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A B S T R A C T   

Since ecological systems often experience multiple disturbances, understanding changes in important ecological 
interactions, such as plant-herbivore interactions, may require studies capable of disentangling the unique and 
interactive effects of multiple forms of disturbance. For example, understanding how mammalian herbivores 
affect plant communities may require understanding how widespread past disturbances, such as agricultural land 
use, interact with contemporary disturbances, such as prescribed fire. We tested if past agricultural land use and 
contemporary fire regime modified the effects of mammalian herbivory on focal plant communities by measuring 
the richness of plant species preferred by deer at 26 longleaf pine woodlands containing paired open and large- 
mammal exclusion plots. Land-use history significantly affected the community composition of deer-preferred 
species, and focal species were 8.19 times more likely to be present in post-agricultural sites than non- 
agricultural sites. Large-mammal herbivory only affected plant species richness in woodlands with low fire 
frequencies wherein focal species were on average 2.23 times more likely to be present in exclusion plots than 
open plots. These results suggest that past and present disturbances can mediate contemporary plant-animal 
interactions and may explain spatial patterns in the intensity of large-mammal herbivory. Our findings also 
suggest that common management practices, such as use of prescribed burns, may indirectly promote plant 
species richness by reducing deer herbivory.   

1. Introduction 

Global environmental change has become so pervasive that many 
ecological systems typically experience multiple forms of natural and 
anthropogenic disturbance (Vitousek et al. 1997, Wilcove et al. 1998, 
Foley et al. 2005, Hobbs et al. 2009, Buma 2015), such as shifts in the 
occurrence and severity of wildfires and prescribed burns, a history of 
agricultural land use, and changes in precipitation and storm regime. As 
a consequence, the way in which ecosystems recover from a past 
disturbance (e.g., agriculture) may be contingent upon contemporary 
disturbance regimes, such as fire frequency (Buma 2015, Hansen et al. 
2018, Lucash et al. 2018, Kleinman et al. 2019, Brudvig et al. 2021) or 
herbivory (De Vriendt et al. 2021). However, since ecosystems (and 
disturbances) are dynamic and ecological systems may take years to 
respond to disturbance, understanding how multiple disturbances might 
interact to affect ecological systems requires measuring ecological pro
cesses over sufficiently long time periods. For example, long-term 
studies demonstrate that plant-herbivore interactions shape diversity 

and function in plant communities over multiple years (Brown and 
Heske 1990, Huntly 1991, Belsky 1992, Milchunas and Lauenroth 1993, 
Virtanen et al. 1997, Augustine and McNaughton 1998, Olff and Ritchie 
1998, Maron and Crone 2006, Agrawal et al. 2012, Leroux et al. 2020). 
As a result, long-term studies may be essential for understanding how 
multiple abiotic disturbances that affect plant-herbivore interactions 
might ultimately affect plant communities. Moreover, studies are rarely 
able to experimentally evaluate ecological processes involving large- 
bodied organisms, which may have large effects on ecological commu
nities (McNaughton 1979, Belsky 1992, Milchunas and Lauenroth 1993, 
Augustine and McNaughton 1998, Pringle et al. 2007, Ford et al. 2014), 
due to the challenges of consistently manipulating large-animal pres
ence or activity at sites spanning the overlap of multiple abiotic 
disturbance regimes over many years. 

Among the many types of global change that affect plant commu
nities, changes in fire regime and past agricultural land use are two of 
the most globally pervasive disturbances. For example, changes in the 
frequency, size, and severity of fires have been documented across the 
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globe both in temperate and tropical regions (Cochrane et al. 1999, 
Flannigan et al. 2009, Harvey et al. 2016, Prichard et al. 2017), and the 
global area burned was estimated to have increased from 500 Mha 
year− 1 to 608 Mha year− 1 over the second half of the 20th century 
(Mouillot and Field 2005, Flannigan et al. 2009). Legacies of past agri
cultural land-use are also widespread: 10 to 44 million km2 of global 
land cover is recovering from agricultural land use since 1700 (Hurtt 
et al. 2006). Fire and agricultural legacies are two types of abiotic 
disturbance that have profound impacts on plant communities. Changes 
in fire regime can lead to regeneration failure of forest trees (Harvey 
et al. 2016) and declines in plant diversity (Prichard et al. 2017). 
Agricultural legacies can have persistent effects on plant community 
structure and diversity for decades and sometimes centuries following 
agricultural land abandonment (Foster 1993, Flinn and Vellend 2005, 
Kopecký and Vojta 2009, Mattingly et al. 2015, Culbert et al. 2017). 
Moreover, while it is known that agricultural legacies can interact with 
contemporary fire regime to determine plant community structure in 
restored habitats (Brudvig and Damschen 2011, Veldman et al. 2014, 
Mattingly et al. 2015), the degree to which these differences in plant 
communities reflect underlying changes in plant-consumer interactions 
remains unclear. This is an important gap in our knowledge because 
community composition and optimal approaches for conservation and 
restoration may be fundamentally different for plant communities 
limited by consumers compared to those limited by other processes (e.g., 
dispersal limitation). 

Large-mammal herbivores have the potential to generate large-scale 
and long-term impacts on habitats through top-down control of plant 
communities (Rooney and Waller 2003, Côté et al. 2004, 2014, Holdo 
et al. 2009, Winnie 2012, Daskin et al. 2016, Goheen et al. 2018, Leroux 
et al. 2020), which can affect the trajectory of succession within plant 
communities following a disturbance (e.g., forest clearcutting; Hidding 
et al. 2013, Côté et al. 2014, De Vriendt et al. 2021, Beguin et al. 2022). 
Many studies show that the effects of large-mammal herbivory can vary 
across environmental gradients (e.g., elevation or large-mammal den
sity; (Schütz et al. 2003, Hidding et al. 2013; Speed et al., 2013a, 2013b 
2013c, Côté et al. 2014, Prendeville et al. 2015, Loughnan and Williams 
2019, De Vriendt et al. 2021) and recent history of a single disturbance 
(e.g., fire or clearcutting; Speed et al. 2014, Burkepile et al. 2016). 
Recently, a study that manipulated moose (Alces alces) access, fire, and 
timber harvest formation in boreal forests (Hardenbol et al. 2021) and 
another study that manipulated white-tailed deer (Odocoileus virgin
ianus) access, fire, and canopy gaps in temperate deciduous forests 
(Nuttle et al. 2013) revealed that the overlap of multiple contemporary 
disturbances may interactively alter the impacts of large-mammal her
bivory on plant communities. However, it remains unclear how the 
overlap of recent disturbances and disturbances that occurred in previ
ous decades affects contemporary large-mammal herbivory. 

The overlap of agricultural legacies and contemporary fire regime 
modify large-mammal foraging behavior (Bartel and Orrock 2021). As a 
result, these two past and present disturbances could interact to generate 
significant spatial variation in the impact of large-mammal herbivory on 
plant species. Moreover, agricultural legacies and fire may alter soil 
nutrient availability (Brudvig et al. 2013), and soil nutrient availability 
can mediate the effects of herbivory on vegetation (Connolly et al. 2016, 
Borer et al. 2020). While agricultural legacies and contemporary dis
turbances have been shown to modify arthropod herbivory in multiple 
ecosystems (Donihue et al. 2013, Hahn and Orrock 2015a, 2015b), no 
research has investigated if the overlap of agricultural legacies and 
contemporary disturbances interactively modifies large-mammal 
herbivory. 

Longleaf pine woodlands can contain some of the most diverse un
derstory plant communities in North America and are ecosystems 
characterized by contemporary fire as well as past agricultural land use 
(Frost 2006, Brudvig et al. 2014). Historically, longleaf pine woodlands 
were maintained by lightning and human-ignited surface fires that 
occurred at an interval of every-one to six years (Frost 2006, Oswalt 

et al. 2012), but contemporary fire suppression is currently widespread 
(Frost 2006). Contemporary fires in longleaf pine woodlands are typi
cally implemented through prescribed burning (Kilgo and Blake 2005, 
Frost 2006, Oswalt et al. 2012). White-tailed deer are common in these 
ecosystems, and fire (Cherry et al. 2017) as well as the overlap of fire and 
land-use history, can affect deer foraging behavior (Cherry et al. 2017, 
Bartel and Orrock 2021). An accumulating body of evidence across 
multiple study areas suggests that fire mediates deer perceptions of 
predation risk, leading to predictable patterns in deer foraging behavior. 
Specifically, deer spend less time foraging and allocate more time to 
vigilance when frequent fire removes vegetative cover that protects deer 
from predators (Cherry et al. 2016, 2017). Moreover, a recent study 
found that deer vigilance increased with fire frequency in post- 
agricultural sites and found that deer used a more proactive antipred
ator behavior (avoiding risky high-fire sites at risky times) in non- 
agricultural woodlands, suggesting that deer may be most fearful of 
encountering a predator in frequently burned non-agricultural wood
lands (Bartel and Orrock 2021). While recent work in longleaf pine 
woodlands suggests that strong shifts in deer foraging behavior may lead 
to significant changes in deer herbivory and its effects on plant species 
richness in systems without a known history of agricultural use (Cherry 
et al. 2016), it is not known whether past agricultural land use modifies 
the role of fire in affecting deer herbivory or if this results in long-term 
changes in plant species occurrences. 

We used a large-scale, long-term herbivore-exclusion experiment to 
evaluate the effects of past agricultural land use and contemporary fire 
regime on herbivory by deer. We quantified herbivore effects by 
measuring the presence or absence of 12 plant species preferred by deer 
at 26 sites in longleaf pine woodlands. Past research has also indicated 
that these deer-preferred plant species may respond strongly to changes 
in deer foraging behavior (Cherry et al. 2016). We hypothesized that 
herbivory would have the strongest effect in woodlands with infrequent 
fires because these are habitats with thicker woody shrub layers that 
provide more protective concealment for deer (i.e., safe foraging 
habitat; see Bartel & Orrock 2021), leading to greater deer herbivory. 
We also hypothesized that herbivory would have a stronger effect on the 
presence of plant species in post-agricultural woodlands than in non- 
agricultural woodlands because past work indicates that deer may be 
more fearful of predation in non-agricultural woodlands (see Bartel and 
Orrock 2021), suggesting that deer herbivory may be less intense in non- 
agricultural woodlands. 

2. Materials and methods 

2.1. Study area and design 

This study was conducted at the Department of Energy (DOE) 
Savannah River Site (SRS; Aiken, SC), an 80,125-ha National Environ
mental Research Park (NERP). Established by the DOE in 1951, SRS is a 
United States Department of Energy site that is managed by the United 
States Department of Agriculture Forest Service. SRS is within the his
torical range of the longleaf-pine woodland ecosystem, much of which 
was converted to tillage agriculture from 1856 to 1950 (Frost 2006). 
Since these agricultural lands were small and dispersed, heterogeneous 
landscapes resulted containing patches of tilled farmland and intact 
forests (Kilgo and Blake 2005). Agricultural fields were abandoned in 
1951 and have henceforth been under management as longleaf and 
loblolly pine plantations (Kilgo and Blake 2005). We selected 26 sites, 
spanning an 807-km2 area, that differed in land-use history and fire 
frequency. Land-use history classification was based on aerial photog
raphy taken prior to land abandonment in 1951. Sites that were farm
land in 1951 were classified as “post-agricultural woodlands,” and sites 
that were forested were classified as “non-agricultural woodlands.” The 
number of fires since 1991 was determined from annual fire records and 
sites were characterized as high (five or more burns) or low (fewer than 
five burns) fire frequency, a metric previously used to classify these sites 
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based on plant-community characteristics (Brudvig et al. 2014). Sites 
that were burned five or more times over the course of the past 27 years 
were characterized as high fire frequency because these sites had an 
average fire interval of less than 5 years. This fire interval is represen
tative of the historic fire intervals that maintained longleaf pine wood
lands prior to European settlement (Van Lear et al. 2005, Frost 2006). 
Sites that were burned fewer than five times over the course of the past 
27 years were characterized as low fire frequency because these sites 
had an average fire interval of more than 5 years. This fire interval is 
representative of the frequency at which woodlands would have been 
burned following European settlement, including during the 20th cen
tury when the US Forest Service implemented a fire exclusion policy 
(Van Lear et al. 2005, Frost 2006). While it is recommended that land 
managers burn longleaf pine woodlands every 2 – 3 years to restore the 
historic fire regime in this ecosystem, the variation in fire frequency in 

woodlands at SRS is representative of contemporary variation in fire 
frequency across the southeast (Kilgo and Blake 2005, Van Lear et al. 
2005, Frost 2006, Oswalt et al. 2012, Veldman et al. 2014). This clas
sification system was previously used in past research evaluating the 
effects of fire frequency on deer behavior in this study area (Bartel and 
Orrock 2021). The resulting site classification by land-use history and 
fire frequency generated four distinct habitat types distributed across 
the study area (Fig. 1). 

Within each site, four 7 × 7 m plots were established to factorially 
manipulate large-herbivore access in 2010, and the experimental 
treatments were implemented in 2011. Large-mammal herbivore access 
was manipulated by building exclosure fences (~2.4 m tall) around 2 of 
the four plots. Similar experimental designs using exclosure fences to 
manipulate large-mamml access at paired plots has been utilized to 
measure deer herbivory in other past studies (Côté et al. 2004, 2014). 

Fig. 1. We conducted our experiment at 26 longleaf 
pine woodlands within the Savannah River Site (SRS) 
near Aiken, SC, USA. a) Woodlands were classified by 
past land use and contemporary fire frequency. The 
images above were captured within our sites during 
the experimental period and are representative of the 
variation in habitat across the different disturbance 
contexts. b) SRS is an ~ 80,000-ha area, and sites 
were stratified across SRS. At each site, paired plots 
were established to manipulate large-mammal herbi
vore access.   
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The fences had two sections that were each 4 feet tall, amounting to a 
total fence height of 8 feet. For the bottom section, we used 4-foot wide 
’field fence’ with 8 × 7 in. openings. For the top panel, we used 4-foot 
wide chicken wire with 1 × 1 in. openings. Fences allow access for all 
small-mammal and invertebrate consumers, so paired plots within a site 
can be assumed to experience equal herbivory and granivory pressure 
from these groups. White-tailed deer are the primary large-mammal 
herbivores at SRS (Cothran et al. 1991); however, feral hogs (Sus 
scrofa) are common large-mammal omnivores at SRS that can cause 
significant destruction to plants through rooting behavior (Barrios- 
Garcia and Ballari 2012). Damage of vegetation by feral hogs (via 
rooting and trampling of vegetation) is visibly apparent, and we never 
observed it within our plots. Moreover, we only measured the presence 
and absence of plant species commonly consumed by deer, and hog 
damage would not be expected to be directed at deer-preferred species. 
Since feral hog destruction of plant species is likely to be random while 
deer herbivory is expected to be greatest on palatable plant species 
(Edwards et al. 1961, Lashley et al. 2015), we increase the odds that our 
pattern was driven by deer herbivory and not a different group of con
sumers by focusing on deer-preferred species. Coyotes (Canis latrans) are 
the primary predators of deer in the southeastern US, including at SRS 
(Kilgo et al. 2010, 2012, 2014, Chitwood et al. 2015, Gulsby et al. 2017). 
Past work has shown that predation by coyotes affects both deer pop
ulation dynamics and foraging behavior in the southeastern US (Kilgo 
et al. 2010, 2014; Cherry et al. 2015, 2016, 2017, Chitwood et al. 2015, 
Gulsby et al. 2017). 

A list of plant species preferred by deer in the southeastern US was 
constructed referencing both understory plant identification manuals 
(Edwards et al. 1961, Miller and Miller 2005, Norden and Kirkman 
2006) and published literature of past research on plant preferences by 
deer (Lashley et al. 2015, Cherry et al. 2016; Supplement 1). We present 
only the species on this list that were found in our plots and used in our 
analyses (Table 1). At each site, one of the two paired plots was given a 
seed-addition treatment at the center 5 × 5 m of each plot as part of a 
separate experiment (Orrock et al. 2015). Of the 22 seed species added, 
only two (Tephrosia virginiana and Lespedeza hirta) are preferred by deer, 
and these two species were not included our analyses (Table 1). While 
past work has shown that plant species richness is positively correlated 
with plant abundance in this experimental system (Orrock et al. 2015), 

we also verified that this positive correlation existed for plant species 
preferred by deer that we examined using pre-treatment data on plant 
communities at our 26 sites (Supplement 2). We therefore assume that 
species richness of plants preferred by deer provides a reliable metric for 
the cover of these species at our study sites. Agricultural legacies and fire 
may alter soil nutrient availability (Brudvig et al. 2013), and soil 
nutrient availability can mediate the effects of herbivory on vegetation 
(Connolly et al. 2016, Borer et al. 2020). In order to account for the 
potential that soil nutrient conditions may moderate the effects of her
bivory, we measured phosphorus and nitrogen from soil samples taken 
at each site in spring 2011. We collected soil cores (2.5 cm diameter by 
15 cm deep) at 10 m intervals along the center line of each plot. Soil was 
composited by site and analyzed by Brookside Laboratories, Inc. (New 
Knoxville, OH) for Mehlich III-extractable phosphorus (Mehlich 2008) 
and inorganic nitrogen (N; sum of 1 N KCl cadmium reduction NO3 and 
NH4; (Dahnke and Johnson 2018). In July 2018, we measured presence 
or absence of the deer-preferred plant species within each plot at the 7 ×
7 m plot level. Thirteen of our 26 sites only had 1 intact herbivore 
exclosure (totaling 18 intact seed-addition paired plots, 21 intact no- 
addition paired plots) due to random fence damage that occurred 
across all fire-frequency and land-use history treatments. As a result, we 
measured the presence of 12 deer-preferred plant species within a total 
of 72 plots. 

2.2. Data analysis 

We used a multilevel model (MLM) described by Jackson et al. 
(2012) for analyses of focal plant species (i.e., the plants in the com
munity preferred by deer) to estimate both species-level and 
community-level responses to land-use history, fire frequency, and 
herbivore access. MLMs allow us to estimate both changes in focal plant 
species richness and community composition. MLMs analyze the pres
ence/absence of individual plant species in response to predictor vari
ables as random-effect slopes. Significant variation in species-specific 
responses to land-use history, fire frequency, and herbivore access im
plies shifts in the composition of the focal plant community (Jackson 
et al. 2012). The fixed-effect parameter estimates report the mean 
response of all plant species to a predictor variable and can be inter
preted as the mean probability of plant species presence (i.e., higher 
mean probability indicates higher number of species present). We con
structed this model using the glmer function in the “lme4” package 
(Bates et al. 2015) in R ver. 3.6.1. 

To test how land-use history, fire frequency, herbivore access, soil N, 
and soil P affected species richness and community composition for focal 
deer-preferred plant species, we constructed an MLM with a binomial 
distribution including species presence/absence as the response vari
able; land-use history, fire frequency, herbivore access, soil N, soil P, the 
interaction of soil N and herbivore access, the interaction of soil P and 
herbivore access, and the interaction of land-use history × fire × her
bivore access as fixed effects; random intercepts for site and species; and 
random slope terms (i.e., fixed effect × species) for land-use history, fire 
frequency, and herbivore access. We also evaluated if land-use history 
and fire regime affected soil N or soil P in follow-up analyses (see Sup
plement 3 for methods and results). To measure the effects of land-use 
history, fire frequency, and herbivore access on the composition of the 
focal plant community, we used likelihood ratio tests (LRTs) comparing 
the full model to models without the random effects of a land-use his
tory, fire frequency, or herbivore access slope wherein a significant 
random effect of the slope indicates that species vary significantly in 
their responses to land-use history or fire frequency (Jackson et al. 2012, 
McCormick et al. 2019). 

3. Results 

Across our 26 sites, the average species richness of deer-preferred 
plant species in plots with herbivore access (i.e., open plots) was 3.82 

Table 1 
Species list and characteristics of the 12 deer-preferred plant species that were 
found in our plots and used in our analyses.  

Forage species Family Form Life cycle Dispersal 
Mode 

Centrosema 
virginianum 

Fabacaea Forb, legume Perennial Gravity 

Chamaechrista 
fasciculata 

Fabacaea Forb, legume Annual Gravity 

Chamaechrista 
nictitans 

Fabacaea Forb, legume Annual Gravity 

Cnidoscolus 
stimulosus 

Euphorbiacea Forb, nettle Perennial Gravity, 
animal 
(external) 

Desmodium spp. Fabacaea Forb, legume Perennial Animal 
(external) 

Galactia spp. Fabacaea Forb, legume Perennial Gravity 
Prunus spp. Rosaceae Hardwood, 

fleshy fruit 
Perennial Animal 

(internal) 
Quercus spp. Fagaceae Hardwood, 

hard mast 
Perennial Animal 

(external) 
Rhyncosia 

reniformis 
Fabacaea Forb, legume Perennial Gravity 

Rubus spp. Rosaceae Shrub, fleshy 
fruit 

Perennial Gravity 

Smilax spp. Smilacaceae Vine Perennial Animal 
(internal) 

Vitis spp. Vitaceae Vine Perennial Animal 
(internal)  
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± 0.32, and the average species richness of deer-preferred plants in 
exclosure plots was 4.67 ± 0.34. In the MLM model, community 
composition was significantly affected by land-use history (LRT: Х2 =

42.16, p < 0.001) but not fire frequency (LRT: Х2 = 3.72, p = 0.054) or 
herbivore access (LRT: Х2 = 0.00, p = 1.00; Table 2). Land-use history 
had a significant effect on the average probability of species presence (β 
= -2.62, SE = 0.87, Х2 = 9.06, p = 0.003; Table 3). On average, focal 
species were 8.19 times more likely to be present in post-agricultural 
sites than non-agricultural sites (Fig. 2).The average probability of 
species presence was also positively affected by soil N (β = 0.05, SE =
0.02, Х2 = 4.36, p = 0.037) and negatively affected by soil P (β = -0.07, 
SE = 0.02, Х2 = 8.01, p = 0.005; Table 3). The interaction of fire and 
herbivore access significantly affected the average probability of species 
presence (β = -1.15, SE = 0.56, Х2 = 4.19, p = 0.041; Table 3) such that 
herbivore exclosures only increased species presence when fire fre
quency was low, particularly in post-agricultural woodlands (Fig. 2). 
When fire frequency was low, focal species were on average 2.23 times 
more likely to be present in exclusion plots than open plots (Fig. 2). The 
interaction of soil N and access, the interaction of soil P and access, and 
the interaction of land-use history, fire, and access had no effect on 
average focal species presence (Table 3). 

4. Discussion 

In this study, we found that deer-preferred plant species were 
impacted by both land-use history and herbivory, and the effects of 
herbivory on these focal plant species were contingent upon contem
porary fire regime and land-use history. These findings have two broad 
implications for our understanding of trophic dynamics in the context of 
disturbance in woodland habitats. First, our results demonstrate that 
agricultural legacies can lead to lasting patterns in the occurrence of 
deer-preferred plant species in woodlands. Second, contemporary dis
turbances, such as fire, can mediate the impacts of deer herbivory on 
deer-preferred plant species richness in woodland habitats. Finally, deer 
foraging behavior may provide a profitable means to understand large- 
scale variation in the effects of large-mammal herbivory on plant 
species. 

4.1. Deer-preferred plant species richness is greater in woodlands with 
agricultural legacies 

We found that post-agricultural woodlands had more deer-preferred 
plant species present (i.e., greater species richness) than non- 
agricultural woodlands, regardless of fire frequency (Fig. 2). Land-use 
history also had a significant effect on focal plant community compo
sition (Table 2). Long-term herbivore exclosures suggest that the effects 
of past land use on focal species richness in frequently burned wood
lands were not due to deer herbivory (Fig. 2). The importance of 

Table 2 
Random effect coefficients by plant species from the MLM. Coefficients are the random effect plus the fixed effect estimate in order to account for the mean slope. For 
each species, the predictor variable with the largest effect is bolded.   

Fire frequency Land-use history Herbivore access 

Forage species High Low Post-ag Non-ag Exclosure Open 

Centrosema virginianum  0.62343  − 0.26463  0.39609  ¡2.10535  0.00067  − 0.00068 
Chamaechrista fasciculata  0.05010  − 0.02127  0.17728  ¡0.94227  0.00001  − 0.00001 
Chamaechrista nictitans  − 0.36446  0.15470  0.15981  ¡0.84945  − 0.00028  0.00028 
Cnidoscolus stimulosus  0.19312  − 0.08198  − 0.16051  0.85317  0.00006  − 0.00006 
Desmodium spp.  0.54577  − 0.23167  0.43252  ¡2.29898  − 0.00069  0.00071 
Galactia spp.  0.33721  − 0.14314  − 0.21604  1.14829  − 0.00026  0.00027 
Prunus spp.  − 0.01597  0.00678  − 0.32864  1.74683  0.00107  − 0.00109 
Quercus spp.  − 0.75538  0.32064  − 0.62381  3.31569  0.00003  − 0.00003 
Rhyncosia reniformis  − 0.12137  0.05152  0.16340  ¡0.86853  − 0.00011  0.00012 
Rubus spp.  0.14661  − 0.06223  0.15975  ¡0.84910  0.00019  − 0.00019 
Smilax spp.  ¡0.35267  0.14970  − 0.04603  0.24465  − 0.00033  0.00033 
Vitis spp.  − 0.28638  0.12156  − 0.11384  0.60507  − 0.00035  0.00035  

Table 3 
Results from the MLM evaluating the effects of land-use history, fire frequency, 
herbivore access, soil N, and soil P on focal species presence. Significant fixed 
effects (p < 0.05) are marked with asterisks.    

β SE X2 P-value  

Land-use history  − 2.62  0.87  9.06 0.003*  
Fire frequency  0.52  0.58  0.82 0.365  
Herbivore access  0.90  1.66  0.29 0.590  
N  0.05  0.02  4.36 0.037*  
P  − 0.07  0.02  8.01 0.005*  
Land-use × fire  0.09  0.78  0.01 0.911  
Land-use × access  − 0.26  0.63  0.18 0.675  
Fire × access  − 1.15  0.56  4.19 0.041*  
Access × N  − 0.02  0.03  0.65  0.419   
Access × P  0.03  0.03  1.22 0.270  
Land-use × fire × access  0.08  0.90  0.01 0.929  

Fig. 2. Land-use history and the interaction of fire frequency and herbivore 
exclusion had significant effects on the mean probability of deer-preferred 
species presence. The probability of species presence was greater in post- 
agricultural woodlands than in nonagricultural woodlands. Large-mammal 
herbivore access only significantly decreased the probability of species pres
ence in post-agricultural woodlands with low fire frequencies. There was no 
effect of herbivore access in woodlands with high fire frequencies. Different 
letters represent group means that are significantly different (p < 0.05 using 
sequential Benjamini-Hochberg correction; Benjamini & Hochberg 1995). Error 
bars represent standard error. 
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resource availability in modifying southeastern plant communities in 
post-agricultural woodlands is evidenced in past structural equation 
modeling (Veldman et al. 2014), and we found a significantly positive 
effect of soil N and P on focal plant species richness. We also found that 
soil P, but not soil N, was greater in post-agricultural woodlands (Sup
plement 3), indicating that soil P availability may mediate the effects of 
past land use on deer-preferred plant species. Past work in our study 
system has also shown that dispersal limitation is an important process 
contributing to differences in plant communities among post- 
agricultural and nonagricultural woodlands (Turley et al. 2017). We 
therefore suggest that the effects of land-use history on the richness and 
composition of deer-preferred plant species are a result of other mech
anisms, such as nutrient availability and dispersal limitation. 

While we found increased deer-preferred species richness in post- 
agricultural woodlands, overall plant richness (Veldman et al. 2014), 
phylogenetic diversity (Turley and Brudvig 2016), and beta diversity 
(Grman et al. 2015) are all generally lower in post-agricultural wood
lands in the southeast. These contrasting results in diversity likely arise 
due to our focus on deer-preferred plant species, many of which (e.g., 
Desmodium spp. and Prunus spp.) are associated with past agricultural 
land use (Turley and Brudvig 2016). Past work has found that Cen
trosema virginianum and Desmodium spp. are indicator species of longleaf 
pine woodlands with agricultural land-use histories, and Cnidoscolus 
stimulosus is an indicators species of longleaf pine wooldands with non- 
agricultural land-use histories (Brudvig and Damschen 2011). Many of 
our focal species play a variety of other important ecological roles. Six of 
our focal species are legumes (Table 1), which play a key function in 
replenishing nitrogen after fire in longleaf pine habitats via fixation of 
atmospheric N2 (Hiers et al. 2003). Legumes are also preferred forage for 
many other wildlife species in longleaf pine woodlands, including go
pher tortoises (Gopherus polyphemus), lagomorphs, and pocket gophers 
(Geomys pinetis; Miller and Miller 2005, Norden and Kirkman 2006). The 
seeds of these legumes are also an important component of the diets of 
bobwhite quail (Colinus virginianus), eastern wild turkey (Meleagris gal
lopavo silvestris), songbirds, and small mammals (Miller and Miller 2005, 
Norden and Kirkman 2006). As such, our results demonstrate an unap
preciated role for post-agricultural woodlands: while these woodlands 
contain low-diversity plant communities, they are disproportionately 
rich in species that provide important forage for a wide diversity of 
wildlife species native to longleaf pine woodlands. 

4.2. Effects of large-mammal herbivory are contingent upon disturbance 
regime 

Our results also illustrate the important role of a contemporary 
disturbance, fire, in mediating the impacts of deer herbivory on deer- 
preferred plant species richness. While deer herbivory did not affect 
richness in frequently burned woodlands, herbivory significantly 
reduced the richness of deer-preferred plant species in sites with low fire 
frequencies (Fig. 2). Variation in the strength of top-down effects is 
sometimes attributed to variation in the ability of plants to tolerate 
herbivory (Hilbert et al. 1981, Maschinski and Whitham 1989, Pringle 
et al. 2007). Since we did not find a significant interaction between soil 
nutrients and herbivore access on the richness of deer-preferred species, 
we did not find evidence that differences in nutrient availability across 
habitat contexts mediated plant resistance to herbivory. Similar fire- 
contingent effects of large-mammal herbivory have been found in 
other systems (Royo et al. 2010, Burkepile et al. 2016, Crowther et al. 
2016). Our results contribute to this growing knowledge by illustrating 
how the effects of fire on deer herbivory are not consistent across 
woodlands with different land-use histories (Fig. 2): deer herbivory had 
the largest effect on focal species richness in post-agricultural wood
lands. This suggests that the effects of contemporary fire regime on 
herbivory may be predictably variable across landscapes containing 
habitats with different land-use histories. 

We hypothesize that a likely mechanism by which fire mediates the 

effects of deer herbivory on the richness of deer-preferred species is 
through deer behavioral responses to fire. Past work in this system has 
shown that frequent fire regimes increase deer visibility to predators (i. 
e., coyotes; Bartel and Orrock 2021) and that deer antipredator behavior 
responds accordingly to this fire-mediated change in predation risk 
(Bartel and Orrock 2021). Research at a nearby (~400 km) site found 
that deer vigilance (i.e., the proportion of time spent vigilant versus 
foraging) was greater in recently burned longleaf-pine woodlands with 
no documented agricultural legacies to our knowledge (Cherry et al. 
2017). Work at our study site evaluating deer behavior across longleaf- 
pine woodlands with varying land-use histories found that deer vigi
lance increased with fire frequency in post-agricultural sites and found 
that deer used a more proactive antipredator behavior (avoiding risky 
high-fire sites at risky times) in non-agricultural woodlands, suggesting 
that deer may be most fearful of encountering a predator in frequently 
burned non-agricultural woodlands (Bartel and Orrock 2021). In finding 
that large-mammal herbivory is less impactful when fire is frequent, 
particularly in post-agricultural woodlands (Fig. 2), our results indicate 
that deer herbivory is most pronounced in habitats where deer perceive 
lower predation risk. Past work suggests that deer behavioral responses 
to predation risk can generate cascading effects on deer-preferred plant 
species in recently burned longleaf-pine woodlands (Cherry et al. 2016). 
Our implementation of long-term herbivore exclosures across sites with 
varying fire regimes provide some preliminary empirical support for the 
potential of behaviorally-mediated trophic cascades to occur in 
frequently-burned woodlands because we found no effect of deer her
bivory in these woodlands. 

4.3. Conclusions and management implications 

In this study, we found that deer-preferred species richness was 
greater in woodlands with agricultural legacies than in woodlands 
without agricultural legacies. By experimentally manipulating large- 
mammal herbivore access, we also found that large-mammal herbivo
ry only impacted deer-preferred plant species richness in frequently 
burned woodlands, particularly those with agricultural land-use his
tories. These findings suggest that common management practices, such 
as the use of prescribed burns, may indirectly promote plant species 
richness by reducing deer herbivory. The effects of land-use history on 
deer-preferred plant species richness may be of particular importance 
for the management of woodland habitats in the southeastern US where 
deer population declines are of concern to wildlife managers (Kilgo et al. 
2010). Management efforts that are directed toward creating high- 
quality foraging habitat for white-tailed deer should prioritize the 
restoration of woodland habitats in post-agricultural sites, where deer- 
preferred plant species may already be common. Management efforts 
directed toward creating foraging habitat for white-tailed deer in non- 
agricultural sites may require additional actions to establish pop
ulations of deer-preferred plant species, including direct seeding. Since 
we did not find that herbivore exclosures increased deer-preferred plant 
species richness in non-agricultural woodlands (Fig. 2), our results 
suggest that temporary herbivore exclosures may not be an effective 
means to restore these deer-preferred species in non-agricultural habi
tats. Since many of the focal deer-preferred plant species represented in 
our study are also preferred forage for other wildlife native to the 
longleaf pine ecosystem, including gopher tortoises, bobwhite quail, and 
eastern wild turkey, we anticipate that such management efforts to in
crease deer-preferred plant species richness may also benefit these 
wildlife species. 
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Côté, S.D., Beguin, J., de Bellefeuille, S., Champagne, E., Thiffault, N., Tremblay, J.-P., 
2014. Structuring effects of deer in boreal forest ecosystems. Adv. Ecol. 2014, 
e917834. 

Cothran, E.G., Smith, M.H., Wolff, J.O., Gentry, J.B., 1991. Mammals of the Savannah 
River Site. SRO-NERP-21, Savannah River Site, Aiken, SC. 

Crowther, M.S., Ortac, G., Pedersen, S., Mcarthur, C., 2016. Interactions between fire and 
introduced deer herbivory on coastal heath vegetation. Austral Ecol. 41, 604–612. 

Culbert, P.D., Dorresteijn, I., Loos, J., Clayton, M.K., Fischer, J., Kuemmerle, T., 2017. 
Legacy effects of past land use on current biodiversity in a low-intensity farming 
landscape in Transylvania (Romania). Landsc. Ecol. 32, 429–444. 

Dahnke, W.C., Johnson, G.V., 2018. Testing soils for available nitrogen. In: 
Westerman, R.L. (Ed.), Soil Testing and Plant Analysis. John Wiley & Sons Ltd, 
Hoboken, NJ, US, pp. 127–139. 

Daskin, J.H., Stalmans, M., Pringle, R.M., 2016. Ecological legacies of civil war: 35-year 
increase in savanna tree cover following wholesale large-mammal declines. J. Ecol. 
104, 79–89. 

De Vriendt, L., Lavoie, S., Barrette, M., Tremblay, J.-P., 2021. From delayed succession to 
alternative successional trajectory: How different moose browsing pressures 
contribute to forest dynamics following clear-cutting. J. Veg. Sci. 32, e12945. 

Donihue, C.M., Porensky, L.M., Foufopoulos, J., Riginos, C., Pringle, R.M., 2013. Glade 
cascades: indirect legacy effects of pastoralism enhance the abundance and spatial 
structuring of arboreal fauna. Ecology 94, 827–837. 

Edwards, J., Ford, M., Guynn, D., 1961. American Wildlife & Plants: A Guide to Wildlife 
Food Habits: the Use of Trees, Shrubs, Weeds, and Herbs by Birds and Mammals of 
the United States, Reprint Ed. Dover Publications, Mineola, NY.  

Flannigan, M.D., Krawchuk, M.A., de Groot W.J., Mike Wotton, B., Gowman, L.M., 2009. 
Implications of changing climate for global wildland fire. Int. J. Wildland Fire 18, 
483–507. 

Flinn, K.M., Vellend, M., 2005. Recovery of forest plant communities in post-agricultural 
landscapes. Front. Ecol. Environ. 3, 243–250. 

Foley, J.A., DeFries, R., Asner, G.P., Barford, C., Bonan, G., Carpenter, S.R., Chapin, F.S., 
Coe, M.T., Daily, G.C., Gibbs, H.K., Helkowski, J.H., Holloway, T., Howard, E.A., 
Kucharik, C.J., Monfreda, C., Patz, J.A., Prentice, I.C., Ramankutty, N., Snyder, P.K., 
2005. Global consequences of land use. Science 309, 570–574. 

Ford, A.T., Goheen, J.R., Otieno, T.O., Bidner, L., Isbell, L.A., Palmer, T.M., Ward, D., 
Woodroffe, R., Pringle, R.M., 2014. Large carnivores make savanna tree 
communities less thorny. Science 346, 346–349. 

Foster, D.R., 1993. Land-use History and Forest Transformations in Central New England. 
Pages 91–110 Humans as Components of Ecosystems. Springer New York, New York, 
NY. 

Frost, C., 2006. History and future of the longleaf pine ecosystem. In: Jose, S., Jokela, E. 
J., Miller, D.L. (Eds.), The Longleaf Pine Ecosystem. Springer-Verlag, New York, New 
York, NY, pp. 9–48. 

Goheen, J.R., Augustine, D.J., Veblen, K.E., Kimuyu, D.M., Palmer, T.M., Porensky, L.M., 
Pringle, R.M., Ratnam, J., Riginos, C., Sankaran, M., Ford, A.T., Hassan, A.A., 
Jakopak, R., Kartzinel, T.R., Kurukura, S., Louthan, A.M., Odadi, W.O., Otieno, T.O., 
Wambua, A.M., Young, H.S., Young, T.P., 2018. Conservation lessons from large- 
mammal manipulations in East African savannas: the KLEE, UHURU, and GLADE 
experiments Large mammal manipulations in Laikipia, Kenya. Ann. N. Y. Acad. Sci. 
1429, 31–49. 

Grman, E., Orrock, J.L., Habeck, C.W., Ledvina, J.A., Brudvig, L.A., Grman, E., 
Habeck, C.W., Ledvina, J.A., Brudvig, L.A., 2015. Altered beta diversity in post- 
agricultural woodlands: two hypotheses and the role of scale. Ecography 38, 
614–621. 

Gulsby, W.D., Kilgo, J.C., Vukovich, M., Martin, J.A., 2017. Landscape heterogeneity 
reduces coyote predation on white-tailed deer fawns. J. Wildl. Manag. 81, 601–609. 

S.L. Bartel and J.L. Orrock                                                                                                                                                                                                                   

https://doi.org/10.1016/j.foreco.2023.121023
https://doi.org/10.1016/j.foreco.2023.121023
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0005
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0005
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0005
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0010
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0010
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0010
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0015
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0015
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0020
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0020
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0025
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0025
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0030
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0030
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0035
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0035
http://refhub.elsevier.com/S0378-1127(23)00257-8/optQ6pkhKkHZ5
http://refhub.elsevier.com/S0378-1127(23)00257-8/optQ6pkhKkHZ5
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0045
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0045
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0050
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0050
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0050
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0060
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0060
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0060
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0065
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0065
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0065
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0065
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0070
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0070
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0075
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0075
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0075
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0075
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0075
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0080
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0080
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0080
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0085
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0085
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0090
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0090
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0095
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0095
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0095
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0100
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0100
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0100
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0105
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0105
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0110
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0110
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0115
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0115
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0115
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0125
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0125
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0130
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0130
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0130
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0135
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0135
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0135
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0140
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0140
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0140
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0145
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0145
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0145
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0150
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0150
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0150
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0155
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0155
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0155
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0165
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0165
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0170
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0170
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0170
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0170
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0175
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0175
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0175
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0185
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0185
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0185
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0190
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0190
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0190
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0190
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0190
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0190
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0190
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0195
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0195
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0195
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0195
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0200
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0200


Forest Ecology and Management 541 (2023) 121023

8

Hahn, P.G., Orrock, J.L., 2015a. Land-use legacies and present fire regimes interact to 
mediate herbivory by altering the neighboring plant community. Oikos 124, 
497–506. 

Hahn, P.G., Orrock, J.L., 2015b. Spatial arrangement of canopy structure and land-use 
history alter the effect that herbivores have on plant growth. Ecosphere 6. Article 
193.  

Hansen, W.D., Braziunas, K.H., Rammer, W., Seidl, R., Turner, M.G., 2018. It takes a few 
to tango: changing climate and fire regimes can cause regeneration failure of two 
subalpine conifers. Ecology 99, 966–977. 

Hardenbol, A.A., den Herder, M., Kouki, J., 2021. Long-term effects of prescribed 
burning, tree retention, and browsing on deciduous tree recruitment in European 
boreal forests. Can. J. For. Res. 51, 660–667. 

Harvey, B.J., Donato, D.C., Turner, M.G., 2016. Drivers and trends in landscape patterns 
of stand-replacing fire in forests of the US Northern Rocky Mountains (1984–2010). 
Landsc. Ecol. 31, 2367–2383. 
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Doupovské Mountains, Czech Republic. Appl. Veg. Sci. 12, 251–260. 

Lashley, M.A., Colter Chitwood, M., Harper, C.A., Deperno, C.S., Moorman, C.E., 2015. 
Variability in fire prescriptions to promote wildlife foods in the longleaf pine 
ecosystem. Fire Ecol 11, .62–79. 

Leroux, S.J., Wiersma, Y.F., Vander Wal, E., 2020. Herbivore impacts on carbon cycling 
in boreal forests. Trends Ecol. Evol. 35, 1001–1010. 

Loughnan, D., Williams, J.L., 2019. Climate and leaf traits, not latitude, explain variation 
in plant-herbivore interactions across a species’ range. J. Ecol. 107, 913–922. 

Lucash, M.S., Scheller, R.M., Sturtevant, B.R., Gustafson, E.J., Kretchun, A.M., Foster, J. 
R., 2018. More than the sum of its parts: how disturbance interactions shape forest 
dynamics under climate change. Ecosphere 9, e02293. 

Maron, J.L., Crone, E., 2006. Herbivory: effects on plant abundance, distribution and 
population growth. Proc. R. Soc. B 273, 2575–2584. 

Maschinski, J., Whitham, T.G., 1989. The continuum of plant responses to herbivory: the 
influence of plant association, nutrient availability, and timing. Am. Nat. 134, 1–19. 

Mattingly, W.B., Orrock, J.L., Collins, C.D., Brudvig, L.A., Damschen, E.I., Veldman, J.W., 
Walker, J.L., 2015. Historical agriculture alters the effects of fire on understory plant 
beta diversity. Oecologia 177, 507–518. 

McCormick, A.R., Phillips, J.S., Ives, A.R., 2019. Responses of benthic algae to nutrient 
enrichment in a shallow lake: linking community production, biomass, and 
composition. Freshw. Biol. 64, 1833–1847. 

McNaughton, S.J., 1979. Grazing as an optimization process: Grass-ungulate 
relationships in the Serengeti. Am. Nat. 113, 691–703. 

Mehlich, A., 2008. Mehlich 3 soil test extractant: a modification of Mehlich 2 extractant. 
Commun. Soil Sci. Plant Anal. 15, 1409–1416. 

Milchunas, D.G., Lauenroth, W.K., 1993. Quantitative effects of grazing on vegetation 
and soils over a global range of environments. Ecol. Monogr. 63, 327–366. 

Miller, J.H., Miller, K.V., 2005. Forest Plants of the Southeast and Their Wildlife Uses, 
Revised Ed. University of Georgia Press, Athens, GA.  

Mouillot, F., Field, C.B., 2005. Fire history and the global carbon budget: a 1◦× 1◦ fire 
history reconstruction for the 20th century. Glob. Chang. Biol. 11, 398–420. 

Norden, H., Kirkman, K., 2006. Field Guide to Common Legume Species of the Longleaf 
Pine Ecosystem. Joseph W. Jones Ecological Research Center, Newton, GA.  

Nuttle, T., Royo, A.A., Adams, M.B., Carson, W.P., 2013. Historic disturbance regimes 
promote tree diversity only under low browsing regimes in eastern deciduous forest. 
Ecol. Monogr. 83, 3–17. 

Olff, H., Ritchie, M.E., 1998. Effects of herbivores on grassland plant diversity. Trends 
Ecol. Evol. 13, 261–265. 

Orrock, J., Damschen, E., Brudvig, L., Walker, J., 2015. Developing and Testing a Robust, 
Multi-scale Framework for the Recovery of Longleaf Pine Understory Communities 
SERDP Project RC-1695. 

Oswalt, C.M., Cooper, J.A., Brockway, D.G., Brooks, H.W., Walker, J.L., Connor, K.F., 
Oswalt, S.N., Conner, R.C., 2012. History and current condition of longleaf pine in 
the Southern United States. United States Department of Agriculture, Forest Service, 
Southern Research Station. General Technical Report SRS-166. 

Prendeville, H.R., Steven, J.C., Galloway, L.F., 2015. Spatiotemporal variation in deer 
browse and tolerance in a woodland herb. Ecology 96, 471–478. 

Prichard, S.J., Stevens-Rumann, C.S., Hessburg, P.F., 2017. Tamm review: Shifting global 
fire regimes: lessons from reburns and research needs. For. Ecol. Manage. 396, 
217–233. 

Pringle, R.M., Young, T.P., Rubenstein, D.I., Mccauley, D.J., 2007. Herbivore-initiated 
interaction cascades and their modulation by productivity in an African savanna. 
Proc. Natl. Acad. Sci. 104, 193–197. 

Rooney, T.P., Waller, D.M., 2003. Direct and indirect effects of white-tailed deer in forest 
ecosystems. For. Ecol. Manage. 181, 165–176. 

Royo, A.A., Collins, R., Adams, M.B., Kirschbaum, C., Carson, W.P., 2010. Pervasive 
interactions between ungulate browsers and disturbance regimes promote temperate 
forest herbaceous diversity. Ecology 91, 93–105. 

Schütz, M., Risch, A.C., Leuzinger, E., Krüsi, B.O., Achermann, G., 2003. Impact of 
herbivory by red deer (Cervus elaphus L.) on patterns and processes in subalpine 
grasslands in the Swiss National Park. For. Ecol. Manage. 181, 177–178. 

Speed, J.D.M., Austrheim, G., Hester, A.J., 2013a. The response of alpine Salix shrubs to 
long-term browsing varies with elevation and herbivore density. Artic, Antarctic, 
Apline Res. 45, 584–593. 

Speed, J.D.M., Austrheim, G., Hester, A.J., Solberg, E.J., Tremblay, J.-P., 2013b. 
Regional-scale alteration of clear-cut forest regeneration caused by moose browsing. 
For. Ecol. Manage. 289, 289–299. 

Speed, J.D.M., Austrheim, G., Mysterud, A., 2013c. The response of plant diversity to 
grazing varies along an elevational gradient. J. Ecol. 101, 1225–1236. 

Speed, J.D.M., Austrheim, G., Hester, A.J., Meisingset, E.L., Mysterud, A., Tremblay, J.- 
P., Øien, D.-I., Solberg, E.J., 2014. General and specific responses of understory 
vegetation to cervid herbivory across a range of boreal forests. Oikos 123, 
1270–1280. 

Turley, N.E., Brudvig, L.A., 2016. Agricultural land-use history causes persistent loss of 
plant phylogenetic diversity. Ecology 97, 2240–2247. 

Turley, N.E., Orrock, J.L., Ledvina, J.A., Brudvig, L.A., 2017. Dispersal and establishment 
limitation slows plant community recovery in post-agricultural longleaf pine 
savannas. J. Appl. Ecol. 54, 1100–1109. 

Van Lear, D.H., Carroll, W.D., Kapeluck, P.R., Johnson, R., 2005. History and restoration 
of the longleaf pine-grassland ecosystem: Implications for species at risk. For. Ecol. 
Manage. 211, 150–165. 

Veldman, J.W., Brudvig, L.A., Damschen, E.I., Orrock, J.L., Mattingly, W.B., Walker, J.L., 
2014. Fire frequency, agricultural history and the multivariate control of pine 
savanna understorey plant diversity. J. Veg. Sci. 25, 1438–1449. 

Virtanen, R., Henttonen, H., Laine, K., 1997. Lemming grazing and structure of a 
snowbed plant community: a long-term experiment at Kilpisjärvi, Finnish Lapland. 
Oikos 79, 155–166. 

Vitousek, P.M., Mooney, H.A., Lubchenco, J., Melillo, J.M., 1997. Human domination of 
Earth’s ecosystems. Science 277, 3–13. 

Wilcove, D.S., Rothstein, D., Dubow, J., Phillips, A., Losos, E., 1998. Quantifying threats 
to imperiled species in the United States. Bioscience 48, 607–615. 

Winnie, J.A., 2012. Predation risk, elk, and aspen: tests of a behaviorally mediated 
trophic cascade in the Greater Yellowstone Ecosystem. Ecology 93, 2600–2614. 

S.L. Bartel and J.L. Orrock                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0378-1127(23)00257-8/h0205
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0205
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0205
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0210
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0210
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0210
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0215
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0215
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0215
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0220
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0220
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0220
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0225
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0225
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0225
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0230
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0230
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0235
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0235
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0235
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0240
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0240
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0245
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0245
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0250
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0250
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0250
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0255
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0255
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0260
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0260
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0260
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0260
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0265
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0265
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0265
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0270
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0270
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0275
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0275
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0280
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0280
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0285
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0285
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0285
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0290
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0290
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0290
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0295
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0295
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0300
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0300
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0300
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0305
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0305
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0310
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0310
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0315
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0315
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0315
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0320
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0320
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0325
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0325
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0330
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0330
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0330
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0335
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0335
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0335
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0340
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0340
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0345
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0345
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0350
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0350
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0355
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0355
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0360
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0360
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0365
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0365
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0370
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0370
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0370
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0375
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0375
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0390
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0390
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0395
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0395
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0395
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0400
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0400
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0400
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0405
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0405
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0410
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0410
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0410
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0415
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0415
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0415
http://refhub.elsevier.com/S0378-1127(23)00257-8/optR6CLWjTI2r
http://refhub.elsevier.com/S0378-1127(23)00257-8/optR6CLWjTI2r
http://refhub.elsevier.com/S0378-1127(23)00257-8/optR6CLWjTI2r
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0420
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0420
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0420
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0425
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0425
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0430
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0430
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0430
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0430
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0440
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0440
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0445
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0445
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0445
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0450
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0450
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0450
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0455
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0455
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0455
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0460
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0460
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0460
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0465
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0465
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0470
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0470
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0475
http://refhub.elsevier.com/S0378-1127(23)00257-8/h0475

	Land-use history, fire regime, and large-mammal herbivory affect deer-preferred plant diversity in longleaf pine woodlands
	1 Introduction
	2 Materials and methods
	2.1 Study area and design
	2.2 Data analysis

	3 Results
	4 Discussion
	4.1 Deer-preferred plant species richness is greater in woodlands with agricultural legacies
	4.2 Effects of large-mammal herbivory are contingent upon disturbance regime
	4.3 Conclusions and management implications
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary material
	References


