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ABSTRACT
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Historically, many ungulate sub-species boundaries were based on minor morphological
differences. With the advent of molecular tools it has become apparent that most of these subspecies designations do not reflect the distribution of genetic lineages. A growing body of work
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has revealed that differences in body size of ungulates do follow ecoregion and soil boundaries
and that these size differences are nutritionally influenced. Currently, it is unclear if these
patterns of body size are a result of differences in the quantity of high-quality forage produced or
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from differences in nutritive value of the same plant species. I quantified differences in whitetailed deer (Odocoileus virginianus) body mass and antler size at 4 spatially segregated sites in
South Texas, USA, using data from captured deer. I sampled forage items to determine if
differences in body and antler size were best explained by forage quantity or quality. Long-term
trend data, collected from 2011–2019, indicated female body mass was 9% smaller for deer
captured on the eastern edge of the Coastal Sand Plain ecoregion as compared to those from the
western transition zone of the Coastal Sand Plain and Tamaulipan Thornscrub ecoregions.
Similarly, male body mass and antler size were 20% and 8% smaller respectively, in coastal
habitats compared to more interior sites. The amount of digestible energy in browse and mast
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species was ~60 kcal/kg lower at sites with smaller deer body mass and antler sizes, which was
about a 2% reduction in digestible energy (χ32 = 7.40, P = 0.06). Additionally, I found that the
proportion of deer that had deficient levels of serum copper was greater at the site with smaller
deer body mass and antler sizes (100% versus 21%, P < 0.001, Fisher’s exact test). Overall, my
research suggests that regional differences in nutritive value of primary productivity drives
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regional size differences in ungulate morphology.
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1.1 Conceptual model of ungulate population growth rates relative to differences in forage
quantity and quality. Polygons on the left represent the available forage on the
landscape, with the diagonal lines denoting the proportion of the total forage base with
nutritional quality exceeding the level needed for subsistence (gray polygon).
Corresponding graphs on the right represent the theoretical population growth that the
nutritional resources will support; the Y-axis is r, or the intrinsic rate of increase, and
the X-axis is N, or the number of individuals in the population. Shaded areas represent
times when the population experiences density-dependent population growth and
nutritional carrying capacity is denoted by K. When there is abundant high-quality
forage (bottom left), intraspecific competition for food resources will result in densitydependent population dynamics across a wide range of population levels (bottom right).
When there is a dearth of high-quality forage and plentiful low-quality forage, densitydependence will only be exhibited at low or high population levels (top). ............... 26
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I.

INTRODUCTION AND LITERATURE REVIEW

INTRODUCTION1
Factors Affecting Phenotypic Traits in Ungulates
White-tailed deer (Odocoileus virginianus) are the most popular big game animal in North
America (Hewitt 2011). In the U. S. alone, white-tailed deer hunting is an $87 billion dollar
industry (Noble Research Institute, LLC 2018). Management of white-tailed deer in the past
focused on maximizing the number of harvestable animals, but in recent decades has shifted
towards creating a more balanced sex and age structure with the ultimate goal of producing
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desirable physical traits, (Collier and Krementz 2006, Enck and Brown 2009). Ornamentation
(i.e., horns or antlers) size is generally the most important attribute to most hunters, and is
therefore the focus of much research and management (Knox 2011, Harper et al. 2012). Wildlife
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managers use knowledge gleaned from scientific theories as a guide for population and habitat
management to produce the desired population structure and physical attributes (Fulbright and
Ortega-S. 2013). However, wildlife management practices can have differing, and even opposite
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outcomes, in different climatic, soil, and physiographic regions (DeYoung et al. 2011, Fulbright
and Ortega-S. 2013, Lashley et al. 2015). Therefore, it is imperative to identify and understand
the regional factors that shape phenotypic expression of physical traits (Gill 1956, Strickland and
Demarais 2006, Jones et al. 2010, Lehoczki et al. 2011, Quebedeaux et al. 2019, Cain et al.
2019).
Three main factors that influence phenotypic traits of ungulates are age, genetics, and
nutrition (Monteith et al. 2018, Adams 2019). Age has the largest and most predictable effect in
ungulates (Monteith et al. 2009, Hewitt et al. 2014, Michel et al. 2016a). For example, adult

1

This thesis follows the style of the Journal of Wildlife Management
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animals are generally larger than juveniles, and reproductive output peaks at some given age for
almost all individuals of a species (Hewitt et al. 2014, Newbolt et al. 2017). As a broad
generalization, ungulates are long-lived species (Gaillard et al. 1998). Consequently, it takes a
year, or more, for many ungulates to reach sexual maturity (Haugen 1975). Typically male
cervids do not attain their maximum antler size until they are 5.5 to 7.5 years of age and after
skeletal growth has ceased (Monteith et al. 2009, Hewitt et al. 2014). Age also interacts with the
nutritional status of the animal. White-tailed deer in regions with poor-quality habitat often
cease growth earlier than their counterparts with access to a higher plane of nutrition (Monteith
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et al. 2009, Fulbright and Ortega-S. 2013).

Deoxyribonucleic acid (DNA) provides the genetic code for physical traits (Watson and
Crick 1953). Antler and body size of cervids are polymorphic and most likely polygenic traits
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(Anderson et al. 2019). By observing deer bred in captive deer facilities, it becomes apparent
that it is possible to increase antler size of deer in highly controlled environments through
artificial selection (Lockwood et al. 2007, Knox 2011). Heritability estimates for antlers range
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from 0.00 – 0.86 (Williams et al. 1994, Lukefahr and Jacobson 1998, Michel et al. 2016a), while
estimates for heritability of body mass ranges between 0.49 – 0.64 (Williams et al. 1994,
Jamieson et al. 2020). While poorly understood at this time, epigenetics certainly plays an
important role in determining phenotypic expression of antler and body size in white-tailed deer
(Mech et al. 1991). Research has shown that condition of the dam, and even the grandmother, of
a deer will impact its antler and body size throughout its lifetime (Mech et al. 1991, Monteith et
al. 2009).
Nutrition has a clear and direct impact on the phenotypic expression of physical traits
(Scribner et al. 1989). To reach their genetic potential white-tailed deer must have access to
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high-quality forage year-round (Geist 1986), as both genotype and nutrition work together to
determine phenotype (Webb et al. 2014, Foley et al. 2012). Limiting the nutrient intake of deer
has negative impacts on survival, growth, and reproduction (Teer et al. 1965, Verme 1969,
DePerno et al. 2000, Parker et al. 2009). Malnourished does have lowered ovulation rates,
conception rates, and milk production (Teer et al. 1965, Verme 1969, DePerno et al. 2000).
Lowered milk production results in increased fawn mortality and lower weaning weights
(Therrien et al. 2008). Many cervids are unable to overcome the growth limitations imposed by

life (Clutton-Brock et al. 1987).
Nutrient Requirements
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decreased nutrition early in life, and will remain smaller than their counterparts throughout their

It is clear that under-nutrition causes adverse effects in free-ranging ungulates. However,
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research on the specific requirements for many wildlife species is lacking. Six classes of
nutrients are recognized: proteins, carbohydrates, lipids, water, minerals, and vitamins.
Ungulate populations are usually limited by protein and digestible energy, which is determined
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by a combination of the carbohydrate, protein, lipid, and fiber content of the forage (Robbins
1993). Therefore, most research in white-tailed deer has focused on these two aspects of
nutrition (Bahnak et al. 1979). Estimated maintenance needs for dietary protein and digestible
energy for a non-reproductive adult white-tailed deer about 50 kg in size are 8-10% (Hewitt
2011) and 2.2 kcal/g (Hellickson and DeYoung 1997), respectively. Nutritional requirements
will be elevated in response to physiological stage of the animal (Parker et al. 2009). For
example, lactation, which is generally the most nutritionally demanding period for mammals, can
increase the energy demands of an ungulate by as much as 215% over maintenance requirements
(Oftedal 1985, Robbins 1993, Parker et al. 2009). Likewise, growing fawns have the highest
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protein demands, with estimated requirements of dietary protein ranging from 14 to 25% (Hewitt
2011).
The water, vitamin, and mineral requirements of white-tailed deer are largely
undocumented. Minerals are used for mineralization of bones, enzyme and protein production,
osmotic control, immune systems responses, and in cellular respiration. Even though we know
the importance of minerals in the diet, the requirements of most wildlife species are unknown
(Ammerman and Goodrich 1983). The requirements for phosphorus and sodium are wellestablished for white-tailed deer, but the balance of minerals with one another might be more

IE
W

important than the absolute value consumed in the diet (Hellgren and Pitts 1997, Grasman and
Hellgren 1993). For example, it is generally recommended that the ratio of calcium to
phosphorus should be close to 2:1 (Robbins 1993). Furthermore, many trace minerals interact
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with other minerals in complex manners (Clarkson et al. 2019). For example, copper uptake in
some ruminants is hindered by other minerals, including sulfur, molybdenum, iron, and zinc
(Suttle 1991). These antagonistic interactions can involve multiple minerals, such as when sulfur
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and molybdenum form thiomolybdates which react with copper, making it indigestible (Allen
and Gawthornet 1987, Suttle 1991).

Digestive Physiology of Ruminants

Ruminants are foregut fermenters with a specialized four-chambered stomach; fermentation
occurs prior to acid digestion. The symbiotic relationship with microbes allows ruminants to use
the abundant, but low-quality, plant matter that is found across the world (Gibson 1968,
Demment and Van Soest 1985). Through the process of fermentation, ruminants are able to
digest the carbohydrate hemicellulose, which contains a β (1 → 4) glycosidic bond (Gibson
1968). While fermentation allows ruminants to exploit an abundant source of energy, it is also a
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slow process, which places constraints upon the anatomy and diet of ruminants (Demment and
Van Soest 1985, Hofmann 1989a). Kleiber’s equation predicts that basal metabolic rate
decreases with increasing body mass (Kleiber 1947). Thus, smaller animals need proportionally
more energy to survive. This paradigm has led to specialization among ruminant digestive
physiology. As a broad generalization, small-bodied ruminants tend to be browsers or
concentrate selectors, while large-bodied ruminants are roughage or bulk feeders (Gordon and
Illius 1994, Robbins et al. 1995). However, there are many exceptions to this rule. Consuming a
diet that is higher quality and lower in fiber content allows these smaller-bodied ruminants to
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increase passage rate of food (Demment and Van Soest 1985, Wilmshurst et al. 2000).
Increasing the nutrient absorption rate in this manner, enables small animals to meet their
proportionally larger energy demands (Kleiber 1947, Hopcraft et al. 2012).
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White-tailed deer are small-bodied ruminants and are classified as a browser or
concentrate selector (Hofmann and Stewart 1972). Morphology of the white-tailed deer is
typical of a browser. They have a narrow muzzle, large liver, enlarged parotid glands, and a
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simpler rumen with greater surface area through increased papillation, as compared to a
roughage or bulk feeder (Hofmann 1988, 1989b; Janis and Ehrhardt 1988). Enlarged salivary
glands produce more saliva, which immediately starts the chemical breakdown of nutrients, even
before the food has reached the reticulorumen complex (Hofmann 1988, 1989b; Robbins et al.
1995). Their saliva also binds to and inactivates many plant secondary compounds, including
tannins, which inhibit digestion in most animals. The rumen of a white-tailed deer is simple, in
that it lacks the many folds found in a roughage or bulk feeder’s rumen (Hofmann 1989b). The
more streamlined shape of a white-tailed deer’s rumen decreases the retention time of digesta
(Hofmann 1988, 1989b). Complimentary to this is the increased papilliation in the rumen of
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white-tailed deer (Zimmerman et al. 2006). Having a greater surface area to volume ratio
maximizes the absorption of nutrients through the rumen wall (Spilinek et al. 2020, Zimmerman
et al. 2006). Altogether these adaptations facilitate quicker passage rate, and help the animal
meet its energy requirements (Hofmann 1989b).
Foraging Behavior
The ability to use hemicellulose provides ungulates access to an abundant food source.
However, forage varies in quality within and among plants and plant parts. Factors including
plant phenology, species, climatic conditions, soil, and fire can influence the nutritional quality
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of a plant (Kuijper et al. 2009, Lashley et al. 2014, Horrell 2015, Lashley et al. 2015, Proffitt et
al. 2016). For example, actively growing forbs usually contain more protein, less fiber, and are
more digestible than either grasses or woody plants (Holechek 1984). Conversely, during the
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dormant season, non-lignified browse generally is more nutritious (Holechek 1984). Presumably
all animals should forage in a manner that maximizes energy balance (Krebs et al. 1977, Pyke
1978, Senft et al. 1987). This theory has been tested explicitly in several species (Krebs et al.
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1977, Pyke 1978), but there is a lack of consensus on optimal foraging in ruminants (Senft et al.
1987). Mathematical theory dictates that there is a threshold, or “giving-up” point, which will be
different for each animal and landscape that dictates how selective an animal should be while
foraging (Katz et al. 2015). On one end of this spectrum, a small-bodied ruminant could be
ultra-selective and only eat the plants that sprouted within the past day. In this scenario, it is
easy to imagine the animal starving to death while it hunts for this scarce food item. On the
other end of the spectrum, our animal could eat every plant it encounters. While this strategy
minimizes the time and energy spent searching for forage, it also will fill the animal’s rumen
with low-quality forage that will take days to digest. Thus, foraging selectivity comes at a cost
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of increased foraging time, and must be balanced according to what is available on the landscape
(Shipley et al. 1999, Parker et al. 2009).
Although the optimal foraging theory lacks empirical support in ungulates, there are
many examples of selective feeding. For example, cattle preferentially graze in areas that have
recently been burned (Augustine and Derner 2014). Heitkönig and Owen-Smith (1998) found
that during the late dry season through early wet season, roan antelope (Hippotragus equinus)
preferentially grazed on grassland swards growing on highly productive alluvial soils. These
types of studies are not limited to grazers, as browsers, including white-tailed deer and roe deer
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(Capreolus capreolus), feed selectively within forest gaps (Welch et al. 1990, Reimoser and
Gossow 1996, Campbell et al. 2004). Some studies have attempted to quantify the dietary niche
overlap of sympatric species based on their selectivity (Schweiger et al. 2015). Unfortunately,
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these studies are at a very large spatial scale, and are unable to address how ungulates
discriminate between individual plants and plant parts. At finer scales, studies have quantified
selection of plants species and plant parts by ungulates, but the results of such studies are limited
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in spatial and temporal scope (Chamrad and Box 1968, Davis and Winkler 1968, Everitt and
Drawe 1974, Arnold and Drawe 1979, Everitt and Gonzalez 1981, Gross et al. 1993, Martinez
M. et al. 1997). Due to the intricacies and variable landscape which wild ungulates forage in,
these studies only offer a brief glimpse into the foraging behavior exhibited by ungulates. To
truly understand the foraging ecology of an ungulate, we need to better understand both
movement patterns and the mechanisms used to determine what they ingest (Senft et al. 1987).
For example, we do not know why certain plants are important in deer diets one year and then
nearly non-existent in the diet the following year (Fulbright and Ortega-S. 2013). We also do not
fully understand which habitat patches are perceived as useable by each species and we therefore
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overestimate the available forage on the landscape in many instances (Senft et al. 1987, Fulbright
and Ortega-S. 2013).
Density-dependence
Most white-tailed deer management is based on density-dependent population dynamics (Collier
and Krementz 2006, Enck and Brown 2009, Harper et al. 2012). The primary literature is replete
with examples of large ungulate populations exhibiting density-dependent population growth.
Examples include red deer (Cervus elaphus; Clutton-Brock et al. 1985, Borowik and
Jędrzejewska 2018), mouflon (Ovis orientalis; Kavčić et al. 2019), guanaco (Lama guanicoe;
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Zubillaga et al. 2018) white-tailed deer (Keyser et al. 2005), bighorn sheep (Ovis canadensis;
Douglas and Leslie, Jr. 1986), caribou (Rangifer tarandus; Skogland 1985), greater kudu
(Tragelaphus strepsiceros; Owen-Smith 1990), and roe deer (Gaillard et al. 1992). While there
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are many different definitions of carrying capacity, the most commonly used definition is that of
the nutritional carrying capacity (Macnab 1985). As the population approaches the nutritional
carrying capacity, food resources become scarce due to intraspecific competition. This shortage
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in forage results in the heretofore mentioned negative effects caused by malnourishment
(Borowik and Jędrzejewska 2018, Kavčić et al. 2019). In ungulates, juvenile animals respond
more strongly to the effects of under-nutrition (Leberg and Smith 1993); populations respond
first through juvenile survival and reproduction, rather than adult mortality (Gaillard et al. 1998).
Furthermore, physical traits of juvenile animals are often used as sensitive indicators of diet
quality. In theory, populations of ungulates never exceed the nutritional carrying capacity, but
this is not always the case in actuality. Often there is a time-lag before the population responds
to limited forage availability. A famous example of a population overshooting the nutritional
carrying capacity, is the explosion and subsequent die-off of deer on the Kaibab Plateau in the
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absence of both natural and human induced predation (Leopold 1943). When ungulate
populations are at or above nutritional carrying capacity, they can alter the ecosystems in which
they occur, thereby influencing other species (McShea and Rappole 2000, Côté et al. 2004).
Given that ungulates will have inadequate nutrition to reach their maximum size potential when
the population approaches its nutritional carrying capacity, many managers keep the population
below this threshold through harvest of female animals (McCullough 1999, Keyser et al. 2005).
Managing white-tailed deer populations based on density-dependent principles works
throughout much of their range (McCullough 1999, Keyser et al. 2005, Harper et al. 2012).
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However, in some regions ungulate populations rarely reach densities high enough to exhibit
density-dependent regulation (Fig. 1.1; Shea et al. 1992, DeYoung 2011). Regions with highly
variable rainfall or poor-quality soils are examples of areas where population growth is generally
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under weak density dependence or density-independent regulation (McCullough 1999, DeYoung
2011, DeYoung et al. 2019). Shea et al. (1992) found that nutritional condition of white-tailed
deer inhabiting the Florida flatwoods region, which is typified by low productivity soils, failed to
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respond to changes in animal density. While there is abundant forage in the form of gallberry
(Ilex glabra) and yaupon (Ilex vomitoria) growing in the Florida flatwoods, it is of poor quality
(Miller and Miller 1999). The copious amounts of poor-quality forage provides adequate
nutrition for adult survival, but reproduction is limited (Shea et al. 1992). Similarly, in semi-arid
habitats there is usually an ample amount of low- to medium-quality forage in the form of
browse (Fulbright and Ortega-S. 2013). This forage base sustains adults, but, reproduction is
only supported when there is a flush of growing forbs in years with above-average rainfall
(DeYoung 2011, DeYoung et al 2019).
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Regional Effects on Ungulate Growth
On a regional basis, trends in antler and body size of cervids often differ with soil types,
vegetation communities, or both (Strickland and Demarais 2000, 2006, 2008). Studies have
found that soil or physiographic region influences deer size (Gill 1956, Strickland and Demarais
2000, Jones et al. 2010, Horrell 2015, Cain et al. 2019, Quebedeaux et al. 2019). The cause is
likely nutrition, as forage nutrients during early life affect growth trajectories (Michel et al.
2016b, Monteith et al. 2009), Soil fertility is influenced by soil composition, including nitrogen,
phosphorus, potassium, organic matter, and particle size (Bridgham et al. 1996, Verhoeven et al.
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1996, Van Duren and Pegtel 2000, Dykes et al. 2018). Soils with a higher percentage of clay
generally have a higher cation exchange capacity and greater surface area, meaning that they
retain more water and dissolved nutrients. Sandy soils tend to be prone to drought for the
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opposite reasons.

Total plant biomass increases with increasing soil fertility (Keddy et al. 1997, Fraser and Grimes
1998). Crude protein of deer forage plants from the southeastern U.S. varies between soil
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regions and might explain differences in antler and body mass between these regions (Jones
2008). Similarly, studies have documented both regional differences in mineral concentrations
in white-tailed deer forage plants, and in soils (Smith et al. 1975, Jacobson 1984, Horrell 2015).
Furthermore, body mass of white-tailed deer is positively correlated to soil minerals in some
regions (Smith et al. 1975, Jacobson 1984). White-tailed deer will selectively forage on plants
growing in more fertile soils as a result of increased nutrients in the plants (Dykes et al. 2018).
White-tailed deer are the most economically important and widespread wild ungulate in
North America, and arguably the world (Hewitt 2011). Consequently, white-tailed deer may be
the most-studied wild ungulate in the world (Hewitt 2011). Given this broad knowledge base
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and the broad geographical distribution of the species, white-tailed deer are the ideal study
species to examine the influence of localized nutrition on growth and reproduction of wild
ungulates (Hewitt 2011). Given their popularity as a game animal, there is a desire to understand
why certain regions or areas have larger deer than other areas (Harper et al. 2012). This interest
in the subject is manifested in the numerous plots of geographic variation in antler and body size
of white-tailed deer (Cain et al. 2019).
The nutritional cues that lead to differences in body and antler size are not understood
and may be manifested through changes in nutritional quality of plants or composition of the
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plant community (Gill 1956, Jones 2010, Lehoczki 2011, Cain et al. 2019, Quebedeaux et al.
2019). Currently, there are two competing hypotheses explaining how gradients in soil fertility
influence white-tailed deer growth and reproduction (Lashley et al. 2015). The first hypothesis is
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that in areas with poor soil fertility, the quantity of forage available for deer to eat is lower
(Lashley et al. 2015). For instance, the same forage species may be present, but there is less of
the high-quality new growth present in sites with low soil fertility. If this is true then white-
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tailed deer size will still be negatively correlated with forage quantity and therefore population
size in areas with non-fertile soils (McCullough 1999, Keyser et al. 2005, DeYoung 2011).
Management could then manipulate white-tailed deer population size to increase the amount of
high-quality forage available per individual deer (McCullough 1999, Keyser et al. 2005,
DeYoung 2011). The competing hypothesis is that the nutritional content of forage plants
growing in poor soils is less than that of the same plants found in more fertile soils (Shea et al.
1992). This means that deer growth is stunted in areas with poor soils as a result of forage
quality rather than intraspecific competition (Jones et al. 2008, Jones et al. 2010, Lashley et al.
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2015). In this scenario, fluctuations in animal density will only impact nutrient acquisition at
very low densities (DeYoung 2011, Lashley et al. 2015).
Relationships between regional trends in body and antler size of white-tailed deer and
nutrition have been investigated in the mesic environment of the southeastern U.S. The
nutritional cues that lead to regional trends in body and antler size in semi-arid regions, where
annual productivity varies with precipitation (e.g., DeYoung et al. 2019), are not well
understood. In the South Texas region, high annual variation in precipitation drives recruitment,
and populations rarely grow to the point where density dependence is apparent (DeYoung 2011,
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DeYoung et al. 2019). However, white-tailed deer antler size and body mass are inversely
related to the sand content of soils (Foley, unpublished data). The purpose of my research was to
determine if these regionally derived size differences in body mass and antler size are primarily
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driven by forage quantity or quality. Specific objectives of this research included: 1) quantify
the magnitude of morphology size differences in white-tailed deer across South Texas; 2)
determine if the amount of forage available explains the observed size differences in deer; 3) test
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if a nutrient(s) can potentially account for the observed differences in deer.
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