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A growing body of work has revealed that differences in body size of ungulates follow ecoregion and soil
boundaries and that these size differences are nutritionally influenced. Currently, it is unclear if these
patterns of body size result from differences in quantity or quality of forage produced. We quantified
differences in white-tailed deer (Odocoileus virginianus Zimm.) body mass and antler size captured at four
sites in South Texas, United States. We sampled available forage to determine if long-term differences in

Key Words: average body and antler size could be explained by forage quantity or quality, or some combination of the
diversity two. Data collected from 2011 to 2019 indicated female body mass was > 3 kg smaller on the eastern
morphomﬁ”cs edge of the Coastal Sand Plain ecoregion as compared with those from the western transition zone of
gﬁ;;i;on the Coastal Sand Plain and Tamaulipan Thornscrub ecoregions. Similarly, male body mass and antler size
quantity were > 6 kg and > 20 cm smaller, respectively, in coastal habitats compared with more interior sites.

We found that forb biomass, browse and forb diversity, and the nutritional landscape, quantified using
digestible energy, crude protein, phosphorus, and neutral detergent fiber, differed between sites. However,
differences between sites were inconsistent with predictions that would have supported our hypothesis.
Overall, we found no support for the hypothesis that forage quantity drives ecogeographic variation in
physical traits of white-tailed deer but were unable to fully refute or support the hypothesis that forage
quality, specifically plant diversity, drives ecogeographic variation in physical traits of ungulates.
© 2023 The Authors. Published by Elsevier Inc. on behalf of The Society for Range Management.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

white-tailed deer

Introduction

Geographic variation in body size is a phenomenon long ob-
served in widely distributed taxa. Bergmann’s Rule states that or-
ganisms residing closer to the poles are larger than their more
equatorial counterparts (Bergmann 1847 as in McNab 2010). While
Bergmann’s Rule is consistent with large-scale gradients in some
physiological traits, it is inadequate for describing regional-scale
variation in intraspecific size differences (McNab 2010). At regional
scales, body size of animals often covaries with soil or vegetation
communities (Lehoczki et al. 2011; Cain et al. 2019; Quebedeaux
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et al. 2019). Furthermore, desert or island populations confound
geographic correlations of body size. On the basis of associations
of body size with primary productivity, it has been proposed that
gradients in body size can largely be explained by a resource rule,
where resource availability influences body size via differential al-
location of energy from maintenance and reproduction to growth
(McNab 2010; Michel et al. 2016).

While the resource rule is a compelling hypothesis, it is difficult
to disentangle the drivers of broad- and fine-scale differences in
body size of widely distributed taxa. White-tailed deer (Odocoileus
virginianus Zimm.) are a broadly distributed species of cervid, rang-
ing from Canada to South America. Populations are continuously
distributed throughout much of the range, yet up to 38 subspecies
have been recognized on the basis of geographic location and mi-
nor morphology (Heffelfinger 2011). Genetic studies indicate that
the number of subspecies does not reflect the number of unique
genetic lineages, and most subspecies are genetically indistinguish-
able, suggesting many subspecies designations are based more on
plasticity of minor morphology rather than inherited genetic differ-
ences (Honeycutt 2000; DeYoung et al. 2003). Morphological size
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Figure 1. Greater nutrient assimilation is the ultimate driver of variation in ungulate morphology size, yet there are multiple pathways that can mediate difference in
nutrient intake. Increased forage abundance (top) or increased forage quality either via difference in nutrient makeup (e.g., increased hemicellulose and decreased lignin

content; center) or increased plant diversity, which allows nutrient mixing (bottom).

differences are present both across and within regions, often oc-
curring at fine spatial scales. Recent research suggests that many
of the morphological differences that these former subspecies were
based on may be nutritionally mediated (Strickland and Demarais
2006; Jones et al. 2010a; Horrell et al. 2015; Cain et al. 2019).

The literature provides many examples of regional differences
in body and ornamentation size in ungulates (Gill 1956; Horrell et
al. 2015; Quebedeaux et al. 2019). Several studies have correlated
regional gradients of ungulate body size with soil properties, which
is a proxy for nutrition (Strickland and Demarais 2006; Jones et al.
2010a; Lehoczki et al. 2011; Cain et al. 2019). White-tailed deer are
concentrate-selectors and must select high-quality forage to meet
their energy demands (Kleiber 1947; Hofmann and Stewart 1972;
Hopcraft et al. 2012). Common garden experiments have led to the
hypothesis that nutritional cues result in luxury or efficiency phe-
notypes, as individuals facing nutritional limitation should invest
in reproduction over skeletal growth with nutrition beyond what
is needed for survival (Monteith et al 2009; Michel et al 2016).
Nutrition is likely a driving factor behind regional trends in body
size of ungulates, but the drivers of fine-scale variation in nutri-
tion are unclear. A greater level of nutrient intake is the ultimate
explanation, yet there are multiple pathways that can lead to this
result. For instance, energy intake can be increased by eating more
of the same forage or eating forage with a greater energy content,
which could be a result of differences in chemical composition of
the same forage species or through altering the floristic composi-
tion of the diet (Fig. 1).

Regions with more fertile soils produce larger animals because
of better nutrition, but it is unclear if fertile soils produce more
nutritious plants or simply produce greater forage biomass (Lashley
et al. 2015). Forage quality is a function of the chemical composi-
tion of plants and varies in response to growth stage, soil nutrients,
and herbivory. As a result, the nutrient composition of plants varies
greatly between functional guilds and even among species (Everitt
and Gonzalez 1981). Plants assimilate nutrients from the soil into
their tissues as they grow. Therefore, the mineral concentration
and physical properties of soils may influence the nutritional qual-
ity of forage (Bridgham et al. 1996; Verhoeven et al. 1996; Dykes
et al. 2018; Van Duren and Pegtel 2000). Previous studies revealed
that crude protein (Jones et al. 2008) and calcium (Horrell et al.
2015) content of forage increased with increasing soil fertility in
some locales, which supports the forage quality hypothesis. In con-
trast, in a separate study, researchers concluded that quantity of
forage was the link between soil productivity and ungulate growth

(Lashley et al. 2015). Plant diversity has also been implicated as a
driving factor in regional size differences in ungulates (Strickland
and Demarais 2008). The total amount of net primary productiv-
ity might be similar between regions, but the amount of useable
forage is a function of species composition. Furthermore, eating a
varied diet allows many species to minimize the negative impacts
of plant secondary compounds, which can be highly toxic if con-
sumed in large quantities (Bernays et al. 1994; Singer et al. 2002).
Overall, the direct link between chemical composition of forage
and physical trait expression in ungulates is poorly documented
and currently open to debate (Shea et al. 1992; Jones et al. 2010a;
Lashley et al. 2015).

Nutrient acquisition is best thought of as a delicate balancing
act. To maximize fitness, living organisms must acquire sufficient
nutrients to maintain physiological functioning (Van Soest 1994).
Given the limiting nature of many nutrients and minerals in nat-
ural settings, range and wildlife managers often discuss nutrition
in terms of increasing intake to increase animal performance. For
example, increasing energy intake for Cervids generally has posi-
tive effects on body and antler growth (Spilinek et al. 2020). Yet
an extreme excess of energy intake can also have negative conse-
quences, as seen by the human obesity problems in many modern
countries. As such, it is important to remember that while we dis-
cuss many nutrients in the context of limitation here, any nutrient
or mineral has the potential to be harmful at extreme levels, either
low or high (Van Soest 1994). Much of the previous work in Cervid
nutrition has focused on the macronutrients and macrominerals,
such as digestible energy, crude protein, calcium, and phospho-
rus (Grasman and Hellgren 1993; Robbins 1993; Jones et al. 2008;
Spilinek et al. 2020). The general theme emerging from much of
this research is that more is better, within reason. In particular,
digestible energy, crude protein, and phosphorus are thought to
be limiting nutrients for many terrestrial herbivores (Hewitt 2011).
Calcium, while important for lactation and bone and antler devel-
opment, is generally high in natural forages (Hewitt 2011).

The overall goal of our research was to evaluate the hypothe-
ses that forage quality or quantity are drivers of body size dif-
ferences in white-tailed deer in the South Texas region. To assess
the support for these nonexclusive hypotheses regarding the un-
derlying nutritional drivers of regional size differences in ungu-
lates, we created a priori predictions on the patterns among deer
size and forage quantity, nutritive value, and diversity (Table 1).
Specifically, we predicted that if forage quantity was driving eco-
geographic variation in ungulate morphology, biomass of forbs pre-
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Table 1

Predictions for nonexclusive hypotheses pertaining to the influence of forage quantity, quality, and diversity on gradients of body mass and antler size in white-
tailed deer from South Texas, United States; plus signs signify larger or greater predicted values, while negative signs indicate smaller or lesser values.

Sites with smaller deer morphometric measurements

Sites with larger deer morphometric measurements

H:1—Forage Quantity
Aboveground biomass of forbs -
H:2—Forage Quality
Nutritional content'
Nutrients -
Antiquality compounds +
Forage Diversity
Shannon-Weiner diversity index -

+

+

1 We quantified multiple nutrients (digestible energy, crude protein, phosphorus, and neutral detergent fiber [NDF]), some of which are usually beneficial (e.g.,
energy) meaning intake should be maximized, while other elements (e.g., NDF) are antiquality compounds and should be minimized.

Figure 2. The study was conducted at four spatially unique sites located across the
Coastal Sand Plain and Tamaulipan Thornscrub ecoregions of South Texas, United
States. Sand content of soils generally decreased from the eastern to western edge
of the Coastal Sand Plain ecoregion (A, El Sauz, B, Buena Vista, C, San Antonio
Viejo-North, D, San Antonio Viejo-South).

ferred by deer would be greater at sites with larger body mass and
antler size. If forage quality was driving ecogeographic variation
in white-tailed deer size then 1) digestible energy, crude protein,
and phosphorus concentrations would be greater in tested forage
plants at sites with larger deer; 2) neutral detergent fiber concen-
trations would be lower in tested forage plants at sites with larger
deer; and 3) forage plant diversity would be greater at sites with
larger deer.

Methods
Study area

Our research occurred on four spatially segregated sites lo-
cated in South Texas, United States (Fig. 2). All sites were owned
by the East Foundation, which is an Agricultural Research Orga-
nization that promotes the conservation of wildlife on working
cattle ranches through an integrated program of ranching, sci-
ence, and education (www.eastfoundation.net). As such, their land-
holdings are subject to cattle grazing (both continuous year-long
and deferred rotational grazing) as part of normal ranching activ-
ities and for experimental purposes. Cattle stocking rates ranged
from 0 to 37 ha - AU~!. More details pertaining to stocking rates
and grazing management can be found in Fulbright et al. (2021).
Deer populations on these properties were not hunted or pro-
vided with supplemental feed. These unmanaged populations pro-
vide us the opportunity to assess hypotheses about drivers of deer
body size without complications of differing harvest or manage-
ment regimes.

)
£ ©
3 8
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Annual Precipitation (mm
@
8
8

Site
B Buenavista
W Eisauz
San Antonio Viejo - North
I I San Antonio Viejo - South
0
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Figure 3. Annual precipitation in millimeters per year across our four study sites
from 2011 to 2020.

The first of these sites, the El Sauz Ranch (26°34/42.7"N,
97°32/14.52"W), was in Kenedy and Willacy counties. During our
study, Willacy County received an average of 71 cm of precipi-
tation annually and the mean yearly high and low temperature
was 28.1°C and 18.3°C respectively (2011-2019; PRISM Climate
Group 2022; Fig. 3). The eastern border of this 10 984-ha prop-
erty was the Gulf of Mexico. Soils belonged to the Alfisol and En-
tisol orders (Hines 2016). Predominate soil series found across our
study sites have been described in detail elsewhere (Fulbright et
al. 2021). Average sand content of soils on the El Sauz Ranch was
83% (Soil Survey Staff 2020). Vegetation types on the site included
deep sand grasslands (52%), salty prairie (9%), deep sand live oak
(Quercus virginiana Mill.) forest and woodland (8%), deep sand
live oak shrubland (6%), active sand dune (5%), sandy mesquite
(Prosopis glandulosa Torr.) dense shrubland (4%), wind tidal flats
(3%), and sandy mesquite woodland and shrubland (3%) (Elliott
et al. 2014). The remainder of the property (10%) was composed
of a mixture of 28 other vegetation types (Elliott et al. 2014).
Common cacti and woody species found in the area included
honey mesquite, live oak, huisache (Vachellia farnesiana Wright
& Arn.), lime pricklyash (Zanthoxylum fagara L.), spiny hackberry
(Celtis ehrenbergiana Liebm.), brasil (Condalia hookeri M.C. Johnst.),
and toothache tree (Zanthoxylum hirsutum Buckley; Rankins 2021).
Graminoids abundant in the area included gulf cordgrass (Spartina
spartinae Merr. Ex Hitchc.), little bluestem (Schizachyrium scopar-
ium Nash), purple threeawn (Aristida purpurea Nutt.), and coastal
sandbur (Cenchrus spinifex Cav.). The number of forb species na-
tive to the area was high, and some of the commonly encountered
species were Indian blanket (Gaillardia pulchella Foug.), American
snoutbean (Rhynchosia americana M.C. Metz), cardinal feather (Aca-
lypha radians Torr.), partridge pea (Chamaecrista fasciculata Greene),
prostrate fleabane (Erigeron procumbens G.L. Nesom), sea oxeye
(Borrichia frutescens DC.), queen’s delight (Stillingia sylvatica L.), and
crotons (Croton spp.).
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The second site was located on the 6 123-ha Buena Vista
Ranch (26°57/30.36"N, 98°25’5.16"W) in Jim Hogg County. Mean
annual precipitation was 49 cm, and the average annual high and
low temperature was 29.5°C and 16.6°C, respectively (2011-2019;
PRISM Climate Group 2022). The entirety of this tract of land was
located in the Coastal Sand Plain ecoregion (Omernik and Griffith
2014), which was typified by droughty soils belonging to the Alfisol
order (Hines 2016). Average sand content of soils on the Buena
Vista Ranch was 75% (Soil Survey Staff 2020). Predominate vegeta-
tion types were deep sand grassland (68%), sandy mesquite wood-
land and shrubland (28%), and sandy mesquite-evergreen wood-
land (3%) (Elliott et al. 2014). Honey mesquite, catclaw acacia
(Senegalia wrightii Britton & Rose), Texas hogplum (Colubrina tex-
ensis A. Gray), lime pricklyash, spiny hackberry, brasil, leather-
stem (Jatropha dioica Cerv.), tasajillo (Cylindropuntia leptocaulis F.M.
Knuth), and Texas prickly pear (Opuntia engelmannii Salm-Dyck
ex Engelm.) were common brush species growing in the west-
ern portion of the Coastal Sand Plain (Rankins 2021). Graminoids
and forbs common to this site included little bluestem, purple
threeawn, coastal sandbur, tanglehead (Heteropogon contortus P.
Beauv. Ex Roem. & Schult.), hooded windmill grass (Chloris cucul-
late Bisch.), red natal grass (Melinis repens Zizka), Indian blanket,
partridge pea, Texas senna (Chamaecrista flexuosa Greene), wood-
land sensitive pea (Chamaecrista calycioides Greene), widow’s tear
(Commelina erecta L.), hoary milkpea (Galactia canescens Benth.),
winecup (Callirhoe involucrate A. Gray), and woolly croton (Croton
capitatus Michx.).

The two remaining sites were on the 60 804-ha San Anto-
nio Viejo Ranch (26°53’11.45"N, 98°47/43.08"W) located in Jim
Hogg and Starr counties. Although these two sites were located
on the same contiguous ranch, they were ~30 km apart, which
was approximately the same distance between the Buena Vista and
San Antonio Viejo-North sites. The San Antonio Viejo Ranch en-
compassed two ecoregions, the Coastal Sand Plain and Tamauli-
pan Thornscrub (Omernik and Griffith 2014), where common veg-
etation types included sandy mesquite woodland and shrubland
(51%), deep sand grassland (37%), shallow shrubland (4%), and
sandy mesquite savanna grassland (3%) (Elliott et al. 2014). Vegeta-
tion at the northern site (27° 01/55.6"N, 98°45/51.9"W) was simi-
lar to that described for Buena Vista but included thin paspalum
(Paspalum setaceum Michx.), red lovegrass (Eragrostis secundiflora
J. Presl), hairy grama (Bouteloua hirsute Lag.), cenizo (Leucophyl-
lum frutescens 1.M. Johnst.), naked Mexican hat (Ratibida peduncu-
laris Barnhart), doubtful Texas palafoxia (Palafoxia texana DC.), and
beebalm (Monarda spp.). Mean annual precipitation was 49 cm,
and the average annual high and low temperatures were 29.5°C
and 16.6°C, respectively, for the northern site (2011-2019; PRISM
Climate Group 2022). Mean percent sand of soils at the north-
ern site was 70% (Soil Survey Staff 2020). Soils at this site be-
longed to the Alfisol order (Hines 2016), while the southern site
(26°4525.20"N, 98°46'11.90"W) had soil belonging in the Incepti-
sol order (Hines 2016). Percent sand content of soil at the south-
ern site was about 55% (Soil Survey Staff 2020). The vegetation on
the southern end of the San Antonio Viejo Ranch was character-
ized by thick brush, such as blackbrush (Vachellia rigidula Seigler &
Ebinger), guayacan (Guaiacum angustifolium Engelm.), whitebrush
(Aloysia gratissima Troncoso), guajillo (Senegalia berlandieri Britton
& Rose), Texas kidneywood (Eysenhardtia texana Scheele), leather-
stem, spiny hackberry, brasil, and strawberry cactus (Echinocereus
enneacanthus Engelm.; Rankins 2021). Buffelgrass (Pennisetum cil-
iare Link) was dominant on the southern site, and forbs were
rare but species including widow’s tear could be found following
episodic rain events. Mean annual precipitation was 50 cm, and the
average annual high and low temperature was 30.1°C and 16.7°C at
the southern site (2011-2019; PRISM Climate Group 2022).

Deer morphology

From 2011 to 2019, white-tailed deer were captured at the
four sites using the helicopter net-gun method (Webb et al. 2008;
Jacques et al. 2009). Male and female deer were captured as en-
countered without regard for age, sex, or physical attributes. By
conducting captures each year in October and November before
the breeding season, we minimized fluctuations in seasonal body
mass change in our dataset and were able to collect measurements
from fully formed and mineralized antlers. We collected body mass
data to the nearest 0.45 kg using a platform scale. We quantified
antler size using the gross Boone and Crockett score (Nesbitt et al.
2009). We assigned each animal an age in 1-yr increments up to
a > 6.5 yr of age category, based on tooth wear and replacement
(Severinghaus 1949; Foley et al. 2022).

To quantify differences in morphology of white-tailed deer, we
fitted three linear mixed-effects models testing for differences in
long-term averages of Gross Boone and Crockett score (antler size),
female body mass, and male body mass, respectively. We included
a random effect term in each of these three models to account for
the effect of age. If the overall model indicated there were statisti-
cally significant differences between sites at an o < 0.05 level, we
tested for differences in all pairwise comparisons and corrected P
values using the Tukey method.

Forage quantity

In our study system there was abundant forage in the form of
browse, which is considered adequate for maintenance but may
not fully support demands for reproduction and growth (Campbell
and Hewitt 2005; Fulbright and Ortega-S. 2013). This abundance of
maintenance level nutrition paired with sporadic nutrient pulses in
the form of highly nutritious forbs that grow following episodic
rain events creates density-independent population dynamics in
the absences of supplemental feeding (DeYoung 2011; DeYoung et
al. 2019). Therefore, forbs, which represent the high-quality for-
age available to white-tailed deer in South Texas, are the limit-
ing forage for reproduction in unmanaged systems, while browse
only becomes limiting in populations that are supplementally fed
(Fulbright and Ortega-S. 2013; DeYoung et al. 2019). Thus, we used
aboveground biomass of forbs preferred by deer as determined by
Hines et al. (2022) and Fulbright et al. (2021) as a metric of forage
quantity. Forb growth predominately occurs during two periods in
South Texas, one of which is from September to October (Fulbright
et al. 2021). This also coincides with peak graminoid production
in the area. Due to logistical constraints imposed by a concurrent
study, we chose to collect forb biomass data during the autumn
growth peak rather than the spring peak as a representation of
accumulated biomass of forbs preferred by deer throughout the
growing season (Fulbright et al. 2021). We collected data each au-
tumn (October and November) from 2012 to 2018 on aboveground
biomass of forbs preferred by deer using destructive sampling at
50 randomly located 0.25-m? quadrats within a 2 500-ha circu-
lar area at each of the four sites (Fulbright et al. 2021). The circu-
lar boundaries used to delineate our greater sampling areas were
approximately centered at original deer capture staging areas and
represent the area where deer morphology data were collected
(Hines 2016). We dried samples in a forced-air oven to obtain dry
matter biomass.

Effects of location, year, and their interaction on forage quan-
tity were assessed with a weighted analysis of variance (Kutner et
al. 2004) to accommodate heteroscedasticity (Levene 1960); square
root-transformed data were analyzed to improve compliance with
normality.
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Table 2

Plant species and parts collected for nutritional analysis from four sites located in
South Texas, United States, during 2019 and 2020; species chosen were preferred
forage plants for white-tailed deer that were typically present at all four sites fol-
lowing Hines (2016).

Scientific name

Common name Part collected

Acalypha radians Torr. Cardinal feather Whole plant
Aphanostephus spp. Lazy daisy Whole plant
Callirhoe involucrate A. Gray Winecup Whole plant

Celtis ehrenbergiana Liebm. Spiny hackberry Growing stem tips
Chamaecrista fasciculata Greene Partridge pea Whole plant
Chamaecrista flexuosa Greene Texas senna Whole plant
Commelina erecta L. Widow’s tear Whole plant
Condalia hookeri M.C. Johnst. Brasil Growing stem tips
Gaillardia pulchella Foug. Indian blanket Whole plant
Opuntia engelmannii Salm-Dyck Texas prickly pear Fruit

Prosopis glandulosa Torr. Mesquite Bean pods
Ratibida peduncularis Barnhart Naked Mexican hat Whole plant
Rhynchosia americana M.C. Metz ~ American snoutbean Whole plant

Richardia brasiliensis Gomes Tropical Mexican clover Whole plant

Sida lindheimeri Engelm. & A. Gray Lindheimer’s sida Whole plant
Vachellia farnesiana Wright & Arn. Huisache Growing stem tips
Waltheria indica L. Soldier weed Leaves

Zanthoxylum fagara L. Lime pricklyash Growing stem tips

Forage quality

Nutritive value of forage

We collected 18 commonly encountered plant species (12 forbs,
4 browse, and 2 mast species) preferred by white-tailed deer to
compare the nutritive value across sites (Table 2). These were cho-
sen because they occurred on all sites, facilitating an objective
comparison of plant nutritive quality among sites. We clipped up
to ~50 g wet weight, as available (e.g., some species, such as
prickly pear fruit are seasonal in nature or were not present in all
plots), of each species within a 50-m radius plot, at 30 randomly
located points at each of our 4 sites. These 30 points were a sub-
set of the same points used for biomass sampling, offset by 100
m in a random heading to ensure biomass estimates were unaf-
fected. We collected forage samples during 6 separate 2-wk peri-
ods (first 2 wk of April, last wk of May/first wk of June, and last
wk of July/first wk of Aug. in 2019 and 2020) to capture phenologi-
cal and yearly variation in forage nutrition. During each season, we
collected samples within a 2-wk period to ensure that phenologi-
cal differences did not affect site comparisons.

From the 18 plant species that we collected, we dried forage
samples in a forced-air oven at 45°C until they reached a constant
mass for 48 hr. We ground samples to pass through a 1-mm screen
using a Thomas-Wiley Laboratory Mill (Thomas Scientific, Swedes-
boro, New Jersey, USA). To create a composite sample for each site-
species combination, we combined equal mass of dried and ground
samples. We used an independent laboratory service (Texas Re-
search Institute for Environmental Studies, Huntsville, Texas, USA)
to measure phosphorous concentrations using inductively coupled
plasma mass spectrometry. Additionally, we contracted the same
laboratory service to measure crude protein using the Kjeldahl
method (Jurgens 2002). We determined gross energy (GE) using a
Parr 6300 Bomb Calorimeter (Parr Instrument Co., Moline, Illinois,
USA) for each species-site combination for one time period and
used this value for all time periods, as gross energy of plants has
little temporal variation (Heaney et al. 1963; Givens et al. 1993).

We performed sequential fiber analysis to estimate neutral de-
tergent fiber (NDF) and acid detergent lignin (ADL; Goering and
Van Soest 1970) using an ANKOM Technology Fiber Analysis Sys-
tem (Macdeon, New York, USA). We used 1 g sodium sulfite per
100 mL of NDF solution to prevent the overestimation of fiber
in tannin-containing forages (Hanley et al. 1992). This procedure
is consistent with the Association of Official Agricultural Chemists

(AOAC) guidelines, making our results comparable with other val-
ues reported in the literature (Lashley et al. 2014). Heat-stable o-
amylase was used during NDF determination, following the AOAC
guidelines. Previous research has shown that spiny hackberry has a
high starch content (Teaschner 2006). To account for this, we used
0.25 g of forage sample during sequential fiber analysis, rather
than the standard 0.5 g, for spiny hackberry (Teaschner 2006).

We converted gross energy to digestible energy (DE) using a
slight modification of the equations developed by Robbins et al.
(1987) and Hanley et al. (1992) for white-tailed deer. The first step
of this process uses the following equation to determine digestible
dry matter (DDM):

DDM = [(0.9231e — 0.0451A)(NDF)] + (~16.03 +1.02NDS) (1)

The NDF term in this equation is neutral detergent fiber, and
neutral detergent soluble (NDS) is calculated as 100 minus NDF.
The last term—A—is the lignin and cutin content expressed as a
percentage of NDF and is calculated as [(ADL - Ash)/NDF] x 100,
where ADL is acid detergent lignin. We did not include the terms
that account for tannins or biogenic silica content of monocots
in the earlier equation. Grass consumption by white-tailed deer is
generally low (3—11%; Hines et al. 2022); therefore, most authors
do not account for the decreased digestibility due to biogenic silica
content (Lashley et al. 2015; Gann et al. 2019). Intraspecific varia-
tion of condensed tannins in deer forage plants collected across
environmental gradients from the southeastern United States has
been shown to be insignificant (Jones et al. 2010b). The purpose
of our study was to compare nutritional content of the same
forage plants across environmental gradients, rather than mea-
suring the absolute digestibility of forage species. Thus, although
our digestible energy estimates were potentially inflated for some
browse species by not accounting for tannins, the bias is consistent
across sites and had no impact on our following analyses. Once we
obtained DDM, we calculated DE using the equation:

DE = [-0.49 + (0.99 x DDM)/100] x GE (2)

To test the prediction that nutritional quality might explain ob-
served size differences in deer morphology across sites, we tested
for differences between locations in nutritive value of plants. Diet
quality is a function of all of the nutrients available in the diet
of animals; we selected NDF, crude protein, DE, and phospho-
rus as the most important nutritional components to character-
ize. We classified plants into guilds—forbs or browse—for analy-
sis because forbs often are regarded to represent a high-quality
forage and browse is more of a maintenance diet (Fulbright and
Ortega-S. 2013); we also combined forbs and browse to represent
white-tailed deer diets more completely. Both mesquite beans and
prickly pear mast were included with browse because they are
only available during the summer when deer diets include more
browse and mast in South Texas. We conducted univariate analyses
that tested for effects of study locations (Buena Vista, El Sauz, San
Antonio Viejo-North, and San Antonio Viejo-South), years (2019,
2020), and their interaction on NDF, crude protein, DE, and phos-
phorus in forbs and browse as separate guilds, as well as forbs and
browse combined. Overall diet quality, however, is a multivariate
concept that recognizes it is the combination of these nutritional
components that represents the diet of a browsing animal. For both
univariate and multivariate analyses, our model included location,
year, and their interaction as fixed effects; data were analyzed for
each sampling period. We used Wilk's A to test multivariate ef-
fects. We used canonical discriminant analysis for data presenta-
tion and interpretation; standardized canonical coefficients were
used to assess redundancy of variables, and within-location canon-
ical structure was used to interpret canonical variables (Bray and
Maxwell 1985; c¢f Rencher 1995; Stevens 2002). We used a normal-
score transformation (Mansouri and Chang 1995; Luepsen 2018)
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to improve compliance with assumptions of multivariate normal-
ity (Mardia 1974; Henze and Zirkler 1990) and homogeneity of
variance-covariance matrices (Morrison, 2005); data presentation
is on the observed scale.

Richness and Shannon’s Index

To determine if forage diversity could account for observed
size differences of white-tailed deer between sites, we calcu-
lated species richness and the Shannon-Wiener diversity index
(Whittaker 1972) from cover of browse species along 28-49, 50-
m line transects at each location. Woody plant and cacti presence-
absence data were only collected during 2019, since climax veg-
etation communities of brush often take > 60 yr to develop fol-
lowing disturbance (Fulbright and Ortega-S. 2013). Given the slow
growth and long lifespan (i.e., decades) of woody plants in South
Texas paired with our interest in comparisons between geographi-
cal sites rather than temporal changes, we deemed it unnecessary
to repeatedly collect presence-absence data for woody plants and
cacti. Throughout much of South Texas, brush grows in mottes or
a clumped distribution across the landscape. Thus, using a broad-
scale sampling method (i.e., 50-m transect), as opposed to a small-
scale quadrat sampling method, more accurately captured the char-
acteristics of the plant community (Canfield 1941).

We also established 50, 0.25-m? quadrats in each study location
to monitor forb species diversity based on presence-absence data
in spring and fall in 2016-2019. Quadrats were located within her-
bivory exclosures (Fulbright et al. 2021; Himes et al. 2022). Once
again, we used the same locations that we used to collect forb
biomass and further information on the placement of our points
within each site (Fulbright et al. 2021). Because richness (Conover
1999) and Shannon’s index (Fritsch and Hsu 1999; Rogers and
Hsu 2001) are not normally distributed, we based inferences on
permutation-based analysis of variance (Anderson 2017) using the
same model used for forage biomass for browse diversity; for forb
diversity, analyses were conducted separately for each season be-
cause we expected seasonal effects due to the ephemeral nature of
forbs. Means and standards errors are presented on the observed
scale.

Results
Deer morphology

For our analysis we used a total of 1 751 female body mass
measurements, 1 402 male body mass measurements, and 1 277
antler measurements. Mean (*standard deviation) body mass of
female deer >6.5 years of age at the El Sauz, Buena Vista, San An-
tonio Viejo-North, and San Antonio Viejo-South sites were 43.32
kg (+£4.35), 43.67 kg (+4.06), 4746 kg (£5.12), and 47.35 kg
(+4.66), respectively (Fig. 4). Average body mass for male deer
>6.5 yr of age were 64.66 kg (48.00) at the El Sauz, 72.25 kg
(+£8.26) at the Buena Vista, 77.20 kg (+10.66) at the San Antonio
Viejo-North, and 79.10 kg (+8.84) at the San Antonio Viejo-South
site (see Fig. 4). Mean gross Boone and Crockett Score for male
deer >6.5 years of age were 302 cm (+£45) at the El Sauz, 303
(£47) at the Buena Vista, 326 (+£44) at the San Antonio Viejo-
North, and 324 (+57) at the San Antonio Viejo-South site (see
Fig. 4).

Female (F3 1741=49.68, P < 0.001) and male body mass
(F3, 1392 =102.23, P < 0.001), as well as gross Boone and Crock-
ett score (F3, 1263 =26.80, P < 0.001) differed between sites. Mean
female body mass after accounting for age was 3.1 kg and 3.2
kg lower at the El Sauz site than the San Antonio Viejo-North
(t1741 =9.39, P < 0.001) and South (f1741 =8.69, P < 0.001) sites,
respectively. Similarly, mean female body mass after accounting
for age was 3.0 kg and 3.1 kg lower at the Buena Vista site than

the San Antonio Viejo-North (t;74 =8.15, P < 0.001) and South
(t1741=7.61, P < 0.001) sites, respectively. Mean male body mass
after accounting for age was 4.2 kg (t;392 =7.00, P < 0.001), 9.0
kg (t1392= 15.09, P < 0.001 ), and 10.3 kg (t1392 =13.55,P < 0001)
smaller at the El Sauz site compared with the Buena Vista, San An-
tonio Viejo-North, and South sites, respectively. Mean male body
mass after accounting for age was 4.8 kg (t;39o =7.48, P < 0.001)
and 6.1 kg (ty392=7.69, P < 0.001) smaller at the Buena Vista site
compared with the San Antonio Viejo-North, and South sites, re-
spectively. Mean gross Boone and Crockett score after accounting
for age was 27 cm and 28 cm smaller at the El Sauz site than
the San Antonio Viejo-North (t;568=7.79, P < 0.001) and South
(t1268 =6.26, P < 0.001) sites, respectively. Similarly, mean gross
Boone and Crockett score after accounting for age was 20 cm lower
at the Buena Vista site compared with the San Antonio Viejo-
North (t1268:5‘38' P < 0001) and South (t1268 =444, P < 0001)
sites.

Forage quantity

Study location and year of sampling interacted (Fig 1325 =15.1,
P < 0.0001) in their effects on forage standing crop; in addition,
location effects were detected (F3 1335 > 14.96, P < 0.0001) in
each year of sampling. For each year, forage standing crop was
lower (Fj 1325 > 40.8, P < 0.0001) at San Antonio Viejo-South
(larger deer) compared with Buena Vista (smaller deer), El Sauz
(smaller deer), and San Antonio Viejo-North (larger deer). Al-
though standing crop did not differ between San Antonio Viejo-
South (larger deer) and San Antonio Viejo-North (larger deer) in
2017, in other years, standing crop at San Antonio Viejo-South
(larger deer) ranged from 7 to 180 kg ha~! lower than the least
productive other study location, and was ~600 kg ha~! lower than
Buena Vista (smaller deer) in 2014.

Forage quality

Nutritive value of forage

The nutritional quality of forbs (Tables S1-S3, available on-
line at ...) and of browse (Tables S4-S6) generally varied little
among locations regardless of sampling period; this pattern ap-
plied whether nutritional parameters were analyzed individually
or collectively. Year-to-year differences were detected for several
dietary parameters when analyzed individually (depending on pe-
riod), with more detectable yearly differences emerging when pa-
rameters were analyzed collectively. In no analysis did location and
year interact in their effects on nutritional quality of forbs or of
browse. When forbs and browse were combined, however, we de-
tected differences in the nutritional landscape among locations and
between years. These patterns were apparent in periods 1 (Table 3,
Fig. 5) and 3 (Table 4, Fig. 6) but absent in period 2 (Table 5).

When diet quality parameters of browse + forbs were consid-
ered individually in period 1 (early April), location and year acted
independently in their effects on NDF, crude protein, DE, and phos-
phorus (see Table 3). Although we detected location effects on NDF,
crude protein, and phosphorus, year effects were detected only for
DE, with higher DE in 2020. When dietary parameters were ana-
lyzed collectively, both location and year affected diet quality but
did so additively. Only the first canonical variable was significant.
Crude protein was strongly and positively correlated with the first
canonical variable; phosphorus and DE were also positively (but
less) correlated with the first canonical variable; NDF, however,
was strongly but negatively correlated (see Fig. 5). Furthermore,
NDF, crude protein, and DE were approximately equally important
along the first canonical variable; phosphorus was less influential
in defining this variable. Thus, the essential pattern in the nutri-
tional landscape of browse + forbs during sampling in early April
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Figure 4. Mean (+95% confidence interval) for female body mass (kg; top), male body mass (kg; middle), and gross Boone and Crockett scores (cm; bottom) for white-tailed
deer captured at each of four sites showing that two sites (EL Sauz and Buena Vista) had smaller body and antler sizes in comparison with the other two sites (San Antonio
Viejo-North and South).

Table 3

Top: univariate (F, df, P > F) and multivariate (Wilk’s A, df, P > F) tests of location, year, and location x year effects on diet quality components neutral detergent
fiber (NDF), crude protein (CP), digestible energy (DE), and phosphorus (P) for forbs' and browse? during period 1 (first 2 wk of April). Bottom: for the location
test, standardized canonical variate coefficients and within-location canonical structure coefficients for canonical variables 1 and 2. Analyses based on normal-
score transformed data.

Univariate tests Multivariate tests
Effect NDF CcP DE P LRT P>F
Location F3 74 3.84 3.85 173 3.15 0.7303 0.0283
P>F 0.0130 0.0129 0.1687 0.0298 (df: 12, 188)
Yr Fi 74 0.16 0.12 26.70 0.01 0.7286 0.0001
P>F 0.6885 0.7322 < 0.0001 0.9810 (df: 4, 71)
Location x Yr F3 74 1.36 0.26 118 0.85 0.8745 0.6344
P>F 0.2627 0.8555 0.3224 0.4717 (df: 12, 188)
Can. Var. Interpretative NDF CcP DE P
coefficients
1 Standardized coefs —0.5298 0.4319 0.4844 0.1701
Canonical struct —0.7756 0.8011 0.4251 0.6655
2 Standardized coefs 0.5081 1.0005 0.8291 —1.0648
Canonical struct 0.3028 0.0516 0.5209 —0.4418

1 Forb species: cardinal flower, Indian blanket, lazy daisy, partridge pea, naked Mexican hat, Texas senna, Lindheimer’s sida, American snoutbean, soldier
weed, widow’s tear, winecup.
2 Browse: brasil, spiny hackberry, huisache, lime pricklyash, Texas prickly pear.
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Table 4

Top: univariate (F, df, P > F) and multivariate (Wilk’s A, df, P > F) tests of location, year, and location x year effects on diet quality components neutral detergent
fiber (NDF), crude protein (CP), digestible energy (DE), and phosphorus (P) for forbs' and browse? during period 3 (late July to early August). Bottom: for the
location test, standardized canonical variate coefficients and within-location canonical structure coefficients for canonical variables 1 and 2. Analyses based on

normal-score transformed data.

Univariate tests

Multivariate tests

Effect NDF CP DE P LRT P>F

Location F3 73 0.46 4.44 2.29 4.40 0.7598 0.0715
P>F 0.7114 0.0063 0.0852 0.0067 (df: 12, 185)

Yr Fi. 73 0.02 0.41 15.79 3.75 0.8338 0.0118
P>F 0.8977 0.5255 0.0002 0.0567 (df: 4, 70)

Location x Yr F3 73 0.65 0.16 0.72 0.70 0.9167 0.9022
P>F 0.5878 0.9221 0.5445 0.5569 (df: 12, 185)

Can. Var. Interpretative NDF CcP DE P
coefficients

1 Standardized coefs —0.0841 0.4846 0.2392 0.6337
Canonical struct —0.2592 0.8607 0.4701 0.8386

2 Standardized coefs 0.2769 —0.0541 1.2225 —0.4933
Canonical struct —0.2089 0.0581 0.8523 —0.3819

1 Forb species: cardinal flower, tropical Mexican clover, Indian blanket, lazy daisy, partridge pea, naked Mexican hat, Texas senna, Lindheimer’s sida, American

snoutbean, soldier weed, widow’s tear.
2 Browse: brasil, spiny hackberry, huisache, lime pricklyash, mesquite.

Table 5

Top: univariate (F, df, P > F) and multivariate (Wilk’s A, df, P > F) tests of location, year, and location x year effects on diet quality components neutral detergent
fiber (NDF), crude protein (CP), digestible energy (DE), and phosphorus (P) for forbs' and browse® during period 2 (late May to early June). Bottom: for the
location test, standardized canonical variate coefficients and within-location canonical structure coefficients for canonical variables 1 and 2. Analyses based on

normal-score transformed data.

Univariate tests

Multivariate tests

Effect NDF CP DE P LRT P>F

Location F3 82 313 0.55 0.51 0.27 0.8578 0.4125
P>F 0.0299 0.6464 0.6770 0.8438 (df: 12, 209)

Yr Fi 82 0.95 2.53 9.01 0.51 0.8674 0.0226
P>F 0.3318 0.1153 0.0036 0.4780 (df: 4, 79)

Location x Yr F3 82 0.18 145 2.01 1.69 0.9036 0.7685
P>F 0.9121 0.2349 0.1192 0.1750 (df: 2, 209)

Can. Var. Interpretative NDF CcP DE P
coefficients

1 Standardized coefs 0.9335 —0.1093 —0.2911 0.3551
Canonical struct 0.9462 —0.2484 -0.3197 0.0697

2 Standardized coefs 0.4402 1.1308 0.3009 -0.9155
Canonical struct 0.2311 0.5745 0.2784 —0.2416

1 Forb species: cardinal flower, tropical Mexican clover, Indian blanket, lazy daisy, partridge pea, naked Mexican hat, Texas senna, Lindheimer’s sida, American

snoutbean, soldier weed, widow’s tear, winecup.
2 Browse: brasil, spiny hackberry, huisache, lime pricklyash, mesquite.

revealed that San Antonio Viejo-South (larger deer) generally pro-
vided a diet higher in crude protein (F; 74 =10.14, P=0.0021) and
phosphorus (F;74 =8.94, P=0.0038) but lower in NDF (F; 74 =11.5,
P=0.0011), compared with Buena Vista (smaller deer), El Sauz
(smaller deer), and San Antonio Viejo-North (larger deer); how-
ever, we did not detect differences (Fy74 =177, P=0.1880) in diet
quality among Buena Vista (smaller deer), El Sauz (smaller deer),
and San Antonio Viejo-North (larger deer).

In period 3 (late July to early August), location and year acted
independently in their effects on nutritional parameters when an-
alyzed individually (see Table 4). Location effects were detected for
crude protein, phosphorus, and to a lesser extent, DE; NDF did not
vary among locations. As observed in period 1, these location ef-
fects were largely manifested in a difference between San Antonio
Viejo-South (larger deer) and the other sites, but no differences
among the other sites. In particular, phosphorus, crude protein,
and to a lesser extent, DE were higher at San Antonio Viejo-South
(larger deer) than at the other sites, with no differences among
the other sites. Location effects were also detected (P=0.07) when
NDF, crude protein, DE, and phosphorus were analyzed collectively.
Crude protein and phosphorus were strongly and positively corre-
lated with the first canonical variable, whereas DE was positively

but more weakly correlated with the first canonical variable; NDF
was negatively correlated with the first canonical variable and its
correlation was weaker than observed for crude protein and phos-
phorus (see Fig. 6). Phosphorus and, to a lesser extent, crude pro-
tein were the most influential variables separating location means
along the first canonical axis. Overall, patterns detected in the nu-
tritional landscape of browse + forbs in late July to early August
(period 3, see Fig. 6) were similar to patterns detected in early
April (period 1, see Fig. 5).

Richness and Shannon’s Index

Location and year of sampling interacted in their effects on
forb richness in spring (Fg 784=5.63, P < 0.001) and in fall
(Fg, 784=943, P < 0.001) and on Shannon’s index in spring
(ng 607 =4.85, P < 0.001) and in fall (ng 494=4.25, P < 0.001;
Fig. 7). Generally, patterns in richness and diversity were similar
across locations for a given season and year of sampling—these two
metrics reflected each other. Richness ranged from 0 to 10 species
at the quadrat level and averaged from 0.14 + 0.07 to 4.6 + 0.4
species per quad across the eight sampling periods analyzed; de-
pending on period analyzed, a difference of one species was signif-
icant. Although location differences were detected in every season-
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Figure 5. Canonical discriminant analysis display of location means for Buena Vista
(smaller deer), El Sauz (smaller deer), San Antonio Viejo-North (larger deer), and
San Antonio Viejo-South (larger deer) with respect of neutral detergent fiber (NDF),
crude protein (CP), digestible energy (DE), and phosphorus (P) in early April (Period
1). Means followed by the same lowercase letter are not significantly different (P
> 0.05). Arrows illustrate correlations between diet quality variables and the first
canonical variable; strength of correlation is highest for solid arrows, intermediate
for dashed arrows, and lowest for dotted arrows.
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Figure 6. Canonical discriminant analysis display of location means for Buena Vista
(smaller deer), El Sauz (smaller deer), San Antonio Viejo-North (larger deer), and
San Antonio Viejo-South (larger deer) with respect to neutral detergent fiber (NDF),
crude protein (CP), digestible energy (DE), and phosphorus (P) in late July to early
August (Period 2). Means followed by the same lowercase letter are not significantly
different (P > 0.05). Arrows illustrate correlations between diet quality variables and
the first canonical variable; strength of correlation is highest for solid arrows, inter-
mediate for dashed arrows, and lowest for dotted arrows.

year combination, the only generalizations apparent in these re-
sponses are that San Antonio Viejo-South (larger deer) 1) had the
lowest species richness and 2) usually the lowest diversity. How-
ever, the location with highest richness or diversity varied among
season-year combinations.

Browse species richness (F3 166 =46, P < 0.0001; Fig. 8, bottom)
and Shannon’s index (F3, 166 =27.1, P < 0.0001; see Fig. 8, top) dif-
fered among study locations. We observed highest richness (9.8 +
0.58 species per transect) at San Antonio Viejo-South (larger deer)
and lowest (2.5 + 0.30 species per transect) at El Sauz (smaller
deer). Similar trends were observed for Shannon’s index. Addition-
ally, San Antonio Viejo-South (larger deer) had higher richness
(F3,166=114.8, P < 0.0001) and Shannon’s index (F3; 15 =48.2,
P < 0.0001) compared with Buena Vista (smaller deer), El Sauz
(smaller deer), and San Antonio Viejo—North (larger deer).

Discussion

Gradients in soil and vegetation communities explain many pat-
terns of regional body size and antler growth in Cervids (Gill 1956;
Strickland and Demarais 2006; Jones et al. 2010a; Lehoczki et
al. 2011; Horrell et al. 2015; Cain et al. 2019; Quebedeaux et al.
2019). We found that female body mass was smaller on the eastern
edge of the Coastal Sand Plain ecoregion as compared with those
from the transition zone of the Coastal Sand Plain and Tamauli-
pan Thornscrub ecoregions. Similarly, male body mass and antler
size were smaller in coastal habitats compared with more interior
sites. Furthermore, we detected differences in forage quantity and
forage quality (both in the nutritive value and diversity of forage)
among sites. However, the nutritional data were inconsistent with
respect to clear drivers of body size.

There is ample circumstantial evidence that nutrition is the
likely ultimate driver of body size in our study system. The two
sites with smaller body mass and antler sizes were situated on the
Coastal Sand Plain ecoregion (Omernik and Griffith 2014). The two
sites that had larger body mass and antler size estimates were lo-
cated at the transition zone between the Coastal Sand Plain and
Tamaulipan Thornscrub ecoregions (Omernik and Griffith 2014).
The Coastal Sand Plain ecoregion found in South Texas is an expan-
sive area with sandy soils that are formed from windblown sand
coming from the western edge of the Gulf of Mexico (Fulbright
et al. 1990; Peacock and Smith 2020). Soils that have a high per-
centage of sand, such as those found within the Coastal Sand Plain
ecoregion, have comparatively low soil water retention and cation
exchange capacity (Olorunfemi et al. 2016). In times of plentiful
rain, the Coastal Sand Plain ecoregion is highly productive, but due
to the low water retention capabilities of the soil, many forbs that
grow in the area are ephemeral in nature (Fulbright and Ortega-S.
2013).

Although our results confirmed biologically meaningful differ-
ences in deer body size among study sites, the nutritional analy-
ses revealed complex patterns, some of which ran counter to our
a priori expectations. Previous studies have demonstrated the nu-
tritional importance of forbs as a driver of reproduction and body
condition in the semiarid region of South Texas (Gann et al. 2019).
More broadly, yearly and seasonal differences in forb production
can be responsible for reproduction and seasonal differences in
body condition of ungulates (Simard et al. 2014). This finding has
in some respects devalued the importance of browse as primarily
a maintenance food for adults but inadequate to support the nu-
tritional demands of lactation and antler growth.

We expected annual fluctuations in forb production and annual
variation in forb growth due to variable amount and timing of pre-
cipitation. Ungulate growth and development are often influenced
by forage quantity through conspecific competition for forage (i.e.,
density-dependent mechanisms; Borowik and Jedrzejewska 2018;
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Zubillaga et al. 2018; Kavcic et al. 2019). However, due to the
highly variable nature of rainfall (Crider et al. 2015), unmanaged
populations of white-tailed deer in the South Texas region rarely
reach densities high enough to induce intraspecific competition

for forage. This is because resource pulses that enable reproduc-
tion are more influenced by precipitation than population density
(DeYoung 2011; DeYoung et al. 2019). The site with the consis-
tently lowest forb production, however, was one of the sites with
the largest body mass and antlers sizes. Therefore, our hypothesis
that sites with more forb biomass should produce larger deer was
not supported.

The hypothesis for a resource rule that explains differences in
body size posits that nutritional cues should induce animals to
shift from investing in skeletal or somatic growth to maximize re-
production (McNab 2010). However, the time scale over which this
nutritional cue operates is uncertain. Our results suggest that the
importance of variable forb pulses in semiarid regions may influ-
ence deer nutrition at finer (within-year) temporal scales but may
not provide the signal that cues ungulates to reduce allocation of
resources to skeletal growth in favor of maximizing reproduction.

Unlike previous studies (Jones et al. 2008; Horrell et al. 2015),
we found no evidence for a site effect on the nutritional values
of common plants; the plant species in common to all sites were
of similar nutritional value. Our data suggest that the nutritional
landscape was higher quality at one of the sites with larger deer
yet was of lower quality and consistent at the other three sites
(two with smaller deer and one with larger deer). The San Antonio
Viejo-South site (larger deer) had higher forage quality (increased
DE, crude protein, phosphorus, and lower NDF), partially support-
ing our hypothesis that forage quality drives ecogeographic vari-
ation in ungulate morphology. However, there was no difference
between the San Antonio Viejo-North (the second site with larger
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deer sizes) and the two sites with smaller deer sizes, which is in-
consistent with predictions for site effects. Although we did de-
tect a difference in the nutritive value of forage at one of the sites
with larger deer (San Antonio Viejo—South), this difference was a
result of species composition. This site was characterized by pre-
dominately woody plants, with little forb availability in compari-
son with the three other sites. The differences in DE, crude pro-
tein, phosphorus, and NDF that we detected are indicative of a dif-
ference between browse and forbs, rather than differences in the
same forage between sites. Furthermore, these differences between
the nutritional quality of forbs and browse are likely an artifact
of our sampling scheme—the whole plant was sampled for forbs
and only growing stem tips and leaves were sampled for browse.
Therefore, the true site differences that we detected are browse
richness and diversity.

By these measures of nutritive value, our data do not support
the hypothesis that site differences in forage quality drive local-
ized differences in ungulate morphology. Nonetheless, we acknowl-
edge that by definition, forage quality is best measured by animal
performance and is therefore difficult to assess (Van Soest 1994).
As a proxy for nutritional quality, we measured several nutrients
and elements important to physiological functioning of ruminants.
These represent point estimates from a defined time period. How-
ever, diet selection is a dynamic process involving animal choices
on a daily to weekly basis (DeYoung et al. 2019), as animals of dif-
fering physiological states select a diet that best meets their needs
(Provenza et al. 2003). Clearly, there are many other nutrients and
chemical compounds that influence deer nutrition that we did not
measure.

The hypothesis that plant diversity is important for a concen-
trate selector such as white-tailed deer is intuitively appealing. We
found that the site with the higher-quality nutritional landscape
(San Antonio Viejo-South) generally had greater browse diversity.
We also found that one of the sites with smaller deer sizes had
the lowest browse diversity. However, we detected no difference in
browse diversity between the other two sites (one with larger deer
and one with smaller deer). In contrast, forb richness and diversity
were in direct opposition to our prediction, as one of the sites with
larger deer consistently had the lowest forb richness and diversity
(San Antonio Viejo-South; see Fig. 7). These results are counter to
the conventional wisdom about the importance of forbs to deer
nutrition. The lack of clear support for the importance of forbs to
deer body sizes implies that the year-round diet quality provided
by browse may be more important as a nutritional cue for skeletal
growth. Alternatively, deer may be able to meet their nutritional
requirements if either browse or forb diversity is available or may
be able to meet some of their requirements from food items we
did not measure, such as grasses.

The hypothesis that greater forage plant diversity provides
greater nutrition is not explicitly tested but is often an inherent
assumption in studies examining the benefits of migratory strategy
in rangeland ungulates (Schuyler et al. 2021). Plant diversity par-
tially explained regional size differences of deer in forested land-
scapes of Mississippi, in absence of agronomic crops (Strickland
and Demarais 2008). There has been much research published pos-
tulating that migratory ungulates throughout the world benefit by
surfing the “green wave” or having prolonged exposure to pheno-
logically young and more nutritious forage (Hebblewhite and Mer-
rill 2009; Aikens et al. 2020a; Aikens et al. 2020b). For nonmigra-
tory ungulates, including those in our study system, being exposed
to a greater diversity of forage plants increases the odds that at
any one time there will be a plant species that is in the emergent
or growth stage. Thus, higher forage plant diversity allows nonmi-
gratory ungulates to surf the “green wave” by letting the waves
come to them, rather than tracking the wave. Furthermore, mixing
the types of forages that they consume allows herbivores to maxi-

mize nutrient intake as plant phenology changes and minimize the
negative impacts of plant secondary compounds. Having a greater
diversity of forage plants on the landscape theoretically makes it
easier for herbivores to select a diet that can optimize nutrient
uptake while avoiding toxicities (Stephenson et al. 2006). The idea
that regional body mass and antler size of deer are driven by floris-
tic composition is intriguing, but further research is needed to fully
evaluate this hypothesis.

We tested hypotheses for common drivers of body size, but
the underlying nutritional mechanism driving deer size differences
may vary between sites. Indeed, even among studies that have
found support for the forage quality hypothesis, there is little
agreement as to which specific nutrient(s) are limiting. For ex-
ample, previous studies conducted in mesic environments of the
southeastern United States, where annual rainfall is more consis-
tent, found that crude protein and calcium might explain regional
size differences in body mass and antler size of white-tailed deer
(Jones et al. 2008; Horrell et al. 2015). Similarly, using a top-down
animal indicator type sampling technique, opposed to bottom-up
forage-based method, it was found that minerals, including cal-
cium, copper, zinc, phosphorus, and manganese, could be region-
ally limiting for moose (Alces alces L.) populations in northwest
Wyoming (Becker et al. 2010). A recent study found some evidence
that minerals may be limiting at one of our study sites with small
deer sizes (Rankins et al. 2023). Clearly there is a need for more re-
search to determine which nutrient(s) are limiting. From a broader
ecological viewpoint, our data are not conclusive as to nutritional
drivers of body size in our study system but do lend some support
to forage diversity hypotheses. Thus, our results are consistent with
the idea that a resource rule can explain geographical variation in
body size.

Ecologists have postulated overarching rules or laws that ex-
plain geographic variation in morphology for centuries (McNab
2010). While some of these rules have stood the test of time and
are broadly applicable (e.g., Bergmann’s Rule; Bergmann 1847 as
in McNab 2010), they often fail to account for geographic varia-
tion in morphology at regional scales (McNab 2010). Yet such ge-
ographic variation is present and well documented in many taxa
(Lehoczki et al. 2011; Cain et al. 2019; Quebedeaux et al. 2019).
Historically, many regional, or subregional, differences in morphol-
ogy have been attributed to genetic differences and have been the
basis for subspecies designations (Heffelfinger 2011). More current
research often refutes the notion that such geographical differences
in morphology arise from genetics (Honeycutt, 2000; DeYoung et
al. 2003). Our data contribute to a growing body of work suggest-
ing that these differences are largely due to differences in geol-
ogy, climate, and vegetation communities, which give rise to dif-
ferences in nutrition (resources; Lehoczki et al. 2011; Cain et al.
2019; Quebedeaux et al. 2019).

Implications

Overall, our data suggest that substantial differences in mor-
phology of mammals at fine geographic scales may be due to dif-
ferences in geology, climate, and vegetation communities, which
give rise to differences in nutrition. This further supports the idea
of a resource rule, or the idea that nutritional resources are the
primary driver of size differences in organisms inhabiting simi-
lar latitudes (McNab 2010). The proximate components of the nu-
tritional environment that cue differential investment in skeletal
growth appear more elusive and nuanced. We found no support
for our hypothesis that differences in forage quantity among sites
drive ecogeographic variation in physical traits of deer in our study
system. However, our data provide uneven support for the hypoth-
esis that forage quality, measured as nutritive value and diversity
of forage, is the driver of fine-scale geographic differences in ungu-
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late morphology. Understanding the nutrient limitations imposed
on mammalian growth inherent to some regions will help man-
agers set reasonable goals and expectations. Additionally, under-
standing the large impact of nutrition on the growth potential of
ungulates will allow managers to focus their attention on an at-
tainable goal of improving the nutrition available to animals.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

We thank M. Rice, K. Gann, D. Drabek, S. Hines, R. Saenz III, S.
Jimenez, J. A. Ortega-S., Jr.,, and the many technicians and student
volunteers from Southwest Texas Junior College, Stephen F. Austin
State University, Sul Ross State University, Tarleton State Univer-
sity, Texas A&M University, Texas A&M University—Kingsville, Texas
State University, and Texas Tech University for helping collect data.
M. Robinson, J. Haynes, and S. Vasquez with the East Foundation
provided logistical and mechanical support during deer captures.
Comments provided by M. Cherry, L. Heffelfinger, the associate ed-
itor, and two anonymous reviewers improved our paper. This is
publication 078 of the East Foundation and 22-107 of the Caesar
Kleberg Wildlife Research Institute.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.rama.2023.01.005.

References

Aikens, E.O., Monteith, K.L., Merkle, ].A., Dwinnell, S.P.H., Fralick, G.L., Kauffman, M.].,
2020a. Drought reshuffles plant phenology and reduces the foraging benefit
of green-wave surfing for a migratory ungulate. Global Change Biology 26,
4215-4225.

Aikens, E.O., Mysterud, A., Merkle, J.A., Cagnacci, F, Rivrud, .M., Hebblewhite, M.,
Hurley, M.A., Peters, W., Bergen, S., De Groeve, ]., Dwinnell, S.P.H., Gehr, B.,
Heurich, M., Hewison, AJ.M., Jarnemo, A., Kjellander, P., Kroschel, M., Li-
coppe, A, Linnell, J.D.C,, Merrill, E.H., Middleton, A.D., Morellet, N., Neufeld, L.,
Ortega, A.C,, Parker, K.L., Pedrotti, L., Proffitt, KM., Said, S., Sawyer, H., Scur-
lock, B.M., Signer, J., Stent, P, Sustr, P., Szkorupa, T, Monteith, K.L, Kauff-
man, MJ., 2020b. Wave-like patterns of plant phenology determine ungulate
movement tactics. Current Biology 30, 3444-3449,

Anderson, M.J., 2017. Permutational multivariate analysis of variance (PERMANOVA).
John Wiley and Sons, Ltd, Hoboken, NJ, USA Wiley Statsref: Statistics Reference
Online.

Becker, S., Kauffman, M.J., Anderson, S.H, 2010. Nutritional condition of adult female
Shiras moose in northwest Wyoming. Alces 46, 151-166.

Bergmann, C., 1847. Ueber die Verhaltnisse der Warmeokonomie der Tiere zu ihrer
Grosse. Gott Studies 3, 595-708.

Bernays, E.A., Bright, K.L., Gonzalez, N., Angel, ], 1994. Dietary mixing in a generalist
herbivore: tests of two hypotheses. Ecology 75, 1997-2006.

Borowik, T., Jedrzejewska, B., 2018. Europe-wide consistency in density-dependence
of red deer (Cervus elaphus) fertility. Mammalian Biology 89, 95-99.

Bray, J.H., Maxwell, S.E., 1985. Multivariate analysis of variance. Sage Publications,
Thousand Oaks, CA, USA 80 pages.

Bridgham, S.D., Pastor, J., Janssens, J.A., Chapin, C., Malterer, TJ., 1996. Multiple lim-
iting gradients in peatlands: a call for a new paradigm. Wetlands 16, 45-65.
Cain, R.L, Snow, N.P, Crawford, J.C., Williams, D.M., Porter, W.F,, 2019. Spatial dis-
tribution and landscape associations of large-antlered deer. Journal of Wildlife

Management 83, 1762-1772.

Campbell, TA., Hewitt, D.G., 2005. Nutritional value of guajillo as a component of
male white-tailed deer diets. Rangeland Ecology & Management 58, 58-64.
Canfield, R.H., 1941. Application of the line interception method in sampling range

vegetation. Journal of Forestry 39, 388-394.

Conover, W.J., 1999. Practical nonparametric statistics, 3rd ed. John Wiley and Sons,
New York, NY, USA 608 pages.

Crider, B.L, Fulbright, T.E., Hewitt, D.G., DeYoung, C.A., Grahmann, E.D., Pries-
meyer, W,J., Wester, D.B., Echols, K.N., Draeger, D., 2015. Influence of white-
tailed deer population density on vegetation standing crop in a semiarid en-
vironment. Journal of Wildlife Management 79, 413-424.

DeYoung, C.A., 2011. Population dynamics. In: Hewitt, D.G. (Ed.), Biology and man-
agement of white-tailed deer. CRC Press, Boca Raton, FL, USA, pp. 147-180.
DeYoung, R.W., Demarais, S., Honeycutt, R.L., Rooney, A.P,, Gonzales, R.A., Gee, K.L.,
2003. Genetic consequences of white-tailed deer (Odocoileus virginianus)

restoration in Mississippi. Molecular Ecology 12, 3237-3252.

DeYoung, C.A., Fulbright, T.E., Hewitt, D.G., Wester, D.B., Draeger, D.A, 2019. Linking
white-tailed deer density, nutrition, and vegetation in a stochastic environment.
Wildlife Monographs 202, 1-63.

Dykes, ].L., Strickland, B.K., Demarais, S., Reynolds, D.B., Lashley, M.A., 2018. Soil nu-
trients indirectly influence intraspecific plant selection in white-tailed deer. Ba-
sic and Applied Ecology 32, 103-109.

Elliott, LF, Treuer-Kuehn, A., Blodgett, C.F, True, S.D., German, D., Diamond, D.D.,
2014. Ecological systems of Texas: 391 mapped types. Phase 1-6, 10-meter res-
olution geodatabase, interpretive guides, and technical type descriptions. Texas
Parks and Wildlife Department and Texas Water Development Board, Austin,
Texas, USA. Documents and Data Available at http://www.tpwd.state.tx.us/gis/
data/downloads#EMS-T, Accessed 5 May, 2020.

Everitt, J.H., Gonzalez, C.L., 1981. Seasonal nutrient content in food plants of white—
tailed deer on the South Texas plains. Journal of Range Management 34,
506-510.

Foley, AM., Lewis, ].S., Cortez, O., Hellickson, M.W., Hewitt, D.G., DeYoung, RW.,,
DeYoung, C.A., Schnupp, M.J., 2022. Accuracies and biases of ageing white-tailed
deer in semiarid environments. Wildlife Research 49, 237-249.

Fritsch, K.S., Hsu, J.C,, 1999. Multiple comparison of entropies with application to
dinosaur biodiversity. Biometrics 55, 1300-1305.

Fulbright, T.E., Diamond, D.D., Rappole, ]J., Norwine, J., 1990. The Coastal Sand Plain
of southern Texas. Rangelands 12, 337-340.

Fulbright, T.E., Drabek, DJ., Ortega-S, J.A., Hines, S.L., Saenz III, R, Campbell, TA.,
Hewitt, D.G., Wester, D.B, 2021. Forb standing crop response to grazing and pre-
cipitation. Rangeland Ecology & Management 79, 175-185.

Fulbright, T.E., Ortega-S, J.A, 2013. White-tailed deer habitat: ecology and manage-
ment on rangelands, 2nd ed. Texas A&M University Press, College Station, TX,
USA 314 pages.

Gann, KR, Folks, DJ., Hewitt, D.G., DeYoung, C.A., Fulbright, T.E., Wester, D.B.,
Draeger, D.A., 2019. Deer density effects on white-tailed deer diets and forag-
ing behavior under natural nutrition. In: DeYoung, C. A., Fulbright, T. E., Hewitt,
D. G. Wester, D. B., and Draeger, D. A. Linking white-tailed deer density, nu-
trition, and vegetation in a stochastic environment. Wildlife Monographs 202,
19-26.

Gill, J., 1956. Regional differences in size and productivity of deer in West Virginia.
Journal of Wildlife Management 20, 286-292.

Givens, D.I, Moss, A.R., Adamson, A.H., 1993. Influence of growth stage and season
on the energy value of fresh herbage. 1. Changes in metabolizable energy con-
tent. Grass and Forage Science 48, 166-174.

Goering, H.K.,, Van Soest, PJ., 1970. Forage fiber analysis (apparatus, reagents, proce-
dures, and some applications). Agricultural Research Service, US Department of
Agriculture, Washington, DC, USA Agricultural Handbook 379.

Grasman, B.T., Hellgren, E.C., 1993. Phosphorus nutrition in white-tailed deer: nutri-
ent balance, physiological responses, and antler growth. Ecology 74, 2279-2296.

Hanley, T.A., Robbins, C.T., Hagerman, A.E., McArthur, C., 1992. Predicting digestible
protein and digestible dry matter in tannin-containing forages consumed by ru-
minants. Ecology 73, 534-541.

Heaney, D.P, Pigden, WJ., Minson, DJ., Pritchard, G.I, 1963. Effect of pelleting on
energy intake of sheep from forages cut at three stages of maturity. Journal of
Animal Science 22, 752-757.

Hebblewhite, M., Merrill, E.H., 2009. Trade-offs between predation risk and for-
age differ between migrant strategies in a migratory ungulate. Ecology 90,
3445-3454.

Heffelfinger, J.R., 2011. Taxonomy, evolutionary history, and distribution. In: He-
witt, D.G. (Ed.), Biology and management of white-tailed deer. CRC Press, Boca
Raton, FL, USA, pp. 3-39.

Henze, N., Zirkler, B., 1990. A class of invariant consistent tests for multivariate nor-
mality. Communications in Statistics-Theory and Methods 19, 3595-3617.

Hewitt, D.G., 2011. Nutrition. In: Hewitt, D.G. (Ed.), Biology and management of
white-tailed deer. CRC Press, Boca Raton, FL, USA, pp. 75-106.

Hines, S.L., 2016. n]. Cattle, deer, and nilgai interactions [dissertation. Texas A&M
University—Kingsville, Kingsville, TX, USA 140 pages.

Hines, S.L., Fulbright, TE., Ortega Santos, A. Wester, D.B., Hewitt, D.G., Bout-
ton, TW., Campbell, T,, 2022. Quantifying herbivory in heterogenous environ-
ments: methodological considerations for more accurate metrics. Journal of Arid
Environments 199, 104698.

Hofmann, R.R., Stewart, D.R.M., 1972. Grazer or browser: a classification based on
the stomach structure and feeding habits of East African ruminants. Mammalia
36, 226-240.

Honeycutt, R.L, 2000. Genetic applications for large mammals. In: Demarais, S.,
Krausman, PR. (Eds.), Ecology and management of large mammals in North
America. Prentice Hall, Upper Saddle River, NJ, USA, pp. 233-259.

Hopcraft, ].G.C., Anderson, T.M., Pérez-Vila, S., Mayemba, E., OIff, H., 2012. Body size
and the division of niche space: food and predation differentially shape the dis-
tribution of Serengeti grazers. Journal of Animal Ecology 81, 201-213.

Horrell, L.B., Cohen, B.S., Miller, K.V., Chamberlain, M.J., 2015. Geographical variation
in nutritional quality of white-tailed deer forage plants in Louisiana. Journal of
the Southeastern Association of Fish and Wildlife Agencies 2, 187-192.

Jacques, C.N., Jenks, J.A., Deperno, C.S., Sievers, ].D., Grovenburg, T.W., Brinkman, TJ.,
Swanson, C.C., Stillings, B.A., 2009. Evaluating ungulate mortality associated

Downloaded From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 02 Dec 2024
Terms of Use: https://bioone.org/terms-of-use


https://doi.org/10.1016/j.rama.2023.01.005
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0001
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0001
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0001
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0001
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0001
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0001
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0001
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0003
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0003
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0004
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0004
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0004
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0004
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0005
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0005
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0006
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0006
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0006
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0006
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0006
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0007
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0007
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0007
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0008
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0008
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0008
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0009
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0009
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0009
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0009
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0009
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0009
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0010
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0010
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0010
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0010
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0010
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0010
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0011
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0011
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0011
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0012
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0012
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0013
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0013
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0014
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0014
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0014
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0014
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0014
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0014
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0014
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0014
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0014
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0014
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0015
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0015
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0016
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0016
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0016
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0016
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0016
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0016
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0016
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0017
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0017
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0017
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0017
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0017
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0017
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0018
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0018
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0018
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0018
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0018
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0018
http://www.tpwd.state.tx.us/gis/data/downloads#EMS-T
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0020
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0020
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0020
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0021
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0021
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0021
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0021
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0021
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0021
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0021
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0021
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0021
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0022
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0022
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0022
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0023
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0023
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0023
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0023
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0023
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0024
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0024
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0024
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0024
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0024
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0024
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0024
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0024
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0024
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0025
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0025
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0025
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0026
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0026
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0026
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0026
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0026
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0026
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0026
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0026
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0027
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0027
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0028
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0028
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0028
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0028
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0029
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0029
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0029
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0030
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0030
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0030
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0031
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0031
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0031
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0031
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0031
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0032
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0032
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0032
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0032
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0032
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0033
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0033
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0033
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0034
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0034
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0035
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0035
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0035
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0036
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0036
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0037
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0037
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0038
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0038
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0038
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0038
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0038
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0038
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0038
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0038
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0039
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0039
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0039
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0040
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0040
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0041
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0041
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0041
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0041
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0041
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0041
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0042
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0042
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0042
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0042
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0042
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0043
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0043
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0043
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0043
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0043
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0043
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0043
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0043
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0043

S.T. Rankins, RW. DeYoung and D.B. Wester et al./Rangeland Ecology & Management 87 (2023) 185-197 197

with helicopter net-gun captures in the Northern Great Plains. Journal of
Wildlife Management 73, 1282-1291.

Jones, PD., Demarais, S., Strickland, B.K., Edwards, S.L., 2008. Soil region effects
on white-tailed deer forage protein content. Southeastern Naturalist 7, 595-
606.

Jones, PD., Strickland, B.K., Demarais, S., Rude, B,J., Edwards, S.L., Muir, ].P,, 2010a.
Soils and forage quality as predictors of white-tailed deer Odocoileus virginianus
morphometrics. Wildlife Biology 16, 430-440.

Jones, P.D., Rude, B.J., Muir, J.P., Demarais, S., Strickland, B.K., Edwards, S.L, 2010b.
Condensed tannins’ effect on white-tailed deer forage digestibility in Missis-
sippi. Journal of Wildlife Management 74, 707-713.

Jurgens, M.H., 2002. Animal feeding and nutrition, 9th ed. Kendall-Hunt, Dubuque,
IA, USA 588 pages.

Kavcic, K., Corlatti, L., Safner, T., Gligora, ., §prem, N., 2019. Density-dependent de-
cline of early horn growth in European mouflon. Mammalian Biology 99, 37-41.

Kleiber, M., 1947. Body size and metabolic rate. Physiological Reviews 27, 511-541.

Kutner, M.H., Nachtsheim, CJ., Neter, J., 2004. Applied linear regression models, 4th
ed. McGraw-Hill/Irwin, New York, NY, USA 701 pages.

Lashley, M.A., Chitwood, M.C., Harper, C.A., Moorman, C.E., DePerno, C.S., 2014. Col-
lection, handling and analysis of forages for concentrate selectors. Wildlife Biol-
ogy in Practice 10, 29-38.

Lashley, M.A., Chitwood, M.C., Harper, C.A., Moorman, C.E., DePerno, C.S., 2015. Poor
soils and density-mediated body weight in deer: forage quality or quantity?
Wildlife Biology 21, 213-219.

Lehoczki, R., Centeri, C., Sonkoly, K., Csanyi, S., 2011. Possible use of nationwide digi-
tal soil database on predicting roe deer antler weight. Acta Zoologica Academiae
Scientiarum Hungaricae 57, 95-109.

Levene, H, 1960. Robust tests for equality of variances. In: Olkin, I, Ghurye, S.G.,
Hoeffding, W., Madow, W.G., Mann, H.B. (Eds.), Contributions to probability and
statistics. Stanford University Press, Stanford, CA, USA, pp. 278-292.

Luepsen, H., 2018. Comparisons of nonparametric analysis of variance methods: a
vote for van der Waerden. Communications in Statistics-Simulation and Com-
putation 47, 2547-2576.

Mansouri, J., Chang, G.-H, 1995. A comparative study of some rank tests for interac-
tion. Computational Statistics & Data Analysis 19, 85-96.

Mardia, K.V., 1974. Applications of some measures of multivariate skewness and
kurtosis in testing normality and robustness studies. Sankhya B 36, 115-128.
McNab, B.K., 2010. Geographic and temporal correlations of mammalian size recon-

sidered: a resource rule. Oecologia 164, 13-23.

Michel, E.S., Flinn, E.B., Demarais, S., Strickland, B.K., Wang, G., Dacus, C.M., 2016.
Improved nutrition cues switch from efficiency to luxury phenotypes for a
long-lived ungulate. Ecology & Evolution 6, 7276-7285.

Monteith, KL, Schmitz, LE., Jenks, J.A., Delger, J.A., Bowyer, R.T., 2009. Growth of
male white-tailed deer: consequences of maternal effects. Journal of Mammal-
ogy 90, 651-660.

Morrison, D.F, 2005. Multivariate analysis of variance. In: Armitage, P., Colton, T.
(Eds.), Encyclopedia of biostatistics. John Wiley & Sons, Ltd, New York, NY, USA,
pp. 245-276.

Nesbitt, W.H., Wright, P.L., Buckner, E.L., Byers, C.R., Reneau, ]., 2009. Measuring and
scoring North American big game trophies, 3rd ed. Boone and Crockett Club,
Missoula, MT, USA 179 pages.

Olorunfemi, LE., Fasinmirin, J.T,, Ojo, A.S., 2016. Modeling cation exchange capacity
and soil water holding capacity from basic soil properties. Eurasian Journal of
Soil Science 5, 266-274.

Omernik, J.M., Griffith, G.E, 2014. Ecoregions of the conterminous United States:
evolution of a hierarchical spatial framework. Environmental Management 54,
1249-1266.

Peacock, D., Smith, ES., 2020. A photographic guide to the vegetation of the South
Texas Sand Sheet. Texas A&M University Press, College Station, TX, USA 231
pages.

PRISM Climate Group, Oregon State University. 2022. Available at: https://prism.
oregonstate.edu. Accessed 19 January, 2022.

Provenza, ED., Villalba, JJ., Dziba, L.E., Atwood, S.B., Banner, R.E., 2003. Linking her-
bivore experience, varied diets, and plant biochemical diversity. Small Ruminant
Research 49, 257-274.

Quebedeaux, KB. Little, AR, Nibbelink, N.P, D'Angelo, GJ. Killmaster, CH.,
Miller, K.V, 2019. Variation in white-tailed deer antler size: the effects of age,
landscape composition, and physiographic province. Journal of the Southeastern
Association of Fish and Wildlife Agencies 6, 146-155.

Rankins, S.T., 2021. The influence of forage quantity and quality on the morphology
of white-tailed deer (Odocoileus virginianus) in South Texas [thesis]. Texas A&M
University—Kingsville, Kingsville, TX, USA 128 pages.

Rankins, S.T., DeYoung, RW., Foley, A.M., Ortega-S., ].A., Fulbright, TE., Hewitt, D.G.,
Hilton, C.D., Schofield, L.R., Campbell, T.A, 2023. Regional copper deficiency in
white-tailed deer. Open Journal of Ecology 13, 9-21.

Rencher, A.C., 1995. Methods of multivariate analysis. John Wiley and Sons, New
York, NY, USA 648 pages.

Robbins, C.T., 1993. Wildlife feeding and nutrition, 2nd ed. Academic Press, San
Diego, CA, USA 366 pages.

Robbins, C.T.,, Mole, S., Hagerman, A.E., Hanley, T.A., 1987. Role of tannins in defend-
ing plants against ruminants: reduction in dry matter digestion? Ecology 68,
1606-1615.

Rogers, J.A., Hsu, J.C., 2001. Multiple comparisons of biodiversity. Biometrical Journal
43, 617-625.

Schuyler, E.M., Ellsworth, L.M., Sanchez, D.M., Whittaker, D.G., 2021. Forage quality
and quantity in migratory and resident mule deer summer ranges. Rangeland
Ecology & Management 79, 43-52.

Severinghaus, C.W., 1949. Tooth development and wear as criteria of age in white—
tailed deer. Journal of Wildlife Management 13, 195-216.

Shea, S.M., Breault, T.A., Richardson, M.L., 1992. Herd density and physical condition
of white-tailed deer in Florida flatwoods. Journal of Wildlife Management 56,
262-267.

Simard, A., Huot, J., De Bellefeuille, S., Coté, S.D., 2014. Influence of habitat com-
position, plant phenology, and population density on autumn indices of body
condition in a northern white-tailed deer population. Wildlife Monographs 187,
1-28.

Singer, M.S., Bernays, E.A., Carriere, Y., 2002. The interplay between nutrient bal-
ancing and toxin dilution in foraging by a generalist insect herbivore. Animal
Behaviour 64, 629-643.

Soil Survey Staff. 2020. Natural Resources Conservation Service, US Department
of Agriculture. Web soil survey. Available at: http://websoilsurvey.sc.egov.usda.
gov/. Accessed 19 October, 2020.

Spilinek, S.G., Reitz, R., Weckerly, EW., 2020. Rumen-reticulum organ mass and ru-
men mucosa surface area of white-tailed deer (Odocoileus virginianus) consum-
ing two energy diets. Canadian Journal of Zoology 98, 725-732.

Stephenson, T.R., Van Ballenberghe, V., Peek, J.M., MacCracken, J.G., 2006. Spa-
tio-temporal constraints on moose habitat and carrying capacity in coastal
Alaska: vegetation succession and climate. Rangeland Ecology & Management
59, 359-372.

Stevens, J.P., 2002. Applied multivariate statistics for the social sciences, 4th ed.
Lawrence Erlbaum Associates, Publishers, London, UK 720 pages.

Strickland, B.K., Demarais, S., 2006. Effectiveness of the state soil geographic
database (STATSGO) to predict white-tailed deer morphometrics in Mississippi.
Wildlife Society Bulletin 34, 1264-1272.

Strickland, B.K., Demarais, S., 2008. Influence of landscape composition and struc-
ture on antler size of white-tailed deer. Journal of Wildlife Management 72,
1101-1108.

Teaschner, T.B., 2006. Influence of simulated herbivory on Celtis pallida and Aca-
cia rigidula shrub biomass production and antiherbivore defense [thesis]. Texas
A&M University—Kingsville, Kingsville, TX, USA 105 pages.

Van Duren, I.C., Pegtel, D.M., 2000. Nutrient limitations in wet, drained and rewet-
ted fen meadows: evaluation of methods and results. Plant Soil 220, 35-47.
Van Soest, PJ., 1994. Nutritional ecology of the ruminant. Cornell University Press,

Ithaca, NY, USA 488 pages.

Verhoeven, ].T.A., Koerselman, W., Meuleman, A.FE.M., 1996. Nitrogen or phosphorus
limited growth in herbaceous, wet vegetation: relations with atmospheric in-
puts and management regimes. Trends in Ecology and Evolution 11, 494-497.

Webb, S.L., Lewis, ].S., Hewitt, D.G., Hellickson, M.W., Bryant, F.C., 2008. Assessing
the helicopter and net gun as a capture technique for white-tailed deer. Journal
of Wildlife Management 72, 310-314.

Whittaker, RH., 1972. Evolution and measurement of species diversity. Taxon 21,
213-251.

Zubillaga, M., Skewes, O., Soto, N., Rabinovich, J.E., 2018. How density-dependence
and climate affect guanaco population dynamics. Ecological Modeling 385,
189-196.

Downloaded From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 02 Dec 2024
Terms of Use: https://bioone.org/terms-of-use


http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0043
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0044
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0044
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0044
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0044
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0044
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0045
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0045
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0045
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0045
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0045
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0045
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0045
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0046
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0046
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0046
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0046
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0046
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0046
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0046
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0047
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0047
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0048
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0048
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0048
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0048
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0048
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0048
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0049
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0049
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0050
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0050
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0050
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0050
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0051
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0051
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0051
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0051
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0051
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0051
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0052
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0052
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0052
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0052
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0052
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0052
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0053
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0053
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0053
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0053
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0053
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0054
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0054
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0055
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0055
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0056
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0056
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0056
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0057
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0057
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0058
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0058
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0059
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0059
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0059
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0059
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0059
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0059
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0059
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0060
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0060
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0060
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0060
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0060
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0060
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0060a1
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0060a1
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0061
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0061
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0061
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0061
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0061
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0061
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0062
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0062
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0062
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0062
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0063
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0063
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0063
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0064
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0064
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0064
https://prism.oregonstate.edu
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0066
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0066
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0066
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0066
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0066
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0066
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0067
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0067
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0067
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0067
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0067
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0067
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0067
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0068
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0068
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0068a
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0068a
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0068a
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0068a
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0068a
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0068a
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0068a
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0068a
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0068a
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0068a
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0069
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0069
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0070
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0070
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0071
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0071
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0071
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0071
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0071
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0072
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0072
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0072
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0073
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0073
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0073
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0073
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0073
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0074
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0074
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0075
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0075
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0075
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0075
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0076
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0076
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0076
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0076
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0076
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0077
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0077
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0077
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0077
http://websoilsurvey.sc.egov.usda.gov/
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0079
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0079
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0079
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0079
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0080
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0080
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0080
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0080
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0080
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0081
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0081
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0082
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0082
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0082
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0083
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0083
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0083
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0084
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0084
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0085
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0085
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0085
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0086
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0086
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0087
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0087
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0087
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0087
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0088
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0088
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0088
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0088
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0088
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0088
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0089
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0089
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0090
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0090
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0090
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0090
http://refhub.elsevier.com/S1550-7424(23)00003-9/sbref0090

	Ecogeographic Variation in Physical Traits of White-Tailed Deer
	Introduction
	Methods
	Study area
	Deer morphology
	Forage quantity
	Forage quality
	Nutritive value of forage
	Richness and Shannon’s Index


	Results
	Deer morphology
	Forage quantity
	Forage quality
	Nutritive value of forage
	Richness and Shannon’s Index


	Discussion
	Implications
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


