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L INTRODUCTION

GENERAL CHANGES TO NORTH AMERICAN FORESTS

White-tailed deer (Odocoileus virginianus) are the dominant herbivore in eastern
North America. Deer selectively consume certain plant species over others, also known
as preferential browsing. When overabundant for long periods white-tailed deer begin to
modify the understory vegetation community, changing plant abundances until non-
preferred plant species become dominant (C6té et al. 2004). This shift can partly persist
in the landscape even if deer are excluded, but recovery of key species can occur around
a decade following their exclusion (Long et al. 2007). Since deer are a part of the
ecosystem their total exclusion is not ideal or feasible except in smaller sections, which
leaves much of the community exposed to high deer densities. Rather than excluding
deer, their densities can be managed through targeted hunting strategies, which reduce the
reproductive potential of the herd. This strategy of management was implemented in the
Kinzua Quality Deer Cooperative (KQDC) in 2002. With this thesis work I am evaluating
the effect that managed deer densities have on the recovery of understory vegetation

communities following a sustained deer overabundance.

The forests of eastern North America have seen multiple large-scale changes in
the last three centuries. Following European colonization, forests were fragmented

through the establishment of settler communities and more intensive agricultural systems.



Over time as settler populations grew and more urban areas were established forest
fragmentation intensified. Large swatches of the remaining forested land were clearcut at
round the turn of the twentieth century with the implementation of modern silviculture

practices, creating extensive secondary succession habitats.

During this period of forest fragmentation, large natural predators were being
extirpated from the area. Based on previous experience with large predators in Europe,
settlers pushed for the extirpation of predators. Over time this manifested into nation-
wide anti-predator policies, resulting in a wide-scale decline in top and meso- predator
populations (Feldman 2007). These federal policies removed the predation pressure from

the large herbivore populations, allowing them to grow rapidly.

In eastern North America the herbivore that benefited the most from the
culmination of factors was the white-tailed deer (Odocoileus virginiana). Prior to
European colonization deer densities were low, with estimates ranging from 2 to 4
deer/km? (Alverson et al. 1988, McCabe and McCabe 1997). Periodic harsh winters, a
variety of predators, and hunting by indigenous peoples kept their populations within the
2 to 4 deer/km? range (Rooney 2001). Wide-scale habitat modification during
colonization in concert with the extirpation of predators and legal protections for deer
reduced the effectiveness of the population control mechanisms, resulting in a large rise
in deer density (Rooney 2001). With the implementation of silvicultural practices more
forests were regularly disturbed, creating a lot of deer-favored edge habitat that
encouraged increases in density up until the start of the twentieth century (Augustine and

Jordan 1998).



At the start of the twentieth century deer populations were decimated after
widescale clearcutting removed much of the remaining forest. This largescale habitat
modification and increased hunting from market hunting pressure led to a drastic drop in
deer density (Coté et al. 2004). Reinstated federal legislation protecting deer and forest
regrowth led to an increase of deer density beginning in the 1930’s, reaching up to 16-23
deer/km?, an eight-fold increase from pre-colonization estimates (McCain 1939; Horsley
et al. 2003). In the High Allegheny Plateau specifically, deer densities increased
dramatically. In heavily forested areas deer density doubled, increasing from 7.7 to 14.8
deer/km? (Porter et al. 1994). In landscapes with mixed forest and agricultural land use,
the density exceeded 60 deer/km? (Porter et al. 1994). Deer overabundance has persisted
until the present day, and public perception often prevents programs designed to reduce

the deer load on the landscape (Stout et al. 2013).

Public perception of deer populations and potential management strategies varies
based on community location and proximity to the effects of deer (Urbanek et al. 2013).
Based on community surveys public perception of the level of deer in an area
corresponds to how they perceive deer (Urbanek et al 2013). For example, people who
enjoy seeing deer think that the deer densities are perfect, even among a broad range of
deer densities (2-36 deer/km? — Urbanek et al. 2013). Communities that experience
damage to personal property by deer are more likely think deer are overabundant and
support lethal control options than those with positive perceptions of deer (Urbanek et al.
2015). Similarly, people with interest in hunting are more interested in opportunities for
the public to participate in deer management (Urbanek et al. 2015). In contrast,

communities further removed from opportunities to hunt demonstrate less support for



lethal methods of control (Urbanek et al. 2015). This trend against deer control may have
been bolstered by themes presented through popular culture, particularly the release of
Walt Disney’s “Bambi” in 1942 (Hastings 1996; Silk et al. 2018). The “Bambi” effect
coined by Hastings (1996) is thought to have changed public perception of hunting

among communities where hunting was not common.

In areas where hunting is more common, typically in more rural areas, perception
of deer density is more heavily influenced by personal experience. Older hunters in
particular grew up during a period of high deer density and support a larger population
overall. The implementation of Deer Quality Programs which target herd health and
ecological goals at the start of the twenty-first century was often at odds with their ideal
herd density (Frye 2006). When these programs were implemented in some areas there
was backlash against reductions in deer density (Miller and Graefe 2001). For example,
in Pennsylvania the Pennsylvania Game Commission implemented the Deer Management
Assistance Program (DMAP) to selectively reduce deer densities, but backlash from the

hunter population reduced the effectiveness of the programs (Miller and Graefe 2001).

GENERAL EFFECTS OF WHITE-TAILED DEER

The sustained and widespread overabundance of white-tailed deer throughout
eastern North America in the latter half of the twentieth century has changed the remnant
forest structure, largely through selective browsing (Coté et al. 2004). Deer browsing
preference can change throughout their range, wherein some areas have a high
consumption rate of some species but a lower consumption rate of others (Wakeland and
Swihart 2009; Dostaler et al. 2011). Additionally, browsing preference can change based

on age or season (Skinner and Telfer 1974). This makes it difficult to directly compare



plant palatability across large regions, but local evaluations have shown that deer
populations do have specific plants they prefer eating (Erickson et al. 2017). These
preferences can include large taxonomic units such as herbs in the Liliaceae family, or
specific species such as red oaks (Quercus rubra) (Wakeland and Swihart 2009; Miller et
al. 1992). White tailed deer selectively browse based on the proportion of structural
compounds such as lignin which is difficult to break down during digestion (Soest 1994;
Berteaux et al. 1998), the bioavailability of crude proteins (Dostaler et al. 2011), and the
presence/absence of phenolics which are defense compounds plants produce to
discourage herbivory (McArthur et al. 1993; Stolter et al. 2005). This selectivity presents
as differing degrees of browsing pressure to different species (Augustine and

McNaughton 1998; Averill et al. 2016).

At high densities the preferentially browsing by deer can alter the understory
vegetation community (Coté et al. 2004). With sustained overabundance the increased
browsing pressure can lead to the extirpation of browse sensitive species, and the
homogenization of the understory community (Augustine and Frelich 1998; Rooney
2009). This presents as an overall decline in species richness throughout large regions
through time (Rooney and Dress 1997). Communities with low species richness often
have high taxonomic similarity compared to the overall community (Rooney 2009).
Browsing by white-tailed deer has been documented exacerbated that similarity (Rooney

2009).

Community homogenization also manifests by changes in dominant plant habit
type. Under high browsing pressure, herb and shrub cover declines significantly (Goestch

et al. 2011; Frerker et al. 2014, Kelly 2019). In their place, ferns and graminoid species



dominate the understory (Goestch et al. 2011, Rooney and Waller 2003). These changes
in understory cover correspond to declines herbaceous cover by up to 99% and the
elimination of shrub cover in some areas of eastern North America (Goetsch et al. 2011).
The major shift in community composition and resulting fern dominance can have lasting
effects on the understory community, including reduction in the amount of light available
to other plants (Royo and Stanovick 2019; Krueger and Peterson 2009). When deer are
excluded from the landscape for long periods, some of this biodiversity loss can be
recovered (Goestch et al. 2011; Shelton et al. 2014; Chollet et al. 2021). The previously
reduced herbaceous cover in the landscape increases when deer are excluded or deer

density is reduced in the overall area (Chollet et al. 2021, Royo et al. 2010b).

Vegetation community homogenization by intensive deer browsing also makes
plant communities less resilient. Some of the most common introduced and invasive
species are more easily established when under high deer browsing pressure (Aronson
and Handel 2011). That relationship exists because deer typically avoid browsing
invasive plant species, preferentially browsing on native plants instead (Knight et al.
2009a; Averill et al. 2016). Often deer overabundance and the presence of invasive
species, both plant and animal, have a significant interaction that negatively effects
understory herbs (Gorchov et al. 2021). When both invasive plant species and deer
browsing were removed from an area, the native plant community recovered more
significantly than by removing either independently (Gorchov et al. 2021). And in
exclosure experiments, invasive species were more abundant in ambient deer density than

exclosure plots (Ferker et al. 2014, Webster et al. 2005).



EFFECT ON HERBACEOUS SPECIES

Deer preferentially browse different plant growth types throughout the year.
During the spring over 30% of a white-tailed deer’s diet is made of herbs, specifically
spring ephemerals (Skinner and Telfer 1974; Webster et al. 2005). Many herbs make use
of the unobstructed spring sunlight by leafing out during the period before the trees do.
This life history strategy puts herbs at risk for herbivory, but under low herbivore
densities this tradeoff was successful. With prolonged high browsing pressure this
strategy results in a decline of rare herbaceous species (Augustine and Jordan 1998;
Webster et al. 2005), which can be exacerbated by habitat fragmentation (Jacquemyn et
al. 2001). Spring ephemerals are only one class of herbaceous plants strongly affected by

deer overabundance.

Understory herbs that leaf out with other plant habit types can also be
disproportionately browsed by deer. Orchids are a diverse family of flowering plants
found worldwide and were demonstrated to respond to browsing by white tailed deer in
Maryland. Under high browsing pressure, specific orchid species have been observed
declining by over 90% in abundance or disappearing from the landscape altogether
(Knapp and Wiegand 2014). When deer density was reduced due to additional deer
harvests in the area, the abundance of orchids rose in the less effected species, further

suggesting that deer have a strong effect on population sizes (Knapp and Wiegand 2014).

Similar responses were observed in other understory herbs, including Medeola
virginiana (Indian Cucumber Root) and Panax quinquefolius (American ginseng). In
studies, exclusion of deer from the landscape led to M. virginiana individuals growing

taller, increasing in abundance, and increasing in fruit production compared to plots



exposed to ambient deer density (Royo et al. 2010b; Huebner et al. 2010; Wilbur et al.
2017). For P. quinquefolius deer browsing reduced 36 independent populations below
their minimum viable population in eight different states (McGraw and Furedi 2005). Of
those populations 80% are projected to go extinct within the next century if deer densities
remain this high (McGraw and Furedi 2005). However, the population growth models
suggested that decreasing browsing pressure would reduce the risk of extinction and

increase population viability (McGraw and Furedi 2005).

Species that demonstrate strong responses to environmental pressure can be used
as a surrogate measure of how communities respond to change. For example, herbaceous
growth measurements such as height and reproductive potential provide a more accurate
and nuanced evaluation of how deer browsing pressure can affect an understory
community (Gorchov et al. 2021). Below I provide details on two common herbaceous
understory plants used as indicators of overall response to deer browsing. Both species
are members of the Liliaceae family, which deer preferentially browse over other groups
(Miller et al. 1992). Both are perennial plants with reproductive strategies that allow them
to remain in the landscape under browsing pressure (Kirschbaum and Anaker 2005;
Huebner et al. 2010). They both are common indicator species used to evaluate the effect

deer browsing has on herbaceous understories.

Trillium spp.

Effective indicator species have a suite of traits that allow them to survive periods
of stress. Trilliums are one genus commonly used to measure forest recovery because
they have a suite of traits that allow researchers to track population changes over time.

Trilliums have a distinct demographic separation over a relatively long lifespan, making



them ideal for tracking changes in the understory (Augustine and Frelich 1998, Knight
2003). Populations can be separated into three distinct stages based on the number of
leaves and reproductive capabilities: single leaf, three-leaves non-reproductive, and three-
leaves reproductive (Rooney and Gross 2003). These distinct stages have different rates
of survivorship, with the smaller single-leaf individuals have lower survivorship than the

other stages (Rooney and Gross 2003).

Once trilliums reach the three-leaf stage they flower intermittently (Kawano et al.
1986), and reproductive individuals can regress to the non-reproductive stage when
defoliated by deer, reducing population fecundity (Augustine and Frelich 1998; Knight
2003; Rooney and Gross 2003; Kirschbaum and Anacker 2005). Trillium defoliated
during early spring are less likely to flower the following spring, indicating that the
timing of defoliation can also have a large effect on future fecundity (Knight 2007). In
cases of sustained high deer density, persistent browsing pressure results in a negative
growth rate of the overall population (Rooney and Gross 2003; Knight et al. 2009b).
However, Trillium reproductive capabilities improve when deer are excluded from the

landscape (Augustine and Frelich 1998).

Beyond population dynamics, trillium also demonstrate measurable changes in
individuals in response to reduced browsing pressure. Physical traits such as vegetative
height and flowering rate change in response to browsing pressure, and repeated
defoliations can cause reductions in height over the following years (Anderson 1994;
Kirschbaum and Anacker 2005; Herberling et al. 2017). Vegetative height and flowering

rate increase when deer density is lowered or when deer are excluded from the landscape



(Kirschbaum and Anacker 2005). Photosynthetic rate of trillium leaves also increases

when deer are excluded from the landscape (Herberling et al. 2017).

Trillium species are also known to have a large carbohydrate reserve, so they can
persist through periods of high browsing pressure (Lapointe et al. 2010). Those reserves
allow for quick expedient regrowth when deer browsing pressure is reduced, which has
been demonstrated when deer are excluded from the landscape (Collard et al. 2010).
Because of their large energy reserves, trillium are ideal study organisms as their
population will continue growing after the release from herbivory. Other species with
similar responses to deer browsing are often less effective as indicator plants as they may
be relegated to refugia in the landscape and cannot be studied due to rarity. The time lags
following a release in browsing pressure have less effect on trillium species, largely due

to their large carbohydrate reserve (Lapointe et al. 2010).

Maianthemum canadense

Another species commonly used to monitor the effect of deer on a landscape is
Maianthemum canadense or Canada mayflower. M. canadense can reproduce sexually
and asexually. When reproducing asexually, M. canadense uses runners to spread clones
(ramets) of the parent plant, often resulting in faster recovery after defoliation (Lapointe
et al. 2010). Because both strategies can be used concurrently M. canadense can persist in
refugia during periods of high browsing, providing seed sources for the surrounding area

(Rooney 1997).

Having a seed source aids dispersal if deer density is reduced, providing a faster
reintroduction to the understory community (Tamura 2019). When deer are excluded

from the landscape the number of reproductive M. canadense and overall cover
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significantly increases (Kirschbaum and Anaker; Ferker et al. 2014; Casabon and Potheir
2008). Populations have been recorded beginning to recover after 8 years of deer
exclusion based on the metrics of leaf and population size (Collard et al. 2010). M.
canadense leaves also have a marked response to browsing; with shorter average leaf
lengths and higher photosynthetic rate when under high browsing pressure (Kirschbaum
and Anaker 2005; Herberling et al. 2017). Since population metrics and independent
plant growth change in relation to browsing pressure, M. canadense is an ideal study

organism to evaluate the effect deer have on deciduous forest understories.

EFFECT ON WOODY SPECIES

Woody species are the other component of the understory vegetation community
that responds to changes in deer with far reaching consequences to the forest community
and structure. Woody plant species as discussed in this research are perennial plants that
persist above ground outside of the growing season with ligneous tissue (Bettenfield et al.
2020). In Eastern North America, woody species are browsed year-round as some of the
few food sources for herbivores during the winter (Skinner and Telfer 1974). Because of
the persistent browsing, woody plants are strongly affected by deer overabundance, at
times unable to transition from germinates to saplings (Blossey et al. 2019). Given that
woody species are responsible for the vertical complexity of forests, an inhibition of their

regeneration can lead to a loss of habitat complexity and species that depend on it.

Shrubs
Shrubs are the woody species in understory communities that grow to an
intermediary height, above most of the understory but below the canopy. Since they

remain in the understory for their entire life, these species are never released from deer
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herbivory. For example, sustained high browsing pressure removed almost all shrub
species from Game Lands #30 in Pennsylvania (Goetsch et al. 2011). Under conditions of
sustained deer overabundance browse-sensitive shrubs have a higher risk of being
extirpated than trees, since once removed from the seedbank there is no further seed
source (Kelly 2019). If deer density is lowered while the species are still present, they can
increase in abundance by 100 to 200 times compared to plots exposed to ambient deer
density (Freker et al. 2014). Excluding deer from the landscape resulted in 3 to 4 times
the abundance of two intermediately preferred native shrub species; Lindera benzoin and
Asimina triloba (Shelton et al. 2014). Both increases in browse sensitive and tolerant
species demonstrate the substantial effect deer browsing can have on the understory

community.

Persistent high browsing pressure can also work in concert with other
anthropogenic factors. This has been seen in New Jersey, where the forest fragmentation
and unprecedented high deer density lead to a decline in native shrub cover by 72% over
sixty years (Kelly 2019). Management regimes such as fire suppression can also
exacerbate the effect deer browsing has on browse sensitive species. When periodic fires
occur, shrub abundance increases, even under deer browsing (Royo et al. 2010a). The
introduction of invasive invertebrate species, for instance earthworms, can also result in
declined abundance of native woody plants (Fisichelli et al. 2013). Deer overabundance
also interacts with indirect effects such as interspecific competition, changing shrub
survivorship and abundance. In these conditions, palatable shrubs such as Rubus
allegheniensis are eliminated from the area when in direct competition with browse

resistant understory species like Dennstaedtia punctilobula (Royo and Stanovick 2019).

12



Overall, high deer densities increase the effect that other factors can have on the

understory community, often impacting shrubs strongly.

Seedlings

The effect of deer overabundance on seedling success has been widely
documented. High deer density following a forest harvest can result in failed stand
regeneration due to the increased browsing pressure following the disturbance (Petersson
et al. 2019; Miller and McGill 2019). Though seed sources are still present in the
landscape, high browsing pressure can prevent seedlings from transitioning to saplings,
resulting in recruitment failure (Tilghman 1989; Horsley et al. 2003; Blossey et al. 2019).
When deer remain overabundant for prolonged periods the failed recruitment of dominant
tree seedlings into the canopy can result in turnover of the canopy composition (Rogers et
al. 2008). Although a worst-case scenario, with the increasing mean temperature from
climate change the failed recruitment due to high deer browsing pressure may be

exacerbated (Talluto et al. 2017).

As seen with herbaceous plants, browse timing and environmental parameters
affect seedling response to browsing damage. Simulated browsing during the winter had
no apparent effect on seedling growth, but summer browsing reduced growth responses
of seedlings (Canham et al. 1994). Similarly, Collard et al. (2010) demonstrated a higher
rate of growth in exclosure plots than paired ambient density plots. Simulated browsing
also increased cumulative mortality, especially for non-shade tolerant species, reducing
the diversity and abundance of browse sensitive species over time where there was

summer browsing (Canham et al. 1994; Gill and Beardall 2001; Bradshaw and Waller

13



2016, Kelly 2019). Over prolonged periods, the decreased growth and increased mortality

can result in changes of understory dominance for woody species.

Comparable to shrubs, tree seedling percent cover declines by up to 91% in areas
with other anthropogenic effects, such as habitat fragmentation (Kelly 2019). Deer-
preferred species can be extirpated from areas, resulting in a range contraction for deer
sensitive species (Patton et al. 2021). Additionally, the density of subcanopy trees
declines during deer overabundance, as few seedlings can grow to that point (Kain et al.
2011). In the subcanopy the proportion of shade tolerant trees increases, as they can

outcompete other species for resources under stressful conditions (Holmes and Webster

2009).

This reduction in abundance can lead to regeneration debt and mismatches, where
the understory no longer reflects the canopy (Miller and McGill 2019). Both regeneration
mismatch and regeneration debt were seen in the Allegheny High Plateau of
Pennsylvania. In a paired-exclosure experiment the plots of ambient deer density were
dominated by Acer pensylvanicum, which did not reflect the canopy of Prunus serotina,

Acer saccharum, Acer rubrum, Fagus grandiflora, and Betula spp. (Kain et al. 2011).

LEGACY EFFECTS OF HIGH DEER BROWSING

Long-lasting deer overabundance alters plant community compositions, especially
in the forest understory where there can be long time lags in recovery. Deer sensitive
species are selectively browsed, and over time their populations across the landscape
decline and the fitness of individual plants is reduced (Goetsch et al. 2011; Pendergast et

al. 2016). This population decline can result in extirpation or source populations forming

14



in local refugia such as boulders where deer cannot reach the vegetation to browse

(Goetsch et al. 2011; Rooney 1997).

Susceptibility to deer browsing varies among different groups of plants. Spring
ephemerals are often subject to heavy browsing pressure as deer diets shift from woody
plants to herbaceous plants (Skinner and Telfer 1974). Persistent deer browsing following
winter can lead to extirpation as the plants contend with both browsing and interspecific
competition as other species begin to leaf out (Augstine and Jordan 1998). These
extirpations further homogenize the landscape, paving the way for deer tolerant species

such as Oxalis spp. to dominate the early spring leaf out (Rooney 1997).

When the understory community has been homogenized to that degree,
recolonization success and speed by browse sensitive species depends on dispersal
strategies (Jacquemyn et al. 2001; Pendergast et al. 2016). Some species are dispersed by
wind or large animals, and thus they can be reintroduced to a previously extirpated area
from nearby refugia (Pendergast et al. 2016). Other species are spread by smaller
organisms, for example ants, and their limited movement means that reintroduction to the
landscape at large can take much longer (Jacquemyn et al. 2001; Huebner et al. 2010).
The obvious management choice to prevent these community changes is to reduce deer
density; however, lowering deer density after years of overabundance does not guarantee
community recovery (Augustine and Frelich 1998). In some cases, the community
composition has shifted so far from the baseline that active management is the only

pathway to recovered biodiversity.

The timing of deer overabundance is also important and can affect how long

community recovery can take. For example, high deer density during tree stand initiation
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alters the seedling community as well as the understory for more than 30 years (Nuttle et
al. 2014). Since deer browsing limits recruitment and reproductive successes (Tanentzap
et al. 2009, Anderson 1994; Rooney and Waller 2003), and light availability is a large
factor in determining plant success in forest understories (Walters et al. 2016), deer
overabundance immediately following disturbances may disproportionately affect

community structure for years.

Although it is known that species take time to recover after over-browse, there is
no widely applied estimate of how long it takes for a community to recover (Collard et al.
2010; Shelton et al. 2014). In some cases, a decade is not long enough for a community to
fully recover (Pendergast et al. 2016). These time lags or legacy effects of deer
overabundance present multiple difficulties for management teams. Because there is no
clear timeline for recovery setting meaningful management goals can be hard, as more
research needs to be done to better understand the complex recovery process. The Kinzua
Quality Deer Cooperative was established in 2000 in part to learn more about the timeline

of understory vegetation recovery.

KINZUA QUALITY DEER COOPERATIVE

By the start of the twenty-first century deer densities had declined some but were
still overabundant. Stand failures were still common after harvests and the Pennsylvania
Bureau of Forestry was spending around $750,000 annually on fence construction to
address deer over browsing regenerating stands (Stout et al. 2013). The effect of deer
overabundance was well established, but any discussion of reducing deer density was met
with forceful pushback from hunters throughout Pennsylvania. Based on the long-lasting

deer overabundance the public perception of what a desirable deer density resembled was
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heavily skewed towards overabundance. Hunters of multiple generations created
widescale pushback against policies aiming at reducing deer density throughout
Pennsylvania. To address that divide, a collection of private landowners, public land
managers, scientists, hunters, and others in the region came together with the Sand
County Foundation to establish a collaborative active management plan for deer
densities. Prioritizing interdependence between these groups the Kinzua Quality Deer

Cooperative was established in 2000.

The KQDC was established to pilot an adaptive management program to improve
the deer herd, improve habitat quality, and to sustain hunter buy-in. Land managers
sectioned out 30,000 continuous hectares of forest on the High Allegheny Plateau,
incorporating multiple landowners and reducing the effect of edge effects. Within this
area land managers provided more information and engagement opportunities for local
hunters, continuously prioritizing local engagement. Within the same area, deer browsing
effect and understory plant community was monitored to continuously evaluate the

effectiveness of the interactive management strategy.

Study Area

This study was conducted within the Kinzua Quality Deer Cooperative (KQDC)
adaptive management demonstration area. The KQDC is 306 km? of forested land
managed by both public and private entities (Allegheny National Forest, Kinzua Forests
LLC/Conservation Forestry, Bradford Municipal Water Authority, Kane Hardwoods (a
Collins Pine Company), and RAM Forest Products) within the Allegheny High Plateau
(Royo et al. 2010b). The Allegheny Plateau is an unglaciated area with broad flat-topped

ridges separated by valleys (Whitney 1990). Average altitude of the area is 500-700
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meters above sea level which diverted the Wisconsin Laurentide ice sheet to the east and
west (Aguilar and Arnold 1985). The soils reflect the parent material and are typically
acidic, infertile, and moderately fine to moderately coarse (Whitney 1990). The soils in
this region also demonstrate low levels of cation exchange, and this effect was
exacerbated by acidic precipitation common in the end of the twentieth century (Bailey et

al. 2004).

The climate of the Allegheny High Plateau is characteristic of its high elevation in
mid-Atlantic areas, with hot humid summers (average temperature 18.6° C) and cold
winters with moderate snowfall (< 1,500 mm per year) (Whitney 1990). The western
region of the Allegheny High Plateau, where the KQDC sits, typically sees more rainfall
than the eastern region, with an average annual precipitation of 1,067 mm (Whitney
1990). The growing season lasts 100-130 days, shorter than the surrounding areas

(Whitney 1990).

Forests in this region are usually 80-100 years old second growth Allegheny
hardwood stands with canopies dominated by black cherry (Prunus serotina) and red
maple (Acer rubrum). Traditionally the Allegheny High Plateau was classified as a
hemlock-white pine- northern hardwood region, but dominant canopy composition has
changed in response to silviculture practices (Whitney 1990, Royo et al. 2010b). Current

forests have an average basal area of 32.5 m?/ha (Royo et al. 2010b).

White-tailed deer have been overabundant throughout this region since the 1930’s
(McCain 1939), quickly recovering from their near extirpation at the beginning of the
twentieth century (Frye 2006). For the majority of the twentieth century deer densities in

the region have averaged between 16-23 deer/km? (McCain 1939; Horsley et al. 2003),
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which is 5 to 8 times their historic density estimates of 2-4 deer/km2 (Alverson et al.
1988). Through the almost 80 years of overabundance the high deer browsing pressure
changed the vegetation community (Horsley et al. 2003; Royo et al. 2010b). Browse
sensitive herb, shrub, and tree species declined in richness and abundance, while browse
resistant tree, ferns, and graminoid species followed an opposite trend (Rooney and Dress
1997; Tilghman 1989; Kain et al. 2011). Overall understory species richness declined
from the start of the high-density period, through much of the twentieth century, even in

protected old growth forests (Rooney 2001).

In 2001 researchers with the KQDC superimposed a grid of 2.6 km? blocks (1.609
km x 1.609 km) across the study area. They then selected 21 blocks at random for data
collection, using the 2.6 km? areas (Figure 1.1) to approximate the average home range
for deer in the region (Royo et al. 2010b). Within each block researchers nested seven
35.4 x 35.4 m (1250 m?) long-term vegetation monitoring plots (Figure 1.1), one at the
center point of the larger block with the others radiating out 400 m away from the center
point at 60° intervals beginning randomly. In each plot the corner point facing the
cardinal directions two smaller subplots were established using the same center point
(Figure 1.2). A 12.56 m? (2 m radius) woody vegetation monitoring subplot with a nested

1 m2 (56.4 m radius) herbaceous layer monitoring subplot (Figure 1.2).
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Figure I.1 Placement of vegetation sampling clusters in the KQDC (left). Plots still present in 2021, the placement of
each plot in relation to the center (right).
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Figure 1.2 Conceptual plot layout. The purple circle indicates the center point of the plot. From that center point four
subplots were established 25 m away in the cardinal directions (blown-up green circles). The larger subplot had a2 m
diameter and was used to evaluate changes to the woody understory. The smaller subplot had a 0.5 m radius and was
used to estimate the abundance of all vegetation under 1 m tall. The blue band running down the western side of the
north-south transect was used to estimate the abundance of M. virginiana and measure their height.

Between 2001 and 2021 these long-term vegetation plots were sampled six times;
in 2001, 2003, 2007, 2011, 2016, and 2021. Permanent vegetation plots were removed
from the sampling pool if the stand was logged, the area was treated with herbicide, three
or more of the permanent plot markers were gone, or if the GPS coordinates were lost.
The number of permanent plots sampled varied each year based on the number of

remaining plots and the field season length.
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MANAGEMENT STRATEGIES

Deer Management and Hunter Participation

Deer density was manipulated throughout the KQDC using the Deer Management
Assistance Program (DMAP) starting in 2003. The program allowed land managers to
request additional antlerless deer tags (permits to take additional antlerless deer) if they
could prove that deer were interfering with their management goals. For the KQDC, these
additional tags translated to about one additional antlerless permit for each 20 ha for the
first season. Following that first season, the KQDC Leadership Tag used annual
overwinter density estimates to guide the application of DMAP permits to reduce deer
density. Based on prior research (Tilghman 1987; Horsley et al. 2003) the leadership
team set the goal of 6 deer/km? (Stout et al. 2013). With the DMAP program, the KQDC
Leadership Team was able to reach to goal of a mean 6 deer/km? throughout the KQDC
by 2005. Deer densities largely remained at or below this target from 2005 until 2018,
rising above it again from 2018 until the present. This increase in deer density relates to a
decline in hunter engagement and a change in the Pennsylvania State Game Commission

Policy.

Prior to the implementation of DMAP in the KQDC, local hunters were asked to
complete a survey about deer in the region. Using these answers, the KQDC Leadership
Team had a better understanding of what their local hunters thought about deer-reduction
policies. Using the results of that survey the KQDC Leadership Team cultivated multiple
opportunities for the hunting community to engage in management practices to increase
hunter buy-in. Hunters were invited to work with the KQDC on annual pellet routes to

estimate overwinter deer density and to help with roadside counts. The Leadership team
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also hosted annual banquets with raffles to provide information on how the management
goals were being met and thanking the hunters for their participation. These community
outreach programs were largely successful, cultivating community buy-in for the

management policies that focused on the reduction of the KQDC deer herd.

Habitat Monitoring

Using the long-term ecological research plots (Figure 1.2) the KQDC recorded
changes in the understory community in response to the modulation of deer density.
Research crews employed by the US Forest Service surveyed plots throughout the KQDC
from late May until the middle of August. Following set protocols the field crews
estimated species richness, community composition by plant growth types, woody
abundance and browsing damage, and growth measurements for three Liliaceae species.
There were some changes to the data collection process between 2007 and 2011, but I
found no significant differences between the periods. The timing and sampling unit for

each variable are listed in the table below (Table 1.1).
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Table 1.1 Breakdown of the sampling unit of each vegetation community variable, and years they were sampled

uniformly.
Variable Sampling Unit Years Sampled
Species richness Whole plot 2003, 2007, 2011, 2016,
2021
Community Herbaceous subplot 2001, 2003, 2007, 2011,
composition 2016, 2021
Woody plant Woody subplot 2001, 2003, 2007, 2011,
abundance 2016, 2021
Woody plant browsing Woody subplot 2001, 2003, 2007, 2011,
damage 2016, 2021
Maianthemum Herbaceous subplot 2001, 2003, 2007, 2011,
canadense leaf length 2016, 2021
Medeola virginiana 50 meters transect 2003, 2007, 2011, 2016,
abundance 2021
Medeola virginiana 50 meters transect 2003, 2007, 2011, 2016,
height 2021
Trillium spp. Whole plot 2003, 2007, 2011, 2016,
abundance 2021
Trillium spp. height Whole plot 2003, 2007, 2011, 2016,
2021
Trillium spp. Whole plot 2003, 2007, 2011, 2016,
proportion reproductive 2021

RESEARCH GOALS/QUESTIONS

The establishment of the KQDC provided a unique opportunity to evaluate how
managing deer herds can affect the understory vegetation community. Most research
evaluating the effects of deer density on forest vegetation communities only compares the
presence and absence of deer. While this information provides a starting place to examine

the interactions with greater control, it does not translate into practical management
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advice for land managers. White-tailed deer are the dominant herbivore throughout
eastern North America. Completely excluding the deer from the forests is not a viable
option. Similar management alternatives, such as fencing specific areas are imperfect,
expensive, and focus more on silviculture goals than landscape resilience. To evaluate if
understory communities can recover following decades of over browsing, deer must still
be present on the landscape, as they are a part of the larger ecosystem. The KQDC and
this study seek to bridge that gap and start to answer if vegetation communities can

recover by managing deer density.

Within the framework set up by the KQDC I developed one overarching research
question: In which ways does managing deer densities, using targeted reductions with the
DMAP permits, allow the understory community to recover? Previous research has
indicated that there are strong legacy effects of deer overabundance acting in the KQDC
(Royo et al. 2010b). Other studies have shown wide-scale community recovery beginning
as soon as eight years after the removal of deer browsing pressure (Shelton et al. 2014). I
wanted to examine the same recovery trend and determine if the vegetation community
began recovering in the thirteen years deer density was beneath the 6 deer/km?
benchmark throughout the KQDC. I used data from the six intensive vegetation sampling
periods to address this question, focusing on the non-woody community in Chapter 2 and

the woody community in Chapter 3.

The information used to address my questions has been, and will continue to be,
used for active land management decisions throughout the KQDC. For more details about
prior research done throughout the KQDC see Anacker and Kirschbaum (2005), Reitz et

al. (2004), Royo et al. (2010b), and Stout et al. (2013). It is my overarching goal to
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provide land managers with an updated understanding of how the interactive
management of the deer herd has affected forest understories in the KQDC. This
information may also be useful in determining best-knowledge management practices

related to deer density throughout eastern North America.
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II. HERBACEOUS LAYER RESPONSE TO DEER BROWSING

ABSTRACT

Preferential browse by overabundant white-tailed deer (Odocoileus virginianus)
since the early 1900’s has shifted the understory community composition throughout
eastern North America. Sustained high deer density leads to communities dominated by
ferns and graminoids, which often suppress deer-preferred herbs, shrubs, and trees under
continued high deer density. This homogenizes the understory. When deer are excluded
from the landscape the community begins to recover, with different portions recovering
at different speeds. Here I evaluate how large-scale deer density manipulations within the
Kinzua Quality Deer Cooperative of Pennsylvania affected the herbaceous layer of the
understory vegetation community. Using data from six periodic intensive vegetation
surveys throughout the 30,000 ha of the Kinzua Quality Deer Cooperative, I assess how
species richness, community composition, and growth measurements of indicator species
responded to sustained reductions in deer density: including potential time lags in
recovery. | found that species richness increased over time after the reduction in deer
density but demonstrated a positive relationship when directly compared to deer density.
Community composition increased in heterogeneity over time as fern dominance
declined, and the five plant growth forms evaluated (fern, graminoid, herb, shrub, and
tree) showed mutually independent responses to increasing deer density. Growth
measurements and reproductive potential of indicator species (Maianthemum canadense,

Medeola virginiana, and Trillium spp.) displayed negative relationships with deer
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density, and initially increased following a reduction in deer density. All measures of
community recovery demonstrated some degree of time-lag in recovery. These findings
suggest that a landscape wide reduction in deer density is a viable management plan to
promote community recovery following prolonged deer overabundance. However,
increases in deer density can revert progress in recovery, even after 12 years of sustained

low densities.

INTRODUCTION

White-tailed deer (Odocoileus virginianus) are the dominant herbivore throughout
the forests of eastern North America, and deer densities have increased up to 12-fold
since the early 1900’s (Rooney 2001). During that period of overabundance deer changed
the understory composition through preferential browsing (Coté et al. 2004), resulting in
significant shifts in the understory community composition. Prior to high deer densities
the understory was composed of a diverse mix of herbs, shrubs, trees, ferns, and
graminoids based on surveys done at the start of the twentieth century (Lutz 1930). After
sustained overabundance the same communities are now dominated by ferns and
graminoids with only a few browsing resistant species (Rooney and Dress 1997; Waller
and Alverson 1997; Goetsch et al. 2011). Legacy effects persist in the landscape for long
periods, even after deer density has been reduced (Nuttle et al. 2014; Pendergast et al.
2016). In most cases, the shift in understory community became apparent after multiple

decades, but there are some changes to the community that happen from year to year.

Preferential browsing puts certain plant species and growth forms more at risk.
Spring ephemerals that leaf out before most other plants are often preferentially browsed

at the start of spring based on preference and availability (Webster et al. 2005).
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Additionally, all species that don’t grow tall enough to leave a deer’s reach are more at
risk for continuous browse (Waller and Alverson 1997). Deer diets change throughout the
seasons, but from spring through the fall deer browse more heavily on herbs and fruit
than on woody plants (Skinner and Telfer 1974). Thus, the herbaceous components of the
understory are often used as an indicator to evaluate the effect deer density has on the

community.

Indicator species are used to evaluate the effect of different biotic and abiotic
filters on a community and are typically chosen because they demonstrate a significant
response to the selected filter and are abundant in the region (Wilbur et al. 2017). As
such, indicator species are selected to serve in proxy for community responses to deer
browsing to balance efficiency in data collection with data that provides insight into how
the community may be changing. Other time-saving evaluations of community changes,
like species richness and diversity, can be altered by multiple environmental changes and
may not respond to treatments within the span of the experiment (Rooney 2009; Collard
et al. 2010; Royo et al. 2010b; Habeck and Schultz 2015; Boulanger et al. 2018).
Selection of indicator species can vary based on regional community composition, and

abundance within the sample area.

Throughout eastern North America members of the Liliaceae family are common
indicator species as they are preferentially browsed and demonstrate changes in
population size and physical growth patterns (Anderson 1994; Kirschbaum and Anacker
2005; Huebner et al. 2010). Two Liliaceae species, Trillium grandiflorum and
Maianthemum canadense, have both demonstrated an increase in density when deer are

excluded from the landscape (Rooney 1997; Augustine and Frelich 1998; Kirschbaum
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and Anacker 2005). M. canadense abundance and mean leaf length increases when deer
are excluded from the landscape (Casabon and Potheir 2008; Rooney 1997). Similar
trends are seen with 7rillium spp., where vegetative height decreases under browse
pressure (Anderson 1994) and abundance increases when deer are excluded (Collard et
al. 2010). Defoliation of both M. canadense and Trillium erectum decreases carbohydrate
storage the following year, which can negatively affect growth potential and population
fecundity (Lapointe et al. 2010). Additionally, Trillium spp. survivorship and population
growth rates decline when exposed to intensive herbivory by deer, making them ideal for
tracking responses to changes in deer density (Rooney and Gross 2003; Knight et al.
2009). Because these species show pronounced and measurable changes in response to
deer browse (Anderson 1994), they can also be used to evaluate the effect of herbivory

along changing deer density gradients.

All measures of community response discussed above can be evaluated within
different research frameworks. Most research that evaluates community recovery to
changes in deer density use deer exclosures. This means that the deer are excluded from
plots, and the community composition is compared in the presence and absence of deer,
usually in areas with unknown or temporally variable deer densities (Shelton et al. 2014;
Frerker et al. 2014). Deer exclosures and the information they provide are important in
understanding how deer interact with the landscape, but they don’t explore viable
management options. Fencing large areas to promote community recovery is expensive
and labor intensive (Stout et al. 2013). Additionally, deer have been a part of the forested

ecosystem for a very long time and excluding them on large scales would bring about
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other, also potentially undesirable permanent changes to the plant community (Grime

1973).

An alternative to excluding deer from the landscape is managing deer density
throughout a larger spatial scale. This can be done through large culls or selective hunting
efforts targeting does to reduce population fecundity (Stout et al. 2013). Small scale
studies looking at select species or selected areas have shown that when deer density is
reduced the abundance and reproductive potential of browse sensitive and deer preferred
species can increase (McGraw and Furedi 2005; Savill et al. 2010). By scaling this
intentional reduction in deer density up and managing deer density for a larger area, the
community could begin recovering without the expensive installation of deer fencing. My
research explores how changes in overall deer density affects plant communities, and if

manipulating landscape-wide deer density will allow for understory recovery.

As my research evaluates how a landscape-wide management plan affects the
herbaceous layer of the understory plant community it fills the knowledge gap left from
deer exclosures, which do not account for different deer densities while incorporating
management goals. Through this research we hope to provide a better understanding of
plant community recovery in the presence of deer and explore a more feasible landscape
management practice to promote community recovery. Large-scale deer density
manipulations within the KQDC over the last 20 years allowed me to evaluate resulting
changes in the vegetation community, including potential time lags in recovery. Based on
previous exclosure results I made the following predictions. H1: species richness will
increase when deer density decreases. H2: fern and graminoid cover will decrease and

cover of browse sensitive growth forms (herb, shrub, and tree) will increase when deer
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density decreases, indicating changes in the community composition. H3: growth
measurements of indicator species (vegetative height, leaf length, and reproductive
potential) will increase under decreased deer density. H4: some changes in the understory

community have time lags and are related to deer densities in previous years.

METHODS

Study Area

This study was conducted within the Kinzua Quality Deer Cooperative (KQDC)
adaptive management demonstration area. The KQDC is 306 km? of forested land
managed by both public and private entities (Allegheny National Forest, Kinzua Forests
LLC/Conservation Forestry, Bradford Municipal Water Authority, Kane Hardwoods (a
Collins Pine Company), and RAM Forest Products) within the Allegheny High Plateau
(Royo et al. 2010b). Forests in this region are usually 90-120 years old second growth
Allegheny hardwood stands with canopies dominated by black cherry (Prunus serotina)
and red maple (Acer rubrum). Traditionally the Allegheny High Plateau was classified as
a hemlock-white pine- northern hardwood region, but dominant canopy composition has
changed in response to exploitative harvesting practices (Whitney 1990, Royo et al.

2010b). Current forests have an average basal area of 32.5 m*/ha (Royo et al. 2010b).

White-tailed deer have been overabundant throughout this region since the 1930’s
(McCain 1939), quickly recovering from their near extirpation at the beginning of the
twentieth century (Frye 2006). For the majority of the twentieth century deer densities in
the region have averaged between 16-23 deer/km? (McCain 1939; Horsley et al. 2003),
which is 5 to 8 times their historic density estimates of 2-4 deer/km? (Alverson et al.

1988). Through the almost 80 years of overabundance the high deer browse pressure
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changed the vegetation community (Rooney and Dress 1997; Goestsch et al. 2011).
Browse sensitive herb, shrub, and tree species declined in richness and abundance, while
browse resistant tree, ferns, and graminoid species followed an opposite trend (Rooney
and Dress 1997; Tilghman 1989; Kain et al. 2011). Overall understory species richness
declined from the start of the high-density period, through much of the twentieth century,

even in protected old growth forests (Rooney 2001).

In 2001 researchers with the KQDC superimposed a grid of 2.6 km? blocks (1.609
km x 1.609 km) across the study area (Figure 1.1). They then selected 21 blocks at
random for data collection, using the 2.6 km? areas to approximate the average home
range for deer in the region (Royo et al. 2010b). Within each block researchers nested
seven 35.4 x 35.4 m (1250 m?) long-term vegetation monitoring plots, one at the center
point of the larger block with the others radiating out 400 m away from the center point at
60° intervals beginning randomly (Figure 1.1). At each corner point facing the cardinal
directions two smaller subplots were established using the same center point (Figure 1.2).
A 12.56 m? (2 m radius) woody vegetation monitoring subplot with a nested 1 m? (56.4 m

radius) herbaceous layer monitoring subplot (Figure 1.2).

Between 2001 and 2021 these long-term vegetation plots were sampled six times;
in 2001, 2003, 2007, 2011, 2016, and 2021. Permanent vegetation plots were removed
from the sampling pool if the stand was logged, the area was treated with herbicide, plot
markers were missing, or if the GPS coordinates were lost. The number of permanent
plots sampled varied each year based on the number of remaining plots and the available

personnel.
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Deer Management

Deer density is managed in the KQDC using the Deer Management Assistance
Program (DMAP) run through the Pennsylvania Game Commission. This program allows
landowners to apply for additional coupons for additional antlerless deer tags if deer
densities were impeding management goals. In 2002 KQDC Leadership Team initially
requested one DMAP coupon per 10 ha, or 3,000 coupons (Stout et al. 2013), which was
above the standard rate of issue. In the following years coupons were requested for
specific areas within the KQDC based on pellet survey estimates of overwinter deer
density in the area. For this research I established a 6 deer/km? as a rough management
benchmark to contrast low deer densities to high deer densities. This benchmark is above
the estimates of pre-colonization deer densities (Alverson et al. 1988), but an achievable
across and landscape and is thought to reduce the effects of deer overabundance (McCabe

and McCabe 1997).

Data Collection

Deer Density

Deer density was estimated based on pellet group counts annually beginning in
2002 using the framework outlined by deCalesta (2013). Data were collected from five
1.6 km transects spanning each block after snowmelt, typically during April — early May.
In each transect deer pellet groups were counted every 30.5 m in 4.67 m? plots. Based on
transect length there were a maximum of 52 pellet groups counted on each transect. Deer

density was estimated using the following equation:

# of pellet groups

deer density = Z X days X area

pellet deposition rate
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Pellet deposition rate was estimated at 25/day/deer (Sawyer et al. 1990), day is the length
of time since leaf-off, and area represents the total area sampled (km?). This index
reflects the number of overwintering deer, which provides an estimate of the deer density

browsing vegetation in the spring and summer.

Understory vegetation and indicator species

Intensive vegetation surveys were conducted throughout the KQDC six times
from 2001 to 2021. In 2001 the community composition and leaf length of the indicator
species Maianthemum canadense were evaluated. In the following sample season (2003)
information about species richness and growth measurements for two additional indicator
species, Medeola virginiana, and Trillium spp., was collected. The variables used in this
research, sampling unit, and years sampled are shown below (Table 2.1). A more in-

depth description of the data collection process for each variable is given below.

Table I1. 1 Breakdown of variables used in this research, with their shorthand, unit of sampling, and years sampled.

Variable Sampling Unit Years Sampled

Species richness whole plot 2003, 2007, 2011, 2016, 2021

Community composition herbaceous subplot 2001, 2003, 2007, 2011,
2016, 2021

M. canadense leaf length herbaceous subplot 2001, 2003, 2007, 2011,
2016, 2021

M. virginiana abundance 50 meters transect 2003, 2007, 2011, 2016, 2021

M. virginiana vegetative height 50 meters transect 2003, 2007, 2011, 2016, 2021

Trillium spp. abundance whole plot 2003, 2007, 2011, 2016, 2021

Trillium spp. vegetative height by whole plot 2003, 2007, 2011, 2016, 2021

demographic class

Proportion of reproductive Trillium | whole plot 2003, 2007, 2011, 2016, 2021

spp.

The community composition of the understory vegetation community (< 1 m tall)

was sampled in the 1 m? subplots, separating the estimates out by species. During data
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processing the plant growth type (i.e., fern, graminoid, herb, tree, shrub) was added based
on the classifications established by the USDA. This data is used to estimate community
composition based on plant growth type, and as such [ summed the total ground cover for

each growth type to derive total coverage.

Starting in 2003 species richness was estimated at each plot by identifying all
species present to the highest taxonomic level during a whole plot search. Vouchers of
hard to identify species like graminoids were collected if appropriate following common
practices of field collections. The vouchers were then taken back to the Irvine Forest
Service office and compared to the Herbarium collection with the assistance of other

botanists to identify plants more accurately.

In addition to cover and richness, I used three Liliaceae herbaceous indicator
species were used during this research; Mainthemum canadense (Canada mayflower),
Medeola virginiana (Indian cucumber root), and Trillium species (7. erectum, T.
grandiflorum, and T. undulatum). Both M. canadense and Trillium spp. are well
established as indicator species as their respective leaf length and vegetative height
decline under high deer browsing pressure (Rooney 1997, Kirschbaum and Anacker
2005). M. virginiana is less commonly used as an indicator species, but its distinct
separation of reproductive and non-reproductive stages by leaf tiers makes it easy to
differentiate between reproductive capabilities (Wilbur et al. 2017). Additionally,
vegetative height of M. virginiana decreases when exposed to deer browsing pressure
(Wilbur et al. 2017). All three species are indicative of browse pressure throughout

Pennsylvania (Diefenbach and Fritsky 2007).
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Figure II1.3 Count of small (A), and large (B) seedlings, as well as (C) saplings based on deer density per km?,

Species-specific seedling abundance

The abundance of small seedlings of most species had a negative relationship with
deer density (p = 0.0013) (Figure 3.4 A). This relationship was not seen for the larger
seedlings (Figure 3.4 B) or for the saplings (Figure 3.4 C). A. rubrum, Betula spp., and F.

americana were the species with the strongest negative relationships (Table 3.3).

Table I11.3 Relationship between deer density and small seedling abundance based on species. This table displays the
slope with the calculated standard error, as well as the confidence intervals to the 95 percentiles. Significant
relationships are bolded.

Species Slope SE Lower CI Upper CI
ACPE -0.013 0.012 -0.037 0.013
ACRU -0.055 0.011 -0.078 -0.033
ACSA3 -0.014 0.020 -0.025 0.053
BETULA -0.017 0.014 -0.045 0.011
FAGR 0.0002 0.012 -0.023 0.023
FRAM2 -0.044 0.023 -0.091 -0.002
PRSE2 0.009 0.012 -0.015 0.32
TSCA -0.035 0.023 -0.080 0.009
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abundance had a positive relationship with increasing deer density. Neither large
seedling, nor sapling stem count demonstrated a significant relationship to increasing

deer density, even with incorporated time lags.

Figure II1.9 Stem count of species-specific small seedling abundance vs deer density per km? with varying time-lags.
Panel A shows no time-lag, Panel B shows one year time-lag, and Panel C shows two years' time-lag.

DISCUSSION

Prolonged deer overabundance causes landscape-wide declines in tree seedling
abundance. Some of the legacy effects caused by persistent deer overabundance were
reversed with the intentional reduction of deer herds. However, community recovery is
sensitive to subsequent increases in deer density and can quickly revert to the structure

common during periods of overabundance. Additionally, recovery occurs at different
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rates for each species based on browsing sensitivity and deer preference. Overall, my
results suggest that modulating deer density can be an effective way to promote seedling

regeneration, but that it takes time for the changes to occur.

Browsing damage changed in relation to deer density, which supported my first
hypothesis. Overall, browsing intensity increased with deer density for all seedlings,
supporting the findings of Royo et al (2010b) which observed the inverse relationship,
that browsing intensity declined with reduced deer density. Overall, browsing damage
had a positive relationship with deer density, indicating that at higher densities, deer
browse whatever is available. When broken out by species only 4. pensylvanicum, Betula
spp., F. grandiflora, and P. serotina showed significant correlations with deer density.
The first species were considered non-preferred by Hanberry and Abrams (2019), and
they demonstrated the strongest relationship of increasing browsing damage with
increasing deer density. This finding supports my hypothesis that browsing damage

increases with deer density, further agreeing with the findings of Gill and Morgan (2010).

However, other factors including frequency of each species on the landscape,
browse sensitivity, and environmental factors likely affected the clarity of this
relationship, as documented by other researchers (Patton et al. 2021). Another potential
explanation for the weak relationship between browsing damage and deer density for
most species is that woody species are only a small portion of the understory community.
During the period of sampling deer browse more herbaceous species, ferns, fruits, fungi,
and lichens than woody species, reducing the overall proportion of browsing damage
(Skinner and Telfer 1974; Collard et al. 2010). In addition to seasonal diets, the

relationship between browsing intensity and deer density changes based on species (Gill
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and Beardall 2001). My findings support those reported by Patton et al. (2021), where
browse sensitive seedling abundance declined as browsing intensity, which increased

with deer density, increased.

Seedling abundance changed with deer density for both size classes, supporting
my second hypothesis and other findings from the literature (Gill and Morgan 2010;
Russel et al. 2017; Patton et al. 2021). Additionally, the rate of change varied based on
size class with the smaller size class changing first, supporting my third hypothesis. This
finding mirrors the work of Gill and Morgan (2010), which demonstrated that small
seedling density was more impacted by deer density than large seedling density.
McGarvey et al. (2013) also found a similar relationship with seedling height, which
increased by a factor of two in exclosure plots. Overall, seedling density and deer density
demonstrated a curvilinear relationship, wherein the steepest decline in seedling
abundance occurs at lower densities, before tapering off (Trembaly et al. 2006; Gill and
Morgan 2010). This relationship suggests that some seedlings persist in the landscape,

even during deer overabundance.

The negative relationship between deer density and seedling abundance also
supports other findings of previous studies. Horsley et al. (2003) demonstrated that
seedlings of deer-preferred species have higher abundances at lower deer density. It also
corresponds to Kelly’s (2019) findings which compared past and present understories
based on increases in deer density. Kelly (2019) found that the seedling abundance
declined as deer density increased, and that for large seedlings this change was partially

reversed for large seedlings in long-term deer exclosures.
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