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A B S T R A C T

Long-term continuity of forest cover in eastern North America may be threatened in part by white-tailed deer
(Odocoileus virginianus), but effectively managing that threat requires greater understanding of the multi-scale
nature of deer browsing pressure and other forces affecting forest regeneration. We isolated the effects of white-
tailed deer on the regeneration of ten ecologically and commercially important tree species across the state of
New York by fitting forest regeneration models with variables representing fine-scale plant competition, stand-
scale seed dispersal, and region-wide patterns of climate, land-use, and deer abundance. Deer effects were not
consistent across species or space. Increasing deer abundance was associated with declining seedling abundance
for six species (Acer rubrum, Picea rubens, Pinus strobus, Tsuga canadensis, Prunus serotina, and Abies balsamea), and
nonlinear changes (peaking at intermediate deer abundance) for four species (Acer saccharum, Betula allegha-
niensis, Fagus grandifolia, Fraxinus americana). Models further indicated: (1) in many areas, meaningful increases
in tree seedling abundance may not be achievable by reducing deer abundance alone; (2) in some areas, modest
reductions in deer abundance may improve forest regeneration—these would be of high deer management
priority; and (3) in some areas, the magnitude of deer population reductions required to achieve meaningful
improvement in forest regeneration may be too large to be practical. Predicting forest regeneration across
heterogeneous landscapes is complex, and isolating the effects of deer requires greater understanding of multiple
potentially limiting and interacting factors (e.g., land-use, climate, forest characteristics). Our approach, based
on readily available spatial data, may help prioritize areas, define management goals, and lay a foundation for
adaptive management of deer to improve forest regeneration.

1. Introduction

Understanding how tree seedlings establish, grow and recruit into
forest canopies is a central theme in forest ecology with applications to
forest management and conservation (e.g., Runkle, 1981; Pacala et al.,
1993; Urgenson et al., 2013). Forest regeneration is the ultimate driver
of future forest composition and thus a key aspect of forest sustain-
ability and health (Nyland, 2016). However, advanced forest re-
generation may be too low to reliably secure ecologically or econom-
ically desirable future forest canopy characteristics over large areas in
many regions, including the northeastern United States (Connelly et al.,

2010; Mcwilliams et al., 1995; Nuttle et al., 2013; Ward et al., 2013).
While studies have explored how forest regeneration can be affected by
multiple ecological drivers, including abiotic factors (e.g., light, soil, or
changing climate) and competing vegetation (Pacala et al., 1994;
Dovčiak et al., 2003; Torssonen et al., 2015), herbivory by large
mammalian browsers has been increasingly highlighted as one of the
main factors suppressing forest regeneration and exacerbating re-
generation failure at landscape scales (Augustine and McNaughton,
1998; Frelich et al., 2012; Rhodes et al., 2018; Russell et al., 2017).

In eastern North America and elsewhere, sustained high population
densities of white-tailed deer (Odocoileus virginianus) exert major effects
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on forest ecosystems (Côté et al., 2004; Rooney and Waller, 2003).
Browsing by white-tailed deer (hereafter deer) exerts strong influences
on plant community diversity and composition (Frerker et al., 2014;
Gill and Beardall, 2001; Horsley et al., 2003; Knapp and Wiegand,
2014), and can facilitate invasions by non-native plant species (Averill
et al., 2018; Kalisz et al., 2014). Importantly, deer effects on forest
ecosystems are not restricted only to vegetation as they can cascade
throughout multiple trophic levels—affecting soil nutrients, mycor-
rhizae, animal populations, and overall ecosystem functioning (Shelton
et al., 2014). Consequently, resource management agencies have in-
creasingly considered the interdependency of forest health conditions
and deer population management (NYSDEC, 2012; Rosenberry et al.,
2009). However, isolating the impacts of deer on forest regeneration at
the broad spatial scales relevant for deer management (e.g., wildlife
management units) is a non-trivial endeavor that requires integrating
information across dramatically different spatial scales and trophic le-
vels—ranging from fine-scale, stand-specific information on forest re-
generation to coarse-scale, management unit-specific information on
deer abundance.

The effects of deer browse on forest vegetation have traditionally
been evaluated using exclosure studies in which an artificial “no
browse” (or “no deer”) state is compared to an uncontrolled and vari-
able level of deer browsing pressure outside the exclosure (Frerker
et al., 2014). In contrast, deer enclosure studies incorporate varying
known deer densities, and in some cases exclosures and enclosures have
been coupled with experimental manipulation of multiple habitat types
(e.g., young vs. mature forest) and land-use or forest management
patterns (Côté et al., 2004; Horsley et al., 2003; Sage et al., 2003;
Tremblay et al., 2007) to better isolate deer impacts. While exclosure
and enclosure studies provide powerful research tools at local stand
scales (ca. 1 ha to 1 km2), they cannot fully encompass the range of
forest conditions (e.g., climate, forest composition, topography, land-
use patterns) that affect both forest regeneration (Price et al., 2001;
Walck et al., 2011; Wason and Dovciak, 2017) and deer browsing be-
havior (and thus impacts) at the broad landscape scales (≥200 km2)
relevant for deer management (Collard et al., 2010; Hurley et al., 2012;
Barrett and Schmitz, 2013).

Across broad-spatial scales, landscape heterogeneity influences deer
habitat use and resulting browsing pressure depending on dietary pre-
ferences and forage abundance (Hurley et al., 2012; Nuttle et al., 2013;
Royo et al., 2017; Senft et al., 1987) and non-dietary factors (e.g.,
thermal cover, Barrett and Schmitz, 2013). Moreover, deer can exhibit
density-dependent movement and browsing behavior (Kie and Bowyer,
1999; Patterson and Power, 2002) that result in higher impacts in areas
such as small forest fragments surrounded by habitats providing
abundant favored forage (e.g., agricultural crops, meadows; Augustine
and DeCalesta, 2003). Importantly, models that incorporate landscape-
scale heterogeneous browsing effects have been shown to better simu-
late observed patterns of forest regeneration than those that do not (De
Jager et al., 2017). In the mixed agricultural-forested landscape of
central New York, any given deer home range (usually ≤2 km in ra-
dius) may include variable amounts of forest, agricultural, and meadow
cover types (with a 2:1:1 ratio on average; Williams et al., 2011), with
deer impacts on forest regeneration likely to be positively correlated
with the total amount of suitable foraging habitat. Understanding the
linkages between coarse-scale (regional) deer abundance and finer-
scale variation in deer habitat is a critical step in predicting and
managing deer impacts on forest regeneration (Felix et al., 2007).

Our overarching goal was to better understand and predict deer
impacts on scales relevant to, and using data readily available to,
wildlife managers. Specific objectives were to:

(1) Model the additive and interactive effects of deer abundance and
ecological drivers operating at site-, stand- (e.g., forest type, seed
source, stand age, light availability; Russell et al., 2001) and
landscape-levels (e.g., climate; Thuiller et al., 2005) on

regeneration for common tree species across New York State. We
hypothesized that (i) the magnitude of deer impacts would be re-
lated to deer browse preferences (e.g., sugar maple; Acer saccharum
more impacted than beech; Fagus grandifolia), and (ii) deer abun-
dance would be a major driver on regeneration success; potentially
equally or more important than stand-level and climate-related
drivers, whereas landscape-level factors (e.g., proportion of forage
versus forest area, and forest type) would interact with deer
abundance to influence local regeneration patterns.

(2) Apply our models to simulate reductions in deer abundance and
identify areas where targeted deer management alone may mean-
ingfully improve forest regeneration (cf. Sage et al., 2003;
deCalesta, 2010; Stout et al., 2013).

Importantly, intentional use of readily available and regularly up-
dated (e.g., every five to ten years) spatial data on forest structure (U.S.
Forest Inventory and Analysis—FIA database; Burkman, 2005) enabled
us to evaluate changes in forest regeneration in order to provide feed-
back for adaptive deer management. Ultimately, this information will
allow wildlife and forest managers to more efficiently and effectively
accomplish their goals for forest regeneration and ecosystem services
(NYSDEC, 2012; PA DCNR, 2013).

2. Methods

2.1. Study area and scope

The study area encompassed the private and public forest lands of
New York State in the northeastern United States (Widmann et al.,
2015) covering ca. 7.66 million ha and 60% of the state (NYSDEC,
2005). Most of this forested area is dominated by second growth forest
because 85% of the state was used for agriculture in the 1890s
(NYSDEC, 2005). Hardwood forests represent 90% of the forested land,
of which maple-beech-birch and oak-hickory forest types are most
common, while spruce-fir conifer forests represent a significant portion
of forested lands in the northern areas of the state (Widmann et al.,
2015).

New York State is characterized by a humid temperate climate with
average temperatures ranging from −9 to 1 °C in January and 19 to
25 °C in July (Bailey, 1980; NYSDEC, 2005). Mean annual precipitation
is ca. 1016 mm per year, with relatively drier conditions in the western
regions and moister conditions in the northern regions (particularly the
Adirondack Mountains) (NYSDEC, 2005). The topography, geology,
soils, and climate are highly variable across the state with ecoregions
spanning mountainous areas (e.g., the Adirondack Mountains or the
Appalachian uplands) to lowlands (e.g., the Great Lakes ecoregion;
NYSDEC, 2005).

2.2. Model variables

We derived response (numbers of seedlings) and predictor (site,
stand, and landscape) variables from broadly available, standardized
data sets associated with large U.S. national monitoring programs. Deer
harvest data are collected annually by state agencies, which makes data
on deer abundance over relatively large spatial scales also publicly
available. Consequently, our approach is broadly applicable to other
states in the U.S. or countries with similar monitoring programs.

Forest regeneration—We calculated seedling abundances for all
major tree species (response variables) on 2014 plots of the U.S. Forest
Inventory and Analysis (FIA) Program (http://www.fia.fs.fed.us) in
New York State (Fig. 1). FIA data are based on periodic field surveys of
trees and tree seedlings on plots systematically placed on forest land
across the United States. FIA plots are 0.4 ha and contain four circular
overstory subplots (7.32 m radius). Nested within each subplot there is
a circular microplot (2.07 m radius) where seedlings are identified and
measured (Burkman, 2005). The FIA program defines tree seedlings as
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individuals < 2.54 cm in diameter at breast height (DBH, 1.3 m height)
that are either ≥15.24 cm tall for hardwood species or ≥30.48 cm tall
for conifer species (Burkman, 2005). We used the complete FIA in-
ventory for New York State spanning the period between 2008 and
2013. All plots were sampled once during this timeframe. We selected
plots following Shirer and Zimmerman (2010) that were (1) fully
forested (all four subplots categorized as forested), (2) of natural origin
(not a plantation), (3) without human disturbance within the past
5 years, (4) mature or maturing rather than young post-harvest forests
(i.e., containing live trees with DBH > 12.7 cm), and (5) with live
stocking between 20 and 100%. In addition, plots had to be located in
Wildlife Management Units (WMUs; delineated by NYSDEC for deer
management purposes) that were open to deer harvest and thus for
which we had a measure of deer abundance (see below). The ten eco-
logically- and commercially-important target species accounted for >
70% of all tree seedlings on the selected plots (Table 1).

Deer abundance index—Formal estimates of deer abundance are
rarely available, especially at large extents such as the entirely of a
state. Accordingly, we used a deer abundance index (DAI) based on
harvest data, specifically the number of bucks harvested in each WMU
per year and km2. DAI has been shown to correlate well with deer
abundance in New York State (Nesslage and Porter, 2001; Sage et al.,
1983), and large mammal abundance elsewhere (Ueno et al., 2014),
despite natural variation caused by varying hunting effort (e.g., due to
local differences in doe harvest or site access). DAI was calculated from
New York State Department of Environmental Conservation (NYSDEC)
data on annual deer harvest. The 92 WMUs in New York State range in
size from 238 to 7892 km2 (average size of 1373 km2; NYSDEC, 2012).
We excluded six WMUs that occurred in largely urban or suburban
areas where deer harvest records are not considered to be a reliable
indicator of deer abundance due to hunting restrictions (Buffalo, Ro-
chester, New York City and surroundings, Long Island; Fig. 1). We

Fig. 1. Map of New York State showing lo-
cation of 2014 Forest Inventory and
Analysis (FIA) plots used in the study (gray
dots) and boundaries of wildlife manage-
ment units (WMUs) (black lines). Shading
corresponds to the number of bucks har-
vested per km2 per year (2009–2012
average), used as a proxy of deer abundance
(Nesslage and Porter, 2001). White areas
indicate WMUs excluded from analysis due
to lack of active deer management (and thus
data) by the NYSDEC.

Table 1
The 10 tree species selected for analysis, ranked by general deer browse preference* and shade tolerance (Horsley et al., 2003, Latham et al., 2005). Species with the
highest seedling abundance were selected, representing > 70% of all seedlings on the 2014 FIA plots meeting our selection criteria (see section Model varia-
bles—Forest regeneration for details) in New York State.

Species Common name Species code Deer browse preference Shade tolerance % of total seedling abundance

Betula alleghaniensis Yellow birch BEAL High Intermediate 3.68
Fraxinus americana White ash FRAM High Intermediate 12.72
Acer rubrum Red maple ACRU High Tolerant 5.92
Acer saccharum Sugar maple ACSA High Very tolerant 8.98
Tsuga canadensis Eastern hemlock TSCA Moderate Very tolerant 1.53
Prunus serotina Black cherry PRSE Low Intolerant 4.4
Pinus strobus Eastern white pine PIST Low Intermediate 1.99
Picea rubens Red spruce PIRU Low Tolerant 5.13
Abies balsamea Balsam fir ABBA Low Very tolerant 8.89
Fagus grandifolia American beech FAGR Low Very tolerant 19.25

Notes: * Deer browse preferences may vary to some degree across sites depending on food availability, alternative forage sources, disturbance history, snow cover,
and other regional and site-specific factors (Horsley et al., 2003, Latham et al., 2005).
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averaged the annual deer harvest data for the 2009–2012 period to
reduce potential year-to-year variation in deer abundance and hunting
regulations.

Forest stand indices—We used FIA overstory data to derive key,
stand-level covariates likely to affect tree seedling abundance. We
calculated total basal area as an index to the understory light en-
vironment, and used target species overstory abundance (canopy
abundance; the number of trees > 2.54 cm DBH) as an index of species
seed rain (cf. Messier et al., 1998). We used stand age to represent forest
development stage (cf. Messier et al., 1998). Importantly, we also cal-
culated interaction terms to account for changes in stand structure over
time (stand basal area × stand age) and changes in potential seed rain
with stand development (canopy abundance × stand age; cf. McEuen
and Curran, 2004). We further hypothesized that while increasing ca-
nopy abundance would have a positive effect in terms of seed rain, large
abundances of conspecifics may have a negative effect on seedling re-
generation with respect to resource levels (e.g., light) or accumulation
of seed predators and pathogens (cf. the Janzen-Connell model; Clark
and Clark, 1984; Hille Ris Lambers et al., 2002), thus we included a
second order polynomial term for canopy abundance to accommodate
non-linear responses in our models. To account for general environ-
mental differences, we categorized each plot into one of three broad
forest types—mixed hardwoods (maple-dominated hardwoods with
other deciduous and conifer species), oak-dominated hardwoods, or
spruce-fir forests. Finally, we included the abundance of understory
beech (individuals < 2.54 cm DBH) as a predictor of understory com-
petition from beech suckers, which have been noted to create highly
competitive beech thickets that can suppress other vegetation in our
region (cf. Wagner et al., 2010; Giencke et al., 2014). We also expected
that the amount of beech, an undesirable browse species, in the un-
derstory may also influence deer behavior and browse selection of other
species (Champagne et al., 2018).

Climate—Given pronounced climatic gradients across the state, we
obtained mean annual precipitation and mean annual temperature from
30-year Climate Normals (1980–2010) quantified at an 800 m resolu-
tion (PRISM, 2004). Although mean annual variables may not be the
actual climatic factors directly influencing regeneration success, they
tend to be highly correlated with potentially more biologically relevant
albeit more difficult to quantify climatic variables (e.g., growing season
precipitation or growing season length; Hamann and Wang, 2006;
Wason and Dovciak, 2017). Importantly, using these more general cli-
matic variables allowed us to readily characterize broad-scale climatic
gradients while avoiding the model over-fitting that can result from
including multiple correlated variables within the same model.

Land-use—We characterized land cover within a 2-km radius
(1257 ha) around each FIA plot using the National Land Cover Database
(NLCD; Fry et al., 2011) and ArcGIS (ESRI, 2018). The radius was
chosen to incorporate routine deer movements (< 2 km daily) and
home-range sizes in central New York State (Williams et al., 2011), and
to account for uncertainty in plot locations due to random displacement
(≤1 km) of plot coordinates by the FIA program to protect landowner
confidentiality (Woudenburg et al., 2011). To minimize model over-
parameterization, we excluded open water and barren cover types. We
then pooled all non-forested and non-developed cover types into a
single category representing foraging area (Table 2). Importantly, we
included foraging area as a modifier on deer abundance (foraging
area × DAI) to effectively downscale the WMU-level estimate of deer
abundance to more localized contexts where deer abundance (and thus
impacts) may be higher or lower relative to the overall WMU estimates.
For example, forest plots with a large foraging area in their vicinity may
experience greater local deer abundance (and browsing pressure) than
plots with no nearby foraging areas, irrespective of regional deer
abundance (Augustine and DeCalesta, 2003). Finally, we included as
covariates the latitude and longitude of the FIA plots to account for
other spatial gradients that might exist across the study area.
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2.3. Model framework and selection

Prior to model fitting, all variables were centered and standardized
to reduce potential correlations, increase model fit stability, and allow
comparisons of the effect sizes among variables (Dormann et al., 2013).
To further guard against multicollinearity, we calculated (i) Pearson
pair-wise correlation coefficients between all variables and did not
allow pairs of highly correlated variables (r > 0.7, P < 0.05) to be
included in the same model (Table A.1), and (ii) Variance Inflation
Factors (VIF’s) for each step in model fitting and excluded variables
with VIF > 5.

Before model fitting, we randomly withheld 10% of the FIA plots
(201 plots) to evaluate the predictive power of final models.

For each of the ten study species, we first fit a base model that
controlled for site, stand, and climate effects on seedling regeneration
(Table 2, Table A.2). DAI and forage area were the two variables not
included in this model (Table 2). This approach allowed us to determine
the effect of non-deer related drivers of seedling abundance before
entering deer related variables into the model framework. All models
were built in R 3.4.1 (R Core Team, 2017) using the glmmTMB package
for non-linear mixed models (Brooks et al., 2017). All variables were
treated as fixed effects in our models.

Seedling abundance data for all ten species contained a large
number of zeros and low seedling counts. Consequently, we compared
negative binomial, Poisson, and zero-inflated fits of the base model for
each species to ensure that we used the most appropriate response
distribution for each species model. AIC scores clearly indicated the
negative binomial as best for all species (ΔAIC > 100 in all cases).

Next, we fit a full, negative binomial model for each species that
included the base covariates as linear terms as well as a squared term
for canopy abundance and 2-way interaction terms related to stand
structure (ba × age and canabun × age). We used backwards AIC se-
lection (ΔAIC ≥ 2) to determine the best stand/environmental condi-
tion model(s) for each species (Table A.2). Backwards AIC selection was
run using the MASS package in R (Venables and Ripley, 2002). We then
added DAI and forage area variables as linear, non-linear, and

interaction terms to those models, and once again used backwards AIC
selection to determine the best overall model (Table A.2). The pre-
dictive capacity of final models was evaluated by comparing the root
mean squared error (RMSE) and R2 between predicted and observed
seedling abundance at the 201 withheld plots.

2.4. Simulating effects of deer reductions

To gain a better understanding of the sensitivity of forest re-
generation to potential manipulations of deer abundance, we compared
predictions for seedling abundance under ambient conditions from our
top models to three simulated levels of deer reductions by virtually
decreasing DAI values in each WMU. Reduction levels were selected to
simulate minor (25%), moderate (50%), and intense (75%) reductions
in deer abundance, although we recognize that intense (and in some
cases moderate) reductions may not be feasible management options.
To accomplish this, we first predicted seedling abundance under am-
bient (current) conditions at all 2014 FIA plots using the top-ranked
model for each species. Next, holding all other variables at ambient
levels, we predicted seedling abundance given each simulated level of
deer reduction. To summarize the overall forest regeneration response
under each scenario, we summed the predicted seedling density across
all species for each reduced level of DAI, and then calculated the per-
centage change relative to predictions under ambient conditions. To
examine spatial patterns, we used Geospatial Analyst in ArcMap 10.5
(ESRI, 2018) to create a continuous prediction surface for the percen-
tage change in seedling abundance across New York State under each
deer reduction scenario. We used an ordinary kriging with the default
parameters, as changing the underlying model, transforming co-
ordinates, or adjusting bins did not improve model fit. Resulting spatial
predictions were classified into positive or negative changes over am-
bient conditions with relative large (> 30%), moderate (15–30%),
slight (5–15%) or marginal (< 5%) positive or negative changes in
seedling abundance relative to ambient conditions.

Tree species showing non-linear, concave (humped) relationships
between seedling regeneration and increasing deer abundance (i.e.,

Table 3
Predictor variables in species final models for tree seedling abundance across New York State. Variables are labelled with + or − to show their positive or negative
effects on seedling abundance. Parentheses indicate variables retained using the AIC selection despite their lower statistical significance (P > 0.10). Species codes
and variable explanations are in Tables 1 and 2. Coefficient estimates, standard errors, and significance values are in Table A.3.

Predictor Variable Species

BEAL FRAM ACRU ACSA TSCA PRSE PIST PIRU ABBA FAGR

Main effects
DAI (+) + − + (−) − − − − +
Forage area + (−) + − + −
Canopy abundance + + + + + + + + + +
BA − − − − (−) (+)
Age (+) − − (−) − − + (−) +
Forest type
oak + + (+) (−) (−) (−) (−) −
spruce/fir (+) (+) − + − + + −
FAGR understory + – (−) − − −
Annual precip − − (+) + –
Annual temp − − − + − − −
Latitude + + (+) −
Longitude − + − − +
Nonlinear effects
DAI − − − (−) −
Canopy abundance − − − − − − − − − −
Interaction effects
DAI × fortype
oak + − (−) (+) + +
spruce/fir − (−) (−) + + (−)
DAI × FAGR understory + − − − −
DAI × forage area − (−) − −
BA × age − − − − + −
Canopy abundance × age + −
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where seedling abundance peaked at intermediate deer abundance)
required additional exploration relative to (i) the deer abundance as-
sociated with the maximum predicted seedling abundance, and (ii) the
necessary percentage change (reduction or increase) in DAI required for
each FIA plot to reach maximum seedling abundance (holding all other
variables at ambient levels). Ultimately, we created a continuous pre-
diction surface over New York State of the change in DAI required to
maximize seedling abundance using Geospatial Analyst in ArcMap 10.5
(ESRI, 2018). Although increased seedling abundance may not always
be necessary for successful forest regeneration, we defined optimal DAI
as that which maximized seedling abundance. We then identified areas
of the state where maximizing seedling abundance via reductions in
deer abundance may be feasible by mapping the change in DAI

necessary to reach optimal DAI (associated with maximum seedling
abundance). We used three categories to map areas where DAI reduc-
tions of (i) > 50%, (ii) 25–50%, and (iii) 0–25% may lead to improved
forest regeneration relative to those areas where reducing DAI is not
likely to increase forest regeneration (ambient DAI < optimal DAI).

3. Results

3.1. Ecological drivers of seedling abundance

The best supported model for each species contained deer related
effects, but also included a total of 8 to 13 parameters (Table A.2).
Species overstory abundance (canabun) had strong concave effects on

Fig. 2. Predicted seedling abundance with
varying deer abundance index (DAI). DAI was
varied in 0.002 increments between the
minimum (0.15) and the maximum (2.14) values
found across New York State, while all other
model parameters were held constant at their
mean values. Species are ordered (and colored)
based on presumed deer preference;
green = high, blue = intermediate, and or-
ange = low (species codes are given in Table 1).
Note changes in y-axis scale across panels. Note
that the apparent decrease in seedling abundance
with increasing DAI was not statistically sig-
nificant for TSCA (f) (see Table 3). (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version
of this article.)
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seedling abundance for all species (Table 3). For most species, final
models also included climate (temperature, precipitation), geographic
position (latitude, longitude), and forest characteristics (type, basal
area, age) with varied effects and interactions across the ten species
based on their ecological requirements (Table 3). As expected, stand
basal area had negative effects on seedling regeneration for shade in-
tolerant species (BEAL, FRAM, PRSE,) and no, or insignificant, effects
on very shade tolerant species (FAGR, ABBA, ACSA, TSCA) (Table 3).
Yet, for all species, the best models including deer influences were
substantially better (ΔAIC > 6) than the best base model that ac-
counted for stand/environmental conditions alone.

The final, best supported models for all species contained DAI, but

responses to DAI varied by species (Table 3, Fig. 2). For some species
(ACRU, TSCA, PRSE, PIST, PIRU, and ABBA), seedling abundance
generally showed a sharp decline with increasing DAI. The remaining
species (BEAL, ACSA, FRAM, and FAGR) showed nonlinear (concave)
associations with DAI, with seedling abundance initially increasing up
to a threshold value above which further increases in DAI corresponded
to declining seedling abundance (Table 3, Fig. 2). For species demon-
strating concave responses, peaks in predicted seedling abundance
varied among species from starting to decline under relatively low
(DAI = 0.78; BEAL), moderate (DAI = 1.07–1.09; ACSA and FAGR), or
high deer pressure (DAI ∼ 1.46; FRAM) (Fig. 2).

Further, the effects of DAI on seedling abundance varied with forest

Fig. 3. Predicted seedling abundance as a func-
tion of deer abundance index (DAI) and its in-
teractions with other covariates: (a-b) forest type
(FORTYPE). Only species that had significant
interactions at all forest type levels are shown.
(c-d) forage area (Forage), and (f–j) understory
beech abundance (FAGR). DAI was varied in
0.002 increments between the minimum (0.15)
and the maximum (2.14) values found across
New York State. The interacting covariate was
varied at three levels (low = −1.5,
medium = 0, and high = 1.5 of the centered and
standardized values), except for the forest type
modelled for each of its three categories
(1 = mixed hardwood, 2 = oak dominated
hardwood, 3 = spruce/fir). All other model
parameters were held constant at their mean
values. Species codes are in Table 1. The scale of
y-axis varies among panels.

M.R. Lesser, et al. Forest Ecology and Management 448 (2019) 395–408

401



type (BEAL and PIRU), the amount of forage area (ACRU, PRSE, and
PIST), and the abundance of beech in the understory (BEAL, FRAM,
ACSA, PIRU, and ABBA) (Table 3; Fig. 3). For yellow birch seedling
abundance was higher in oak dominated forest types, while red spruce
seedlings were most abundant in spruce/fir dominated forests com-
pared to other forest types (Fig. 3a-b). Red maple, black cherry, and
eastern white pine all showed lowest levels of seedling abundance at
high DAI associated with high forage area (Fig. 3c–e). Abundance of
understory beech apparently exacerbated the negative impacts of deer
pressure on white ash, sugar maple, red spruce and balsam fir
(Fig. 3g–j). In contrast, yellow birch showed a positive response to in-
creasing understory beech (Fig. 3f).

Although our models identified statistically significant drivers of
tree seedling abundance (as indicated by AIC model selection), the
proportion of variance explained in seedling abundance was both low
and highly variable, ranging from < 0.01 to 0.50 across species (Table
A.4). The large portion of unexplained variance was expected, and
highlights the potentially dominant influence of site-specific factors for
which information is not readily available such as stand disturbance
history, slope, aspect, and soil nutrient and moisture levels. Conse-
quently, we consider our models useful for exploring the effects of se-
lected factors (including deer pressure) on relative changes in seedling
abundances over space, time, or given alternative DAI levels (cf. si-
mulation results below) rather than for predicting the absolute mag-
nitude of seedling abundances at any given location.

3.2. Effects of simulated reductions of deer abundance

Reducing DAI statewide by 25% resulted in slight to moderate in-
creases (5–30%) in predicted seedling abundance (all species pooled)

on 43% of New York State’s forested area, with the majority of the
remaining forest area (56%) showing only marginal changes in seedling
abundance (< 5%; Fig. 4a). Reducing DAI by 50 and 75% resulted in
large increases (> 30%) in predicted seedling abundance on 10.3% and
20.4% of New York State forest area, respectively (Fig. 4b-c), but also
increased the area where seedling abundances were predicted to de-
cline (10.8% of forests under 75% DAI reduction; Fig. 4b-c) given the
nonlinear associations observed between DAI and seedling regenera-
tion.

Reducing DAI had a positive effect on seedling abundance of the
species that showed monotonic declines in seedling abundance with
increasing DAI (ACRU, PIRU, PIST, PRSE, and ABBA; Fig. 2). However,
reducing DAI either increased or decreased seedling abundance for the
species demonstrating humped responses to DAI (BEAL, ACSA, FRAM,
and FAGR; Fig. 2) depending on how the ambient DAI and DAI re-
duction level compared to the DAI associated with peak seedling
abundance. Reducing DAI to maximize seedling abundance was re-
quired on 11, 37, 37, and 62% of forest area in New York State for white
ash, American beech, sugar maple, and yellow birch, respectively
(Fig. 5). DAI reductions were required to maximize seedling abundance
of these four species in the west and south of the state, while seedling
abundance in northern and eastern areas did not increase with reduced
DAI (Fig. 5).

Overall, simulated DAI reductions had (i) consistent beneficial ef-
fects on seedling abundance in some areas of New York State (e.g.,
central New York State, and parts of the southeastern Hudson River
Valley/Taconics corridor), and (ii) negligible or negative effects on
seedling abundance in other areas (i.e., the Adirondacks in the north,
areas of the southern tier in the southwest, much of the southeast).

Fig. 4. Predicted response of total seedling abundance (all species pooled) across forest areas of New York State to simulated reductions in deer abundance (DAI).
Three scenarios are shown: (a) 25%, (b) 50%, and (c) 75% reductions of deer abundance from ambient conditions. Colors indicate % change (increase or decrease) in
total seedling abundance relative to ambient conditions (seedlings ha−1).
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4. Discussion

The mechanistic drivers of forest regeneration have been well stu-
died at fine-spatial scales (1–10 km2), including local effects of deer
browsing (Côté et al., 2004; Horsley et al., 2003; Sage et al., 2003).
Likewise, variation in deer density has been implicated as a major
driver of forest regeneration dynamics over large spatial extents, such
as the entire eastern coast of the United States (Rooney and Waller,
2003; Russell et al., 2017). But hampering effective action to date has
been, in part, the lack of insights and tools operating at the inter-
mediate scales over which deer herds are managed. We helped fill that
critical gap with predictive models for seedling regeneration based on
readily available data targeting both fine- (site and stand) and broad-
scale (landscape) drivers of forest regeneration, considering funda-
mental biotic aspects such as competition for light, and capturing
contextual variation known to mediate or exacerbate local deer im-
pacts. We did not assess whether existing seedling densities were ade-
quate or inadequate for successful forest regeneration per se, but instead
applied our models to identify the relative extent to which seedling
abundance might change given reductions in deer abundance. As such,
we set the stage for strategic management planning, recognizing that
tactics will vary based on site-specific conditions.

Our models predict that reducing deer abundance from ambient
conditions in NY State would have a largely positive effect on seedling

abundance. Although Russell et al. (2017) came to a similar conclusion
for the northeastern US (also using FIA data), we showed that the im-
pact of reduced deer abundance on forest regeneration was likely to be
highly spatially variable at scales relevant to deer and forest manage-
ment (Fig. 4), which has nontrivial implications for resource managers
attempting to implement meaningful strategies at local-scales. For ex-
ample, a more liberal deer harvest target might be set for a given
wildlife management unit but landscape heterogeneity within that unit
will drive spatial variation in deer impacts on forest regeneration. The
five-year cycle for resampling FIA plots provides a reasonable interval
for assessing the degree to which changes in deer management might
influence regeneration patterns, and recent additions to the FIA meth-
odology that include directly recording deer browsing impacts at each
site and quantifying understory vegetation (Phase 3), will further en-
hance the usefulness of FIA data for monitoring the management ef-
fectiveness.

Our hypothesis that deer would have greater negative impacts on
preferred browse species was largely supported, but was not as
straightforward as anticipated. Of the six species that had monotonic
declines in seedling abundance with increasing deer abundance, three
were considered as ‘low browse preference’ (PIST, PIRU, and ABBA),
two considered as ‘moderate’ (PRSE, and TSCA), and only one (ACRU)
considered as ‘high’. However, less-desirable browse species may be
targeted by deer when more preferred species are depleted by

Fig. 5. Change in deer abundance (DAI, in %) relative to the ambient conditions that would optimize (maximize) modelled seedling abundance for the four species
with concave responses of seedling abundance to DAI. DAI above optimal indicates that the deer herd should be reduced by the amount indicated (%), while DAI
below optimal indicates that maximum seedling abundance is associated with higher deer abundance than ambient DAI (i.e., forest regeneration would not benefit
from deer abundance reductions). Species codes are in Table 1.
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overbrowsing (Rawinski, 2016). Moreover, overall declines in tree
seedling abundance correspond often to understories dominated by
interfering vegetation, such as ferns, that are unpalatable to deer
(Horsley et al., 2003).

Importantly, our result that tree seedling abundance does not al-
ways decline monotonically with increasing deer density corroborates
much research on intermediate herbivory theory (e.g., Holt and Polis,
1997; Tremblay et al., 2006). Two preferred browse species (ACSA,
BEAL) showed concave responses to deer abundance in our study. Our
results for yellow birch were similar to Horsley et al. (2003), but did not
show the same pattern for sugar maple which declined linearly with
increasing deer abundance in their study (however ACSA abundance
was low in their study area and may not have been adequately re-
presented). Consistent with the intermediate disturbance hypothesis,
our results indicate that these two species respond positively to low
browsing pressure but decline under high browsing pressure. Im-
portantly, across large areas of New York State we identified that pre-
sent levels of deer abundance are higher than that predicted to max-
imize seedling abundance for ACSA and BEAL in our models (Fig. 5). As
a result, we predict that modest deer reductions (25%) would mean-
ingfully improve regeneration of these two ecologically important tree
species in this region (Fig. 4).

In contrast, two other species (FRAM, FAGR) indicated a prolonged
positive relationship through high deer abundances before declining
seedling density would be expected. As a result, these species are not
likely to benefit from deer reductions because DAI across most of the
state falls below their predicted optimum (Fig. 5). Interestingly, the
positive response of FRAM to deer pressure was most clear in areas
where competition with FAGR was low. Even so, FRAM was quite
sensitive to deer pressure in areas with abundant FAGR (Fig. 3g), cor-
roborating the susceptibility of FRAM to the legacy effects of over-
browsing and dense understories (de la Cretaz and Kelty, 2002; Aronson
and Handel, 2011; Jenkins et al., 2015). The positive impacts of deer
abundance may be mediated by decreased competition from other
species (woody or non-woody; Webster et al., 2018), which seems to be
needed in New York to effectively improve regeneration conditions for
intermediately shade-tolerant FRAM. FAGR is highly shade-tolerant and
of ‘low browse preference’ so it may only become browsed in the ab-
sence of more preferable species (i.e., under persistently high deer
abundance). Importantly, FAGR abundance in forest understories in the
region has been elevated due to beech bark disease as this species easily
re-sprouts when damaged to form persistent beech thickets (Giencke
et al., 2014) that negatively affect other tree species (Wagner et al.,
2010). Eradication of beech thickets is an ongoing management pro-
blem in northeastern forests. That beech and deer browsing pressures
interactively influence tree regeneration for many species underscores
the difficulty of isolating and managing a single driver (e.g., deer) on
forest regeneration.

Legacy effects of elevated deer abundance relative to historic con-
ditions (cf. in the Hudson River Valley) may also negatively affect
seedling abundance. Limited seed source or persistently altered habitat
conditions (e.g., recalcitrant understories composed of species that deer
avoid) may be the result of high levels of past browsing and the
abundance of these species may drive regeneration failures over the
long-term even under reduced deer abundances (George and Bazzaz,
1999; Royo and Carson, 2006; Webster et al., 2018). We found that
negative effects of deer browsing may be compounded by the sur-
rounding available forage area which was a significant negative pre-
dictor of seedling abundance for half of the studied tree species. Deer
may preferentially use landscapes containing high forage area with
embedded forest patches that optimize food availability and shelter.
Forest fragmentation may thus play an important role in forest

regeneration failure due to deer browsing (Augustine and DeCalesta,
2003; Augustine and Frelich, 1998). Further, our findings may under-
estimate the effect of forage area since we did not consider early suc-
cessional forest stands as part of our forage land class. This may be
particularly important in areas with high levels of forest harvesting
(Royo et al., 2017).

4.1. Management implications

By including important site-specific variables and accounting for
complex interactions, we showed that even modest reductions in the
deer abundance (∼25%) might meaningfully improve forest re-
generation (up to 30% increase in seedling density) for wide swaths of
New York State, particularly in areas with low regeneration (Shirer and
Zimmerman, 2010). However, in many areas of the state our models
predicted little to no change in seedling abundance even for a 75%
reduction in deer abundance. In some areas, such as the Adirondack
region of northern New York State, deer abundance may be sufficiently
low that browsing is not currently a limiting factor for seedling re-
generation (Didier and Porter 2003; but see Sage et al. (2003) for
contradictory findings), and reducing deer numbers is not anticipated
to positively improve regeneration. In other areas, invasive species,
available sunlight, soil moisture, seedling recruitment, and other factors
– potentially but not necessarily related to persistently high deer
abundance – may be limiting local regeneration success such that re-
ductions in deer density alone are unlikely to improve regeneration
conditions (Rooney et al., 2000; Dovčiak et al., 2003; Harrington et al.,
2013).

Our findings point to the need for coordinating forest management
over larger landscapes with deer management in order to meet forest
regeneration goals. Our predictions are likely conservative given that
greater improvement of forest regeneration may be achieved via the
combination of silvicultural practices and deer management. Our model
predictions in combination with assessments of contemporary seedling
densities can help identify those areas where not only seedling re-
generation is of concern, but also where potential pathways towards
improving those conditions through deer management alone or in
combination with other local or landscape improvements is possible.

The magnitude of potential regeneration responses following any
reduction in deer abundance will depend upon a suite of unknown
factors, such as potential responses of other browsers (e.g., eastern
cottontail) to changes in deer abundance, available seed supply, and
soil conditions, as well as stand and site manipulations that might
occur. Given these unknowns, we recommend an adaptive management
framework in which our models guide site-specific actions, and the next
complete cycle of FIA data can be used along with contemporary levels
of deer abundance to ascertain the degree to which management ac-
tions achieved the desired response (Williams et al., 2009; Williams and
Brown, 2014). Moreover, an adaptive management approach will better
allow managers to deal with the relationship between deer manage-
ment regulations and actual levels of deer harvest. The present model
results can guide management that will lead to outcomes that can be
used to refine the models, thus improving them over time (Williams and
Brown, 2014).

As managers increasingly seek information applicable at forest
management scales, tools that explore complex interactions and drivers
at appropriate scales are critical for informing management decisions.
In addition to assisting in deer management strategies, modelling tools,
such as ours, can inform forest management decisions related to other
pressures on forest health such as climate change (Millar et al., 2007),
invasive pests and diseases (Pimentel et al., 2005; Trumbore et al.,
2015), and forest fragmentation (Matlack, 1993).
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Appendix A

Table A1
Correlations between model covariates. See Table 2 for variable abbreviations and details. Correlations between canopy abundance variables are not included as they
were species specific and did not co-occur in models.

DAI Longitude Latitude Age ba Annual precip. Annual temp. Forest type can_ABBA can_ACRU

DAI \ −0.67 −0.66 −0.33 −0.03 −0.38 0.66 0.01 −0.24 0.02
Longitude \ 0.40 0.24 0.03 0.27 −0.32 0.07 0.16 −0.05
Latitude 0.11 −0.08 −0.06 −0.59 −0.03 0.24 −0.02
Age \ 0.27 0.22 −0.29 0.02 0.02 −0.16
ba \ 0.10 0.00 0.00 0.13 0.18
Annual precip. \ −0.45 0.00 0.20 0.04
Annual temp. \ 0.06 −0.30 0.03
Forest type \ 0.42 −0.09
Forage area 0.01 0.02

can_ACSA can_BEAL can_FAGR can_FRAM can_PIRU can_PIST can_PRSE can_QURU can_TSCA forage_area

DAI 0.01 −0.32 −0.33 0.27 −0.30 0.02 0.08 0.13 0.02 0.63
Longitude −0.02 0.18 0.17 −0.19 0.16 0.10 −0.15 0.03 0.03 −0.49
Latitude 0.01 0.20 0.17 −0.15 0.24 −0.02 −0.02 −0.19 −0.06 −0.24
Age 0.10 0.19 0.28 −0.23 0.14 −0.08 −0.19 0.04 0.22 −0.38
ba −0.01 0.07 0.00 0.03 0.12 0.17 0.06 0.05 0.31 −0.11
Annual precip. 0.05 0.34 0.26 −0.18 0.23 −0.15 0.01 −0.13 −0.04 −0.45
Annual temp. −0.12 −0.37 −0.43 0.20 −0.38 0.17 0.05 0.23 0.12 0.52
Forest type −0.19 −0.15 −0.19 −0.08 0.33 −0.01 −0.06 0.30 −0.07 −0.04
Forage area 0.00 −0.01 −0.03 0.01 −0.01 0.02 −0.02 0.00 −0.01 \

Table A2
The most parsimonious models of seedling abundance for ten ecologically or commercially important tree species in New York State. For each species, the base model
AIC score is given followed by the difference in AIC from the base model (ΔAIC) for subsequent models. The number of predictor variables is indicated in parentheses.
See Table 1 for species abbreviations.

Model Species

ABBA ACRU ACSA BEAL FAGR FRAM PIRU PIST PRSE TSCA

Base Stand Condition 2616.1 (12) 4696.0 (12) 5318.0 (12) 3169.1 (12) 8171.8 (12) 6294.1 (12) 3003.1 (12) 1958.4 (12) 4005.1 (12) 1939.4 (12)
Reduced Stand Condition −2.0 (10) −2.8 (10) −7.4 (7) −3.6 (10) −1.9 (10) −4 (10) −6.2 (8) −6.1 (7) −1.4 (10) −10.6 (5)
Deer Related + Stand Condition −3.6 (16) −25.2 (16) −31.4 (13) −26.1 (16) −20.2 (16) −40.4 (16) −76.9 (14) −54.1 (13) −4.5 (16) −15 (11)
Reduced Deer related + Stand

Condition
−8.7 (12) −29.7 (13) −33.4 (13) −32.3 (12) −22.6 (13) −46.1 (12) −81.3 (12) −62.7 (8) −9.0 (12) −20.5 (8)

M.R. Lesser, et al. Forest Ecology and Management 448 (2019) 395–408

405



Table A3
AIC-selected, negative binomial models predicting seedling abundance (seedlings/ha) as a function of site covariates (see Table 1 for species descriptions and Table 2
for variable descriptions). For each species, the estimated coefficient (B) is given for the centered and standardized variable along with the coefficient standard error
(SE). Coefficient estimates different from zero given P < 0.10 are indicated by ‘*’. Nonlinear responses were fit using quadratic terms (X and X2), and two-way
interactions are indicated by ‘×’. Deer-related effects are highlighted using light gray for the main effects of deer abundance (DAI) and dark gray for interactions
involving DAI. Also reported for each model is the estimated overdispersion parameter (c) model degrees of freedom (df), and R2.

Variable ABBA ACRU ACSA BEAL FAGR

B SE B SE B SE B SE B SE

Intercept −2.70 0.32* 0.51 0.11* 1.09 0.13* 0.08 0.15 1.66 0.05*
Forest type
oak −17.85 2419.57 1.08 0.31* 0.33 0.28 1.10 0.33* −0.49 0.15*
spruce/fir 1.19 0.33* 0.36 1.31 −17.63 10.56* 0.61 1.83 −2.19 0.98*
Canopy abundance 2.41 0.16* 0.68 0.11* 1.37 0.11* 1.35 0.16* 1.74 0.06*
Canopy abundance2 −0.24 0.02* −0.18 0.04* −0.29 0.04* −0.26 0.04* −0.29 0.01*
BA −0.03 0.10 −0.15 0.08* −0.35 0.10* 0.01 0.06
Age −0.05 0.09 −0.31 0.09* −0.13 0.09 0.13 0.11 0.24 0.04*
FAGR understory −2.01 0.67 −0.10 0.08 0.62 0.12*
Annual precip. −0.35 0.08* −0.14 0.05*
Annual temp. −0.98 0.14* −0.41 0.12* −0.68 0.12* −0.72 0.15* −0.44 0.06*
Latitude 0.19 0.13 0.23 0.11* −0.17 0.06*
Longitude 0.69 0.22* −0.53 0.11*
BA × age 0.15 0.08* −0.12 0.07* −0.31 0.10* −0.07 0.03*
Canopy abundance × age −0.11 0.02*
DAI −1.01 0.37* −0.30 0.17* 0.29 0.13* 0.09 0.16 0.28 0.07*
DAI2 −0.23 0.12* −0.62 0.14* −0.20 0.04*
Forage area −0.16 0.12 0.43 0.12*
DAI × FAGR understory −1.47 0.64* −0.22 0.08* 0.46 0.13*
DAI × forage area −0.31 0.11* −0.17 0.12
DAI × forest type
oak −0.68 0.31* −0.28 0.28 0.77 0.35* 0.29 0.12*
spruce/fir −0.44 1.39 −14.35 9.42 −0.14 0.13* −0.72 0.98
c 0.276 0.149 0.156 0.110 0.76
df 1794 1792 1792 1793 1792

Variable FRAM PIRU PIST PRSE TSCA

B SE B SE B SE B SE B SE

Intercept 0.94 0.08* −2.57 0.22* −1.72 0.14* 0.17 0.09* −1.78 0.11*
Forest type
oak −0.54 0.18* −1.92 1.27 −0.12 0.24 −0.60 0.40
spruce/fir −3.16 0.70* 1.48 0.72* −1.25 0.48* 3.08 0.81*
Canopy abundance 0.89 0.09* 1.14 0.09* 1.87 0.19* 0.92 0.13* 1.93 0.14*
Canopy abundance2 −0.17 0.02* −0.07 0.01* −0.22 0.03* −0.07 0.02* −0.25 0.03*
BA −0.24 0.06* −0.15 0.07*
Age −0.39 0.07* 0.20 0.06* −0.19 0.11* −0.41 0.09*
FAGR understory −0.19 0.07* −0.79 0.38* −0.16 0.07*
Annual precip. −0.54 0.07* 0.38 0.07* 0.15 0.10
Annual temp. −0.54 0.14* 1.24 0.16*
Latitude 0.41 0.14*
Longitude −0.42 0.17* −0.47 0.09* 0.33 0.14*
BA × age −0.13 0.06* −0.22 0.07*
Canopy abundance × age 0.26 0.11*
DAI 0.42 0.08* −2.74 0.44* −1.12 0.21* −0.29 0.11* −0.20 0.16
DAI2 −0.15 0.05* −0.52 0.34
Forage area 0.32 0.07* −0.81 0.17* 0.28 0.11* −0.34 0.15*
DAI × FAGR understory −0.12 0.06* −0.79 0.36*
DAI × forage area −0.47 0.19* −0.25 0.08*
DAI × forest type
oak 3.90 1.46* 0.51 0.37
spruce/fir 1.25 0.72* 1.65 0.86*
c 0.257 0.465 0.132 0.148 0.181
df 1794 1793 1799 1794 1797
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