 

temperatures (two or three temperature conditions) (Macagno et al., 2018; Rohner and Moczek, 

2020; Fleming et al., 2021).  Analyzing plastic responses across thermal gradients with many 

temperatures can detect incremental changes, revealing nonlinear patterns that can be missed if 

only comparing a limited number of temperatures (Luhring et al., 2019).  One study that 

examined development rates in dung beetles across a thermal gradient (six temperatures) found 

nonlinear increases in development rates but did not examine changes in body size or horn length 

(Floate et al., 2017). Whether body size and horn length display nonlinear responses to broad 

thermal gradients has yet to be studied. 

We utilized a novel comparison of dung resources, cattle (Bos taurus) and bison (Bison 

bison) dung, reflecting a historical diet shift experienced by dung beetles native to North 

America (Tiberg and Floate, 2011). Previous research suggests that dung beetles native to North 

America were able to persist after the extinction of bison by utilizing dung from cattle imported 

from Europe (Tiberg and Floate, 2011). Whether this resource shift led to plastic changes in 

traits that are important for fitness has not been investigated. Despite being closely related, cattle 

and bison exhibit differences in their diets.  Cattle mainly consume C4 grasses and consume 

more forbs than bison, whereas bison primarily consume C3 grasses (Plumb and Dodd, 1993). 

These dietary differences may influence the quality of dung for dung beetles. Bison dung has 

been previously documented to have a higher nitrogen content, which is associated with higher 

dung quality for dung beetles (Moore and Bower, 2001; Tiberg and Floate, 2011; Snell‐Rood et 

al., 2013). Dung beetles are found in pastures grazed by both cattle and bison, and differences in 
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these dung types may have developmental implications for dung beetles (Tiberg and Floate, 

2011; Trible, 2017). Recent work found that dung beetles in grasslands foraged by bison and 

cattle display distinct seasonal shifts in body size and horn size (Allgire and Welti, in prep.). 

Across the planet, mean temperatures have increased in North American grasslands (Polley et al., 

2013). Given that multiple environmental factors influence the development of life history traits 

important for fitness, understanding how species respond to changing conditions in complex 

environments can inform whether species can persist (Macagno et al., 2018). 

In this study, we manipulated nutritional and temperature conditions for larvae of the 

male 6ncrease6c dung beetle Digitonthophagus gazella (previously Onthophagus gazella) to 

explore the individual and interactive effects of each environmental factor on the growth of dung 

beetles and the development of their sexually selected weapons.  We allowed larvae to develop 

in either bison dung or cattle dung at seven different temperatures (22, 24, 26, 28, 30, 32 and 

34°C) and compared thermal reaction norms for body size, male horn length, and underlying 

growth and development rates for beetles in each dung treatment.  We hypothesized that, 

independent of temperature, beetles will exhibit significant differences in the scaling relationship 

between body size and male horn length (allometric plasticity) dependent upon their nutritional 

resource (bison or cattle dung). We also hypothesized that dung quality has a temperature-

dependent effect on plastic traits in dung beetles, specifically body size and horn size. 
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CHAPTER 2 

METHODS 

 

2.1 Species Selection 

Digitonthophagus gazella, commonly referred to as the gazelle scarab, is a dung beetle 

originally from Africa, Madagascar, and southern Asia (Pokhrel et al., 2020). It was deliberately 

introduced to Texas in the 1970s to aid in the decomposition of cattle dung (Fincher, 1986).  

Since then, has expanded its range in the US across the southern US (Fincher et al., 1983; 

Pokhrel et al., 2020). In Kansas, the species is documented in grasslands grazed by both cattle 

and bison (Trible, 2017; Proctor, in press). The species has been introduced in many regions and 

is one of the most widespread non-native dung beetles globally (Pokhrel et al., 2020). Many of 

the same characteristics that enabled D. gazella to establish around the world also make them 

useful in breeding studies. 

Digitonthophagus gazella has high fecundity and short development time and, as a result, 

have been bred for many studies (Casasa et al., 2020; Pokhrel et al., 2020). Males of D. gazella 

have paired horns above the eyes and exhibit a moderately sigmoidal relationship between body 

and horn length (Casasa et al., 2020). The scaling of body size and horn length (allometry) is 

plastic in response to nutrition (Schwab and Moczek, 2016; Casasa et al., 2020). Further, 

development rate, which influences body size and horn length, has also been shown to increase 

with temperature (Floate et al., 2014). Digitonthophagus gazella is early diverging in the 

Onthophagus phylogeny, and horn morphology and allometry are considered the ancestral state 

within the group (Emlen, et al., 2005; Kijimoto et al., 2012; Casasa et al., 2020).  Consequently, 

studying plastic responses in D. gazella may shed light on how these traits respond to 
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environmental factors in other species. Variation among individuals and populations in D. 

gazella may have facilitated the species’ adaptation to novel environments (Pokhrel et al., 2020), 

underscoring the importance of investigating plastic responses to complex environments. 

2.2 Species Collection 

 Adult D. gazella were collected from a privately owned cattle ranch in Clay County, 

Texas. Beetles were collected on 06/16/2023 to 06/17/2023 under cow dung. Males (n=154) and 

females (n=168) were stored separately in containers (15.14 L) with a sand/soil mixture and a 

moistened sponge. 

2.3 Dung Collection 

Fresh dung from cattle (Bos taurus) and American bison (Bison bison) was collected 

from Konza Prairie Biological Field Station (Kansas State University and The Nature 

Conservancy; research permit 721 to ML Jameson and E Welti). The site is in the Flint Hills 

region of Kansas and is actively managed as tallgrass prairie. Herds of bison and cattle are 

managed in separate areas. Fresh dung (18.9 L) from both herbivore species was collected on 6-

V-23. Dung was determined to be fresh by the visible moisture on the surface and minimal 

presence of other coprophagous invertebrates. To account for variation in the nutritional content 

of dung across individual cattle and bison, dung of the same herbivore species was homogenized 

using a drill equipped with a paint mixer. Homogenized dung was placed in freezer bags and 

frozen the same day. 

To minimize fungal growth in breeding containers and to reduce moisture differences 

between cattle and bison dung treatments, excess water was removed from dung. After thawing, 

dung was placed in a nylon paint strainer, and water was squeezed out by hand until no further 
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moisture was evident. 750 ml portions of dung were placed in individual freezer bags and frozen 

for use in breeding. 

2.4 Experimental Design 

We randomly assigned beetles to one of 18 breeding groups, each consisting of six 

females and three males. Breeding groups were randomly assigned to mitigate potential biases in 

body sizes across breeding groups because body size and reproductive behaviors of parents can 

influence the quantity of dung provisioned to developing beetles (Hunt and Simmons, 2001). 

Breeding groups were housed in 15.14 L square plastic containers (24.1 cm L x 21.1 cm W x 

33.5 cm H), herein referred to as breeding containers. Breeding containers were filled with an 

autoclaved substrate consisting of a 2:1 sand:soil mixture and 1200 mL of water. To prevent 

collapse of tunnels that beetles constructed during the breeding period, the substrate was tightly 

packed using another 15.14 L plastic container filled with substrate. After packing, the substrate 

in all breeding containers was a uniform depth of 20 cm. Breeding groups were randomly 

assigned to either cattle or bison dung. Half (nine) of the breeding containers was provided 0.75 

L of thawed cattle dung; the other half (nine) was provided 0.75 L of thawed bison dung. Before 

placing adults in breeding containers, beetles were inspected under the microscope for mites. 

Any mites were carefully removed using forceps under running water.  Once mite free, breeding 

groups were introduced into breeding containers and covered with mesh paint strainers to 

prevent escape.  Tarps with slits were secured over the top of breeding containers to prevent 

moisture loss and allow for gas exchange. 

Breeding containers were placed in Percival Scientific environmental growth chambers 

(Model I-36VL) at 28° C, the ideal breeding temperature for D. gazella (Moczek pers. comm. 20 

Jan. 2023), 60% relative humidity (RH), and constant darkness. After mating, females form and 
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bury ovoid masses of dung referred to as a “brood balls” and lay a single egg in each brood ball 

(Floate et al., 2014). Each developing beetle gets all nutrition from its individual brood ball. 

Breeding groups remained in the environmental chambers for 7 days, after which brood balls 

were removed from breeding containers. Brood balls were weighed using a digital scale (Ohaus 

model NV222) to the nearest 0.01 g. Females will pack masses of dung that do not contain eggs, 

but serve as food caches (Mamantov and Sheldon, 2021). Ten dung masses under 2.00 grams, 

which are smaller than brood balls previously reported for D. gazella (Schwab et al., 2017), were 

opened and inspected under a microscope for the presence of eggs. None of the brood balls had 

signs of eggs, and dung masses balls under 2.00 g were removed from the experiment. All brood 

balls above 2.00 g were placed into individual 59 ml plastic cups with autoclaved, moistened 

substrate (referred to as rearing chambers). Lids were secured onto cups and punctured with 

toothpicks for improved air circulation.  

To manipulate temperature conditions for developing larvae, brood balls from all 

breeding groups were randomly distributed among seven temperature treatments (22, 24, 28, 30, 

32, 34°C), 60% RH and constant darkness. We selected seven temperatures extending the known 

thermal tolerance of D. gazella (Floate et al., 2014). Previous studies indicate that adult 

emergence for D. gazella was reduced below 26°C and above 32°C, and that 28°C is optimum 

(Floate et al., 2014; Moczek pers. comm. 20 Jan. 2023). Temperatures were selected to capture 

potential effects of temperature stress on body size and horn development. Although 34°C is 

hypothesized to be the thermal maximum for D. gazella, it has not been tested (Schwab et al., 

2017). Brood balls were placed in environmental chambers before starting the temperature 

programs, allowing developing beetles to acclimate to the temperature treatments. Daily, all 

rearing chambers were opened and inspected for emerged adults. Emergence dates were 
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recorded, and adults were euthanized by freezing. Development rate was calculated as the 

inverse of the number of days to adult emergence after a brood ball was placed in an 

environmental chamber.  

Brood balls that did not emerge after two weeks post-emergence in the same temperature 

treatment were inspected (Floate et al., 2014). Brood balls were opened by hand and inspected 

under the microscope. Brood balls that had no emerging adult were considered mortalities if an 

egg chamber (small cavity) was present inside or if remnants of an egg, larvae (head capsule, 

molts), dead pupae, or dead adults were found inside the brood ball. Brood balls lacking signs of 

developing beetles may have been food caches or a result of disturbance during the breeding 

period (Floate et al., 2014; Mamantov and Sheldon, 2021); these were excluded from analyses of 

survival.  

2.5 Morphological Measurements 

Morphological measurements were taken using a Leica M165 C microscope connected to 

Leica Application Suite X (LAS X v. 3.7.3.23245). Measurements were taken using the segment 

line measurement tool in Leica Application Suite X. Body size in onthophagine dung beetles is 

commonly measured as the width of the widest point of the thorax (Moczek, 2006). Thorax 

width measurements for males were collected twice, and when the difference between the two 

measurements was less than 0.05 mm, the original measurement was used. When the difference 

was greater than 0.05 mm, a third measurement was taken and used as the final measurement. 

Male D. gazella have horns resembling cones when short (minor morph) and curved 

cylinders when long (major morph). Horn length was measured as the nonlinear distance along 

the outer edge of the horn from the top of the eye to the tip of the horn (Fig. 1) 1. We used the 

 
1 All figures can be found in Appendix B. 
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nonlinear measurement to account for investment into non-vertical growth (width and curvature 

of a horn) (Moczek, 2006).  Growth rate for body size was calculated as the thoracic width in 

mm divided by the number of days to adult emergence. Growth rate for horn length was 

calculated as the horn length in mm divided by the number of days to adult emergence. Prior to 

GAMM analysis, we plotted horn length and body size and compared horn allometries between 

males from both dung treatments. 

2.6 Statistical Analyses 

All analyses were performed in Rstudio version 2023.12.1 (R Core Team, 2023). 

2.6.1 Generalized Additive Mixed Models 

Generalized Additive Mixed Models (GAMMs) were employed to capture nonlinear 

responses to temperature gradients often observed in plastic traits (Luhring et al., 2019). 

GAMMs were created with cubic regression splines using the ‘mgcv’ package (Wood, 2023). All 

GAMMs incorporated temperature terms with smoothers to capture potential nonlinear responses 

in traits across temperature. We incorporated the effect of sex into models for metrics related to 

body size (growth rate and development rate) because male D. gazella generally have slower 

development rates and reach larger body size than females (Rohner, 2021).  We included an 

interaction term for sex and dung treatment with a temperature smoother to explore potential 

variation in temperature-dependence across treatment combinations (sex and dung treatment). 

For GAMMs related to horn length, traits expressed exclusively in males, the model features a 

dung treatment term with a temperature smoother instead of the interaction between dung 

treatment and sex. Dung treatment was included as a parametric effect in all GAMMs, whereas 

sex was included only as a parametric effect in the GAMM for body size.  To separate the effect 

of the quality of dung from the quantity of dung provided and to account for potential variations 
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in dung provisioning among different breeding groups, we incorporated brood ball mass as a 

random effect.  

2.6.2 Curve-fitting 

Before assessing the significance of GAMMs using the ‘anova.gam’ function in the 

‘mgcv’ package (Wood, 2023), models were checked using the ‘gam.check’ function and by 

plotting residuals. The basis dimensions (k) of smoother terms in all models were initially set to 

3 knots, representing the simplest model (Luhring et al., 2019).  If gam.check found that models 

adequately captured nonlinear trends in residuals, we determined that 3 knots were sufficient. If 

p-values from the gam.check output were low (P<0.05), suggesting that models failed to capture 

additional nonlinear components of the data, we increased k (Wood, 2023). However, if 

increases in the basis dimension did not improve model fit, we defaulted to the simplest model 

with 3 knots (Wood, 2023). Additionally, if model fit improved based on gam.check output 

statistics, but it did not change the interpretation of the model using ANOVA, we defaulted to the 

simplest model (3 knots). After analyzing the output statistics from gam.check, we evaluated the 

normality of the residuals, examined QQ plots, and compared GAMM plots with scatterplot data. 

This process provided confirmation that models that incorporated the chosen number of basis 

dimensions effectively captured patterns in the data. After fitting models, we employed the 

anova.gam function to assess the significance of smoother terms including temperature, dung 

treatment, and sex (for body size metrics only) along with their interactions on the response 

variables. Finally, we visualized GAMM curves using the ‘plot_smooth’ function from the 

‘itsadug;’ package (Rij et al., 2022). 

2.6.3 Relative Impacts of Development and Growth Rates  
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After modelling how trait sizes, growth rates and development rates independently 

responded to temperature, we sought to determine the relative influence of growth rates and 

development rates in shaping trait sizes across the temperature gradient. To achieve this, we 

plotted the average development and growth rates across temperatures for each treatment. We 

created separate plots for the growth rate of body size and horn length. We also included 

isoclines that represent combinations of growth and development rates leading to constant body 

sizes and horn lengths. By comparing how the points vary across isoclines, we were able to 

visualize the relative effects of development rate and growth rates on the resulting average body 

sizes and horn lengths.  

2.6.4 Survival 

We initially constructed a GAMM with binomial error distribution and a logistic link 

function with the same parametric and smoother terms as GAMMs for metrics of horn length.  

Due to the absence of specimens from brood balls where no beetles emerged, we were unable to 

account for the effect of sex on mortality.  Initial GAMMs indicated that there were no support 

for a nonlinear relationship between temperature and log-odds of survival. As a result, we 

created a logistic regression using the ‘glm’ function for survival. The model included dung 

treatment, temperature, and brood ball mass as independent factors as well as the interaction of 

dung treatment and temperature.  
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CHAPTER 3 

RESULTS 

3.1 General Results 

Independent of temperature, horn allometry did not differ by dung treatment in D. gazella 

(Fig. 2), but body sizes were larger in the cattle dung treatment (Fig. 3). When accounting for the 

effects of temperature on body size and horn length, the type of dung significantly influenced 

whether these traits displayed nonlinear responses to temperature changes or remained consistent 

across temperatures. In the cattle dung treatments, we observed a unimodal response to 

temperature for male and female body size as well as male horn length (Figs. 4-5). In contrast, in 

the bison dung treatment, body size and horn lengths did not change across the temperature 

gradient (Figs. 4-5). As a result, at intermediate temperatures (26-30°C), beetles from cattle dung 

treatments had larger body sizes and horns than those from bison dung treatments. Growth rates 

for body size and horn length increased with temperature for both sexes in each dung treatment 

(Figs. 6-7). Beetles from the bison dung treatments, however, had higher growth rates 

particularly at the highest temperatures (Figs. 6-7).  Development rates similarly increased with 

temperature but were higher in the bison dung treatment, so beetles emerged earlier at the highest 

temperatures (Fig. 8). The increased body sizes and horn lengths at intermediate temperatures in 

the cattle dung treatments were due to slower development rates compared to bison dung 

treatments (Figs. 9-10).  

3.2 Horn Allometry 

Almost all males were larger in body size and had longer horns compared with previously 

reported laboratory and wild populations (Schwab and Moczek, 2016; Casasa et al., 2017; 

Casasa et al., 2020). Males did not span the full variation in body size and horn length for this 
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species (Fig. 2). As a result, we focused our analyses on plastic trait responses in major males. In 

wild populations, 6 mm represents the threshold body size that separates male morphs (minor 

versus major) in wild populations (Schwab and Moczek, 2016). Four individuals (two males and 

two females) had thoracic widths below 6 mm which is more than 0.5 mm smaller than the next 

smallest females and 0.6 mm smaller than the next smallest males in this study. Removal of 

individuals below 6 mm improved model residuals for GAMM models of body size. To better 

model trait responses for large individuals, we excluded these individuals (1%) from analyses. 

 Several males exhibited misshapen horns with flattened apices and/or horns that bent in 

directions not found in natural populations (Fig. 11). The process of checking brood balls may 

have interfered with development, leading them to have horn forms that do not reflect typical 

investment in horn development. All male beetles were examined for misshapen horns and were 

categorically assigned as having developmental abnormalities. Individuals with abnormalities 

were excluded from analyses. In total, 10.4% of emerged males (n=22) were removed because of 

misshapen horns. Beetles with horn abnormalities were evenly distributed among temperature 

treatments (χ² = 7.909, df = 6, P=0.245, chi-square) and between dung treatments (χ² = 0.727, df 

= 2, P=0.394, chi-square). Following the removal of individuals with horn abnormalities (Fig. 

11) or thoracic widths less than 6 mm, remaining males were included in GAMM analyses. 

Horn length increased linearly with body size (thoracic width) among all males from both 

dung treatments (Fig. 3). Due to the lack of smaller males (typically found in wild populations), 

we could not analyze static allometries using conventional fitting of sigmoidal curves (Moczek 

2002; Schwab and Moczek 2016). Linear regression analysis indicated that dung treatment did 

not affect horn allometry among the males in this study (Table 12).  When body size and horn 

 
2 All tables can be found in Appendix A. 
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length were analyzed separately, body size was significantly larger in the cattle dung treatment 

(t= -2.00, df = 325, P = 0.047), but there was no significant difference in horn lengths between 

males from bison and cattle dung treatments (t = -1.13, df = 174, P= 0.261). 

3.3 Thermal Reaction Norms for Body Size and Horn Length 

Body size showed distinct responses to temperature by dung treatment. For beetles 

developing in cattle dung, body size showed a unimodal response to temperature with a peak at 

intermediate temperatures (26-30°C) (Fig. 4). In contrast, for beetles from bison dung treatments, 

body size remained relatively constant across the temperature gradient (Fig. 4). The increase in 

body sizes at intermediate temperatures resulted in beetles from the cattle dung treatment 

reaching larger body sizes than those from the bison dung treatment. Although males were 

generally larger than females (Table 2), the effect of dung treatment on body size was consistent 

between the sexes (Fig. 4). Among the four combinations of sex and dung treatment, significant 

temperature-dependent responses only were observed for males from cattle dung treatments 

(Table 2).  

As with body size, horn length displayed distinct responses to temperature due to dung 

treatment.  Horn length showed a unimodal response to temperature for males from the cattle 

dung treatment (Table 3) but not in males from the bison dung treatment (Fig. 5). The fitted 

GAMM curve line for the bison dung treatment showed a weak increase in body size across 

temperature (Fig. 5), but the confidence intervals suggest the increase was non-significant. At 

intermediate temperatures, horns were larger in males from the cattle dung treatment than they 

were in the bison dung treatment (Fig. 5). Horn length did not differ by dung treatment alone 

(Table 3), indicating that the effects of dung treatments are only apparent when accounting for 

temperature. 
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3.4 Thermal Reaction Norms for Growth and Development Rates 

Growth rate for body size increased with temperatures in all combinations of sex and 

dung treatments, but beetles from bison dung treatments had higher growth rates, particularly at 

higher temperatures (Fig. 6). All treatment combinations had significant smoother terms 

indicating distinct temperature-dependent responses in growth rate (Table 4). At the lowest 

temperatures, growth rates were similar across dung types, but at higher temperatures, beetles 

from bison dung treatments exhibited increased growth rates than those from cattle dung 

treatments (Table 4). Across all temperatures males have slightly higher growth rates than 

females, however the effect of sex was non-significant (Table 4). 

The growth rate for horn length increased with temperature in both bison dung and cattle 

dung treatments (Fig. 7). Similar to the growth rate for body size, at lower temperatures growth 

rates for horn length were similar between dung treatments but diverged as the temperature 

increased (Table 5). Males from the bison dung treatment grew horns at higher rates than those 

in the cattle dung treatments at high temperatures (30-34°C). 

 Development rate increased with temperature for both sexes in cattle dung and bison 

dung treatments (Fig. 8). All smoother terms for each dung and sex treatment combinations were 

significant, indicating that all have unique nonlinear responses to temperature (Table 6). Like 

growth rates, development rates are faster in beetles from bison dung treatments compared to 

those from cattle dung treatments (Fig. 8). Development rates were faster in bison dung 

treatments for both sexes. Unlike the growth rate for body size however, females had faster 

development rates, particularly at higher temperatures. 

3.5 Impacts of Growth and Development Rates on Trait Size 
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In general, growth rates and development rates increased simultaneously until reaching a 

peak at 32°C, after which both rates decreased. Even though body size remained constant across 

the temperature gradient for both males and females from bison dung treatments, growth and 

development rates were not constant and increased with temperature (Fig. 9). At intermediate 

temperatures (26-30°C), beetles from the cattle dung treatment experienced proportionally larger 

increases in growth rate compared to development rate, resulting in increased body sizes. 

Conversely, in the bison dung treatments, development rate saw relatively greater increases than 

growth rate, and body sizes did not increase. Notably, only males in bison dung treatments 

maintained a relatively constant growth rate at the two highest temperatures (32 and 34°C). 

Similar to results for body size, slower development rates in cattle dung treatments 

allowed males to reach larger horn lengths at intermediate temperatures (Fig. 10). Despite faster 

or equal growth rates for horns in the bison dung treatment compared to those in the cattle dung 

treatment, faster development rates in bison dung treatments lead to smaller body sizes in bison 

dung treatments.  At the two highest temperatures (32°C and 34°C), growth and development 

rates responded differently to the dung treatments. While both rates decreased in the cattle dung 

treatment, they remained constant in the bison dung treatment. 

3.6 Parental Provisioning, Adult Emergence, and Survival 

Breeding groups with bison dung produced 183 brood balls, whereas breeding groups 

with cattle dung produced 277 brood balls (total=460 brood balls). The mean mass of brood balls 

from the bison dung treatment (6.51 g) did not differ from the cattle dung treatment (6.44 g) (two 

sample t-test, t = 0.421, df = 390, P = 0.674). In total, 407 beetles emerged as adults, 

representing an 88.5% survival rate for all brood balls (bison dung = 183, cattle dung = 277).  

There was a relatively equal emergence by sex for both dung treatments, but a larger number of 
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beetles emerged from cattle dung (Table 7). More beetles emerged from cattle dung across all 

temperature treatments (Table 8). Survival to emergence from brood balls was unaffected by 

temperature, dung type or brood ball mass (Table 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4 
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DISCUSSION 

4.1 General Discussion 

Many dung beetles in the genus Onthophagus (closely related to Digitonthophagus) 

display morphological and developmental plasticity to maximize their fitness in response to 

variable nutritional conditions (Hunt and Simmons, 2001; Moczek, 2011). Although dung beetles 

that historically utilized bison dung in North America are believed to have persisted after the 

replacement of bison with cattle by utilizing cattle dung (Tiberg and Floate, 2011), the 

developmental consequences of this resource shift are not understood. We first sought to 

compare the horn allometry of D. gazella feeding on cattle and bison dung to determine how this 

resource shift affected plastic traits important for fitness in dung beetles.  When we designed this 

project, the available literature indicated that bison dung has higher nitrogen content than cattle 

dung (Moore and Bower, 2001; Tiberg and Floate, 2011). The nitrogen content of dung is 

associated with increased resource quality for dung beetles (Dadour and Cook, 1996; Holter and 

Scholtz, 2007; Snell‐Rood et al., 2013; Kaur et al., 2021; Thotagamuwa et al., 2023), and we 

hypothesized beetles would have larger body sizes and horn lengths in the bison dung treatment. 

However, we found that males were major morphs in both dung treatments indicating that both 

dung types are high-quality nutritional resources for D. gazella. Out of the 212 males that 

emerged in this study, only two (1%) had body sizes below 6 mm—the threshold that separates 

major and minor male morphs in D. gazella (Schwab and Moczek, 2016). As a result, males 

from our experiment were almost entirely major male morphs. In species where males are 

polymorphic, large males with fully developed horns arise from high-quality larval nutritional 

conditions while minor males arise from low-quality nutritional conditions (Emlen, 1997; 

Tomkins and Hazel, 2011; Snell‐Rood et al., 2013; Moczek and Kijimoto, 2014). Beetles from 
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the cattle dung treatment emerged at slightly larger body sizes but were large in both dung 

treatments, and there were no differences in the scaling relationship between male horn length 

and body size. This suggests that while cattle dung may offer slightly better nutrition, both dung 

types provided favorable nutritional conditions for D. gazella.  

We hypothesized that bison dung would be a higher quality resource because it is 

reported to have higher nitrogen content than cattle dung (Moore and Bower, 2001; Tiberg and 

Floate, 2011). In contrast to predictions, male and female body size and male horn allometry did 

not differ between beetles that fed on bison and cattle dung, suggesting both are high quality 

resources for D. gazella. However, recent analyses comparing the nitrogen content of dung from 

cattle and bison at Konza Biological Station (where we collected dung samples) found that cattle 

and bison dung have similar nitrogen content, thus supporting our findings that cattle and bison 

are similar quality resources for dung beetles (Anguiano, 2024). Previous studies comparing the 

nitrogen content in bison dung to that of cattle dung involved animals given different 

supplemented diets (Tiberg and Floate, 2011). This variation in diet could potentially explain the 

reported differences in nitrogen content between the two types of dung. Dung samples utilized in 

our study were collected from cattle and bison grazing on pasture (Table 10). Grass-fed cattle 

dung is known to be a higher quality resource and produce larger beetles than hay and grain-fed 

cattle dung (Dadour and Cook, 1996; Casasa et al., 2020; Rohner and Moczek, 2021). Our results 

indicate that both bison and cattle dung may provide high quality resources when grazers are 

allowed to forage in natural grasslands, thus allowing dung beetles to emerge with large body 

sizes. Cattle were provided with mineral supplementation which could account for slightly larger 

body sizes in beetles from the cattle dung treatment. Although our analyses suggest that both 
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cattle and bison dung provide high quality nutritional resources for dung beetles, we note that the 

dung quality of both ungulates can vary seasonally and by ecological and management contexts. 

4.2 Interactive Effects of Diet Quality and Temperature 

Understanding how nutrition shapes responses to temperature is key to predicting how 

ectotherms, like dung beetles, will respond to changing climates in different ecological contexts. 

We found that nutritional conditions altered the shape of thermal reaction norms for body size 

and horn size. Our research highlights that, while thermal reaction norms are useful to predict 

species responses to potential future climate, they may vary by nutritional context.  Beetles that 

fed on cattle dung were larger and had longer horns than those that fed on bison dung, but only at 

intermediate temperatures. Increases in body size and horn length in beetles reared in cattle dung 

aligned with previously reported optimal growth temperatures (25–30°C) and optimal breeding 

temperature for D. gazella (28°C) (Pokhrel et al., 2020; Moczek pers. comm. 20. Jan. 2023), 

supporting the notion that these traits are responding to a thermal optimum.  In contrast, neither 

of the traits appeared to change across temperature for beetles reared in bison dung. In other 

insects like Drosophila, body size is maximized at intermediate temperatures due to thermal 

stresses at high and low temperatures (Moreteau et al., 1997; Karan et al., 1998). Dung beetles 

feeding on cattle dung may respond similarly, that is they may be able to grow larger when freed 

from thermal stresses at intermediate temperatures. Bison dung may be a lower quality nutrient 

source in comparison, and beetles may not be able to grow to larger sizes even under optimal 

temperature conditions. Given that D. gazella is a generalist and can utilize a wide variety of 

dung types (Pokhrel et al., 2020), wild populations likely show varied responses to changes in 

temperature. Our findings highlight the need to account for nutritional conditions when 

determining how traits will scale with temperature. 
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Dung beetles from the cattle dung treatment are expected to have higher fitness than 

those from the bison dung treatment at optimal temperatures because body size and horn size are 

correlated with increased fecundity and reproductive success (Emlen, 1997; Hunt and Simmons, 

2000). Larger females exhibit higher lifetime fecundity and provide more dung to their offspring, 

leading to increased offspring survival (Cook, 1988; Hunt and Simmons, 2000; Palestrini and 

Rolando, 2001; Simmons and Emlen, 2008). Moreover, studies have shown that body size 

largely determines fight outcome between major males (Emlen, 1997; Moczek and Emlen, 

2000). For contests between equally sized males, horn size determines contest outcome (Moczek 

and Emlen, 2000). As a result, at optimal temperatures dung beetles that feed on cattle dung are 

expected be larger and have greater reproductive success than those that feed on bison dung. 

Although body sizes and horn lengths were larger in the cattle dung treatment at 

intermediate temperatures, the resulting differences in trait size at intermediate temperatures 

remains relatively modest.  The predicted differences in body sizes (~ 0.1mm) and horn lengths 

(~ 0.1mm) between dung treatments at intermediate temperatures represent 3% and 5% of the 

typical variation in body size and horn length (respectively) in D. gazella (Schwab and Moczek, 

2016). Considering that reproductive success increases with trait size (Emlen, 1997), the slight 

differences in horn size and body size in the dung treatments under intermediate temperatures are 

unlikely to have large impacts on fitness. However, horn length variation less than 0.5 mm and 

body size variations of less than 1 mm have been demonstrated to significantly influence success 

in male contests among Onthophagus beetles (Emlen, 1997; Moczek and Emlen, 2000).  The 

relatively small variation in horn size and body reflects that our analyses were restricted to large 

females and major males. The plastic traits analyzed, particularly horn size, are dimorphic in 

closely related Onthophagus dung beetles, and most of the variation is found between minor and 
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major morphs (Emlen, 1994). However, even among large beetles in this study, we detected a 

consistent effect of dung treatment on the shape of thermal reaction norms for horn size and body 

size of both sexes, indicating that dung quality can modulate the effects of temperature on 

growth in a predictable manner.  

4.3 Development and Growth Rates 

 We found that dung beetle growth and development rates increased with temperature, and 

both rates were higher in beetles feeding on bison dung than those feeding on cattle dung. 

Beetles in both dung treatments increased growth rates with temperature, and faster development 

rates led to a substantial reduction in body size.  Faster development rates allowed beetles in the 

bison dung treatments to emerge earlier than beetles from the cattle treatment, particularly at the 

highest temperatures. Earlier emergence is associated with increased population persistence in 

dung beetles, so beetles feeding on bison dung may have an increased fitness at high 

temperatures (Rohner and Moczek, 2020).  Digitonthophagus gazella can have multiple 

generations per year (Pokhrel et al., 2020), and shorter development times can increase fitness by 

allowing more generations per year (Tyndale-Biscoe and Walker, 1992; Kingsolver et al., 2012). 

Moreover, emerging earlier in the season can reduce the risk of pre-adult mortality due to 

predation by soil nematodes during development (Hunt and Simmons, 1997). As global climates 

warm, diet quality may play an increasing role in dung beetle fitness by altering development 

rates. 

Although changes in both nutritional conditions and temperature altered dung beetle 

growth in our study, plasticity in parental behavioral could mitigate some of the effects of these 

environmental factors in natural systems. Mothers bury brood balls deeper where it is cooler 

when temperatures increase, which can mitigate negative effects of temperature on growth 
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(Macagno et al., 2018). In this study, brood balls were only insulated with a small amount of 

substrate inside of rearing chambers, and temperatures of brood balls in the soil are likely to be 

more insulated from surface temperatures. Though we did not observe differences in brood ball 

masses between beetles from bison and cattle dung treatments, mothers can also adjust the 

amount of dung provisioned in response to dung quality (Moczek, 1998). Mothers increase the 

amount of dung provisioned when the quality of quality is low (Moczek, 1998). Brood ball mass 

is also a major determinant of dung beetle body size and horn length (Moczek and Emlen, 1999), 

and as a result, plasticity in the amount of dung may also mitigate effects of variation in dung 

quality on thermal responses.  

Our work highlights the need to account for nutritional conditions when predicting dung 

beetle responses to changing climates. The development rates observed in our study corroborate 

those reported for D. gazella under similar temperature gradients, and previous studies have 

demonstrated that nutritional conditions affect development time in D. gazella (Floate et al., 

2014; Rohner and Moczek, 2021). However, our work shows that nutritional conditions can 

constrain plastic responses in development time to changes in temperature. Prior investigations 

of how development rates vary across temperatures served to inform whether dung beetles like 

D. gazella would establish populations in novel environments (Floate et al., 2014; Floate et al., 

2017). An assumption of using thermal reaction norms to predict organismal responses to 

changing climate is that development time will scale consistently with temperature in different 

ecological contexts (Luhring et al., 2019). Our study reveals that thermal responses in 

development time are influenced by nutritional conditions, and that dung beetle populations 

feeding on higher quality dung will exhibit more pronounced plastic responses to changing 

temperatures. 
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4.4 Conclusions 

The effects of nutritional conditions on body size, horn size, development rates, and 

growth rates varied with changing temperatures, highlighting the complex ways environmental 

variables interact to shape plastic traits. Beetles that provision their larvae with both cattle dung 

and bison dung were large, indicating both dung types provided favorable nutritional conditions.  

Based on limited information about the nitrogen content of bison dung (Moore and 

Bower, 2001; Tiberg and Floate, 2011), we hypothesized that larvae feeding on bison dung 

would emerge at larger body size and longer horn lengths than beetles fed cattle dung. However, 

recent analyses by Anguiano (2024) on dung samples from the same cattle and bison herds we 

collected dung from revealed that both grazers have similar nitrogen content when foraging on 

pasture. Thus, both cattle and bison dung may be similar high-quality nutritional resources for 

dung beetles if both herbivores are grazing on natural grasslands and are not fed grain or hay 

diets.  We note that cattle receiving mineral supplementation may explain the difference between 

the thermal reaction norms observed between dung beetles from bison dung and cattle dung 

treatments.   

Comparing thermal response curves for body size and horn length between dung 

treatments revealed that nutritional conditions have temperature-dependent effect on plastic 

traits. Rather than causing a consistent change in trait size across temperatures, beetles from the 

cattle dung treatment were larger at intermediate temperatures. We observed significant 

differences in horn size and body size between dung type treatments at intermediate 

temperatures, but the differences in sizes were numerically small because all reared beetles were 

large (e.g., major male morphs) in both dung treatments (there was an overall lack of small 

individuals). While horn length and body size were similar between the dung treatments, 
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underlying growth and development rates were higher in the bison treatment.  As a result, 

plasticity in both growth and development rates may allow beetles to emerge earlier while having 

little consequence for trait size.  Extensive research has shown that plastic traits in dung beetles 

are nutritionally cued, and our research highlights the need to examine the combined effects of 

nutrition and temperature on plastic responses in complex environments.   
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APPENDIX A 
 
 

TABLES 

 
Table 1. ANOVA table summarizing the linear regression analysis examining the relationship between thorax size and horn length, 
including the effect of dung treatment. Bold indicates significant effect of parameter. 
 

 DF Sum Sq Mean Sq F-Value Pr(>F) 
Thoracic width 1 331747 331746 27.067 5.26e-7 

Dung 1 3814 1620 0.132 0.717 
Thoracic Width * 

Dung 
1 11634 837 0.068 0.791 

 
Table 2. ANOVA Analysis of a Generalized Additive Mixed Model (GAMM) evaluating the effects of both parametric (left) and 
smoother terms (right) on body size (thoracic width). Temperature smoother effects were allowed to vary by the dung-sex interaction 
levels and, as a result, each interaction level has a separate p-value for nonlinear temperature-dependent effects. Bold indicates 
significant p-values. 

 
Response Parametric Terms df F P Smoother Terms Ref. df F P 

Body Size Dung 1 11.381 0.0008 Temperature 0.800 19.677 8.77e-05 

 Sex 1 567.913 <2.22e-16 Temperature: Female Bison 0.800 0.678 0.462 

     Temperature: Male Bison 1.341 0.420 0.722 

     Temperature: Female Cattle 1.796 7.155 0.001 

     Temperature: Male Cattle 1.792 4.980 0.005 

     Random: Brood Ball Mass 1.000 18.04 1.71e-05 
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APPENDIX A (continued) 
 
 

Table 3. ANOVA Analysis of a Generalized Additive Mixed Model (GAMM) evaluating the effects of both parametric (left) and 
smoother terms (right) on the horn length in males. Temperature smoother effects were allowed to vary by each dung treatment and, as 
a result, both dung treatments have a separate p-value for nonlinear temperature-dependent effects. Bold indicates significant p-values. 
 

Response Parametric Terms df F P Smoother Terms Ref. df F P 
Horn length Dung 1 2.438 0.120 Temperature 0.667 7.040 0.032 

     Temperature: Bison 0.667 2.311 0.216 

     Temperature: Cattle 1.652 4.436 0.017 

     Random: Brood Ball Mass 1.00 8.619 0.002 
 

Table 4. ANOVA Analysis of a Generalized Additive Mixed Model (GAMM) evaluating the effects of both parametric (left) and 
smoother terms (right) on the horn length in males. Temperature smoother effects were allowed to vary by each dung treatment and, as 
a result, both dung treatments have a separate p-value for nonlinear temperature-dependent effects. Bold indicates significant p-values. 
 

Response Parametric Terms df F P Smoother Terms Ref. df F P 

Growth rate Dung 1 10.841 0.001 Temperature 1.800 1795.769 <2.22e-16 

(Body size) Sex 1 3.2.846 0.092 Temperature: Female Bison 0.800 65.128 <2.22e-16 

     Temperature:  Male Bison 0.800 57.694 <2.22e-16 

     Temperature: Female Cattle 0.800 42.040 <2.22e-16 

     Temperature: Male Cattle 0.897 36.285 <2.22e-16 

     Random: Brood Ball Mass 1.000 30.666 <2.22e-16 
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APPENDIX A(continued) 
 
 

Table 5. ANOVA Analysis of a Generalized Additive Mixed Model (GAMM) evaluating the effects of both parametric (left) and 
smoother terms (right) on the growth rate of horn length in males. Temperature smoother effects were allowed to vary by each dung 
treatment and, as a result, both dung treatments have a separate p-value for nonlinear temperature-dependent effects. Bold indicates 
significant p-values. 
 

 
Table 6. ANOVA Analysis of a Generalized Additive Mixed Model (GAMM) evaluating the effects of both parametric (left) and 
smoother terms (right) on development rates. Temperature smoother effects were allowed to vary by each dung treatment and, as a 
result, both dung treatments have a separate p-value for nonlinear temperature-dependent effects. Bold indicates significant p-values. 
 

Response Parametric Terms df F P Smoother Terms Ref. df F P 

Development rate Dung 1 7.384 0.0001 Temperature 1.800 1836.975 < 2.22e-16 

 Sex 1 16.014 6.07e-05 Temperature: Female Bison 0.800 81.663 < 2.22e-16 

     Temperature: Male Bison 0.800 48.273 < 2.22e-16 

     Temperature: Female Cattle 0.800 58.676 < 2.22e-16 

     Temperature: Male Cattle 0.800 32.484 9.41e-07 

     Random: Brood Ball Mass 1.000 19.263 1.29e-05 

 

Response Parametric Terms df F P Smoother Terms Ref. df F P 

Growth rate Dung 1 6.179 0.014 Temperature 1.639 662.813 < 2.22e-16 

(Horn length)     Temperature:  Bison 0.667 196.544 < 2.22e-16 

     Temperature:  Cattle 1.148 32.327 < 2.22e-16 

     

Random: Brood Ball 
Mass 

1.000 21.080 5.37e-06 
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APPENDIX A (continued) 
 

 
Table 7. Contingency table for number of emerged adults by dung treatment and sex. 
 

Dung Treatment Female (n=195) Male (n=212) 

Bison dung (n=162) 77 85 

Cattle dung (n=245) 118 127 

 

Table A-8. Adult emergence of beetles across temperatures by dung treatment.  

Temperature 22°C 24°C 26°C 28°C 30°C 32°C 34°C 
Bison 29 21 27 25 24 19 17 
Cattle 41 33 37 33 35 35 31 

 

Table 9. Summary table of term statistics for logistic regression to analyze responses in log-odds of survival.  

 Estimate Std. Error z value Pr(>|z|) 

Dung Type -0.753 2.17 -0.346 0.729 

Temperature -0.033 0.061 -0.535 0.593 
Dung x Temp 0.026 0.077 0.349 0.727 

Brood Ball Mass 0.015 0.092 0.164 0.869 
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APPENDIX A (continued) 
 
 

Table 10. Management for Bison and Cattle Herds at Konza Prairie Research Station. 
 

Herd Ivermectin Use Supplemental Feeding 
Herd 
Type Livestock Grazing Regime Notes: 

Contact
: 

 

Last date 
administe
red 

Active 
ingredient/ 
Chemical 
name Dosage 

Metho
d On-site (last date) 

Off-
site 
(last 
date)  Breed 

Head/Acr
e and 
duration 

Location 
of origin 

Date 
On-
site 

Date 
Off-
site   

C35A 
(cattle
) 

Early 
May 

Cydectin 
(cows, 
heifers & 
calves <2 
yrs; >2 yrs is 
not treated) 

Not 
provided 

pour 
on or 
oral 

non-medicated 
mineral (during 
the growing 
season) 

not 
provid
ed 

cow-
calf 
pairs or 
heifers 

Angus-
Herefor
d cross 

1 cow-
calf pair 
per 8 
acres 

home-
raised 
and 
originate
d in Riley 
County, 
KS 

~1 
May 

~30 
Sept  

KC 
Olson 
<kcolso
n@ksu.e
du> 

C3A 
(cattle
) 

Early 
May 

Cydectin 
(cows, 
heifers & 
calves <2 
yrs; >2 yrs is 
not treated) 

not 
provided 

pour 
on or 
oral 

non-medicated 
mineral (during 
the growing 
season) 

not 
provid
ed 

cow-
calf 
pairs or 
heifers 

Angus-
Herefor
d cross 

1 cow-
calf pair 
per 8 
acres 

home-
raised 
and 
originate
d in Riley 
County, 
KS 

~1 
May 

~30 
Sept  

KC 
Olson 
<kcolso
n@ksu.e
du> 

N20B 
(bison
) 

10/24/20
19 

Prohibit 
(Levamisole) 

7.4ml/10
0lbs 

oral 
drenc
h 

20% beef range 
cubes used for 
roundup baiting. 
Less than 
1/2lb/head/day. 
Last date: 
10/15/22 NA mixed 

bison 
(no 
mtDNA 
introgres
sion) 

1AU/12.3
acres (or 
1head/10.
3 acres) 
12 
months NA 1992 NA 

ivermectin use 
from 2000-
2016; 
levamisole 
2017-2019; 
nothing 
currently used  

N1B 
(bison
) 

10/24/20
19 

Prohibit 
(Levamisole) 

7.4ml/10
0lbs 

oral 
drenc
h 

20% beef range 
cubes used for 
roundup baiting. 
Less than 
1/2lb/head/day. 
Last date: 
10/15/22 NA mixed 

bison 
(no 
mtDNA 
introgres
sion) 

1AU/12.3
acres (or 
1head/10.
3 acres) 
12 
months NA 1992 NA 

ivermectin use 
from 2000-
2016; 
levamisole 
2017-2019; 
nothing 
currently used 

Jeffrey 
Taylor 
<jht@ks
u.edu> 
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APPENDIX B 
 
 

FIGURES 
 

 

Figure 1. Frontal view of the head of D. gazella, major male morph, showing the method for 
nonlinear measurement of horn length (green line that follows the outer edge of right cephalic 
horn from the apex of the eye to the apex of the horn).  

 

 

Figure 2. Scaling between body size and horn length for male D. gazella. All emerged males 
from the study are depicted including those with horn abnormalities and thoracic widths below 6 
mm.  Colors differentiate males from each dung treatment. 
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APPENDIX B (continued)  
 
 

 
Figure 3. Scatterplot illustrating the relationship between pronotum width and horn length among 
male specimens by dung treatment. Lines fitted by linear regression with 95% confidence 
intervals are differentiated by dung treatment. Linear allometries do not differ between large 
males from bison dung and cattle dung treatments (P = 0.791). 
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APPENDIX B (continued)  
 

 

Figure 4. Fitted curves with 95% confidence intervals (CI) of the response of body size to the 
combined effects of temperature, dung type and sex derived from generalized additive mixed 
models (GAMMs). Males were roughly 0.4 mm larger than females across temperatures (P < 
2.22e-16). For both sexes developing in cattle dung, body size scaled nonlinearly with 
temperature and peaked at intermediate temperatures (26-38°C) (male P = 0.005, female P = 
0.001). Body size in both sexes that developed in bison dung did not change with temperature 
(male P = 0.722, female P= 0.462).  
 



46 
 

APPENDIX B (continued)  
 
 

 
Figure 5. Fitted curves with 95% confidence intervals (CI) of the response of horn length to the 
combined effects of temperature and dung type derived from generalized additive mixed models 
(GAMMs). Horn lengths scaled unimodally with temperature in cattle dung treatments with 
greatest horn lengths at intermediate temperatures (26-30° C) (P = 0.017), but there were no 
nonlinear trends in horn length across temperature in the bison dung treatment (P = 0.216).  
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Figure 6.  Fitted curves with 95% confidence intervals (CI) of the response of the growth rate of 
body size (mm/day) to the combined effects of temperature, dung type and sex derived from 
generalized additive mixed models (GAMMs). Growth rates of all sex and dung treatment 
combinations increased with temperature, but bison dung treatments had greater increases in 
growth rate than cattle dung treatments leading to higher growth rates at the highest temperatures 
(P<2.22e-16).  
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Figure 7. Fitted curves with 95% confidence intervals (CI) of the response of the growth rate of 
horns (mm/day) to the combined effects of temperature and dung type derived from generalized 
additive mixed models (GAMMs). The growth rate increases with temperature for both 
treatments (P<2.22e-16). Males from bison dung treatments had higher growth rates, 
highlighting a distinct nonlinear response between the dung treatments (Bison P< 2.22e-16; 
Cattle P< 2.22e-16). 
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Figure 8. Fitted curves with 95% confidence intervals (CI) of the response of development rates 
(1/days to emergence) to the combined effects of temperature, dung type and sex derived from 
generalized additive mixed models (GAMMs). All treatment combinations display a nonlinear 
increase in growth rates with rising temperature, exhibiting a reduced slope at higher 
temperatures (30-34°C). With increasing temperatures, development rates diverge by treatment 
combination: bison dung treatments demonstrate faster development rates (male: P < 2.22e-16, 
female: P < 2.22e-16) than cattle dung treatments (male:  P= 9.41e-07, female P< 2.22e-16). 
Females displayed faster development rates when compared to males in the same dung 
treatments. 
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Figure 9. Average development rate (y=1/days to emergence) and body growth rate (x=thoracic 
width (mm)/days to emergence) of all beetles in each dung and sex treatment combination. The 
average male horn length at each temperature is represented by a dot with 95% error bars. Three 
isoclines correspond to combinations of growth and development rates where male horn length is 
constant. 
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Figure 10. Average development rate (y=1/days to emergence) and horn growth rate (x=horn 
length (mm)/days to emergence) of male beetles in both dung treatments. The average horn 
length at each temperature is represented by a dot with 95% error bars. Three isoclines 
correspond to combinations of growth and development rates where horn length is constant.  
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Figure 11. Example of a male with horn abnormalities (red line). Misshapen horns may have 
been due to human interference during development. 
 


