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ARTICLE INFO ABSTRACT

Keywords: Tree regeneration in northern temperate and southern boreal forests is threatened by multiple factors, including
Tree regeneration over-browsing by ungulates such as white-tailed deer (Odocoileus virginiana). However, characterizing the effects
Herbivory

of deer browse on tree regeneration at regional scales has been challenging due to (a) the lack of reliable in-
dicators of browsing intensity and (b) the fact that browsing impacts are likely to vary by seedling size yet coarse
metrics are often used to capture this seedling attribute. To address these challenges, we modeled effects of
white-tailed deer browse and other biotic and abiotic factors on tree seedlings of different sizes for 12 common
species across the northeastern USA by leveraging the Forest Inventory and Analysis (FIA) program’s Regener-
ation Indicator (RI) dataset, which assesses seedling abundance across six height classes. We developed four
potential proxies for deer browse intensity, including town-level harvest records, and compared these with field-
estimated browse intensity. Highly palatable species experienced moderate to strong negative browse impacts,
especially for medium to large seedling sizes, while less palatable species either showed no impact or experienced
modest benefits. Acer saccharum displayed the strongest negative relationships with browsing intensity and was
also affected at smaller size classes than other species, whereas impacts on Acer rubrum and Betula alleghaniensis
were limited to one larger (> 0.9 m tall) seedling size class. Collectively, these results underscore the pervasive
impacts of deer browse on regeneration dynamics in northeastern forests and the opportunities for adaptive
strategies to recruit species beyond vulnerable size classes.

White-tailed deer
Forest inventory
Northern temperate and boreal forest

1. Introduction with compositional mismatch between understory and overstory, has

been observed in eastern USA forests (Miller and McGill, 2019; Vickers

Overabundance of white-tailed deer (Odocoileus virginianus) and
other ungulates strongly influences juvenile tree (i.e., seedling and
sapling) abundance at regional scales in temperate forests, causing de-
clines in abundance and compositional shifts away from the most
palatable species (Bodeker et al., 2023; Miller and McGill, 2019; Russell
etal., 2017; Vickers et al., 2019). Over time, these effects propagate into
the canopy tree layer, affecting forest composition (Bradshaw and
Waller, 2016; White, 2012) and therefore ecosystem functions and ser-
vices including wildlife habitat, carbon stocks and resilience to climate
change (Harris et al., 2024a; Knott et al., 2023). Characterizing the in-
fluence of deer browse on tree regeneration at regional scales is
particularly important given broader concerns about tree regeneration
in temperate forests due to climate change, non-native pests and path-
ogens and altered disturbance regimes (Dey et al., 2019). A substantial
“regeneration debt”, or the potential for regeneration failure combined

* Corresponding author.

et al., 2019). Deer browse is a strong predictor of this regeneration debt
(Miller et al., 2023; Vickers et al., 2019), suggesting (1) that mitigating
deer browse impacts could help alleviate existing regeneration debt and
(2) that regeneration debt might intensify in the future to the extent that
warmer and less snowy winters allow white-tailed deer populations to
increase (Contosta et al., 2019; Laurent et al., 2021).

Impacts of ungulate browsing on tree seedlings likely vary by
ontogeny and species palatability. Limited evidence from localized
studies, often using deer exclosures or enclosures, suggest that the im-
pacts of deer browsing have a unimodal (hump-shaped) relationship
with juvenile tree size (Fig. 1a) (Kelly, 2019; Kupferschmid et al., 2020;
Rooney, 2001). During initial seedling growth, browse impact may in-
crease with height as seedlings become more conspicuous to deer (Kelly,
2019; Rooney et al., 2000). As juvenile trees approach ~2 m in height,
they start to grow beyond the reach of deer and browse impact declines
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(Walters et al., 2020). For more palatable species, browse impacts may
be greater in magnitude and perhaps shifted toward smaller size classes
to the extent that deer preferentially seek out these species (Fig. 1a). For
less palatable species, browse may primarily affect the most conspicu-
ous, large-sized seedlings, and these species may even benefit from
reduced competition under moderate browsing pressure (Fig. 1a and b).
Few studies have tested these relationships because tree regeneration
assessments rarely include more than one or two seedling size classes, so
further work to assess these patterns, particularly across broader,
heterogenous regions is informative.

A key barrier to assessing impacts of browse on tree regeneration at
regional scales is that juvenile tree abundance within a particular size
class reflects the full set of influences on survival and growth up to that
point (e.g., climate, land use, soils, overstory and understory vegeta-
tion). For example, three stands might have the same abundance of
saplings yet this abundance could arise from limitations on seed avail-
ability and establishment in one stand, and survival and growth of small
and large-sized seedlings, respectively, in the other two stands. This
concept of “demographic inertia” is crucial to understanding and
interpreting tree regeneration patterns (Rooney et al., 2000), and it
confounds efforts to disentangle influences on juvenile tree growth and
survival (Beckage et al., 2005; Harris et al., 2024b). Approaches that
isolate browse influences on seedling growth and survival within
particular size classes can be used to better characterize the effects of
ungulate browsing on regeneration success. Additionally, regional-scale
analyses typically rely on coarse proxies for browsing pressure (Walters
et al., 2016), which do not capture finer-scale variability in deer pop-
ulations and behavior that in turn influences tree regeneration (Lesser
et al., 2019).

The objective of our study was to assess how the impacts of white-
tailed deer browse on tree regeneration vary by ontogeny at a regional
scale, using nationwide forest inventory plots within the northeastern
USA (Fig. 2). Within this objective, we first investigated species of high
and low-moderate palatability as groups to gain broader insights that
might be generalizable to other regions and deer species. We then
investigated effects by tree species for a more detailed picture of deer
browse impacts in the northeastern USA that is applicable to forest
management in the region. We predicted that the impact of deer browse
would be strongest for seedlings of highly palatable species (Fig. 1a),
and that deer browse impacts would peak at seedling heights ranging
from 30 cm tall for high palatability species to 100 cm tall for low
palatability species. Furthermore, we expected deer browse to have a
predominantly negative effect on seedling growth and survival but that
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increased browsing may also benefit seedlings of less palatable species
up to a point due to reduced competition (i.e., unimodal relationships
with browsing pressure, Fig. 1b).

To address the role of ontogeny, we used plots that were surveyed
using “Regeneration Indicator” (RI) protocols under which tree seed-
lings are tallied within six height classes on a subset of inventory plots
instead of the one size class used in the standard nationwide forest in-
ventory plots (McWilliams et al., 2015). We focused on white-tailed
deer, which is the primary cervid impacting tree regeneration across
much of eastern North America (Rooney, 2001), although we note that
moose (Alces alces) can also affect tree regeneration in primarily
northern parts of the region (Andreozzi et al., 2014; Wattles and Des-
tefano, 2011). The northeastern USA presents an interesting test case
because it spans a climate gradient from areas with low snowpack to
areas where deep winter snowpacks currently limit deer populations,
but may not do so in the future (Hinton et al., 2022). Moreover, ongoing
development and expansion of the wildland-urban interface in the re-
gion (Sonti et al., 2023) may drive further increases in white-tailed deer
populations and browse impact on tree seedlings. To create improved
indicators of browsing pressure, we used town-level white-tailed deer
harvest records (Supplemental Figure A1) that have not been previously
used in analyses of deer browse impacts on tree regeneration, and also
considered snow depth and land cover metrics that provide additional
information on deer habitat suitability (Lesser et al., 2019).

2. Methods
2.1. Forest inventory data

The Forest Inventory and Analysis (FIA) program surveys field plots
annually across USA forests at a national base intensity of 1 plot per
2428 ha, and plots in the northeastern USA are remeasured at 5-7-year
intervals. Beginning in 2012, RI protocols were implemented across
12.5% of FIA plots in the northeastern and midwestern USA
(McWilliams et al., 2015). Six seedling height classes are tallied under RI
protocols: 1: 5-15 cm tall, 2: 15-30 cm, 3: 30-91 cm, 4: 91-152 cm, 5:
152-305 cm and 6: > 305 cm (McWilliams et al., 2015). RI plots coin-
cide with assessments of vegetation cover and downed dead wood
(Woodall et al., 2019), providing additional measurements not available
for the broader pool of FIA plots.

The FIA plot design consists of four circular subplots (168 m each)
within which trees (diameter at breast height [DBH] > 12.7 cm) are
surveyed (Bechtold and Patterson, 2005). One subplot is located at the

Fig. 1. Hypothesized (a) level of impact of deer browse on juvenile trees by size and species palatability and (b) effect of stand to landscape-scale deer browsing

pressure on juvenile tree survival and growth.
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Fig. 2. Study area map showing elevation and the locations of regeneration indicator plots (n = 750) meeting the study criteria within the northeastern USA. Note

that plot locations are approximate.

plot center and the others are centered 36.6 m from plot center at azi-
muths of 0°, 120°, and 240°. Seedlings (<2.5 cm DBH) and saplings
(2.5-12.6 cm DBH) are tallied in one circular microplot (13.5 m) nested
within each subplot.

We analyzed subplots within the northeastern USA that (a) were
surveyed at least twice using RI protocols, (b) lay entirely on accessible
forest land and (c) did not show evidence of artificial regeneration
(n = 2642 subplots from 750 plots meeting these criteria). The most
common forest type in the study is northern hardwood forest dominated
by Acer saccharum, Fagus grandifolia and Betula alleghaniensis (46 % of
subplots analyzed), with spruce-fir forest in northern and high-elevation
areas (21 %) and oak-hickory forests (11 %) common in southern areas.
Seedling abundance by species and RI height class were extracted, and
we also obtained subplot-level characteristics including elevation; cover
of shrubs, grasses and forbs; and total live tree density and basal area
(BA) (Table 1). Some FIA attributes are provided at the level of condition
classes, or relatively homogenous units by forest type, land use, etc.
within a plot (Bechtold and Patterson, 2005). In these cases (see
Table 1), attributes were extracted based on the condition class noted at
the center of each microplot to obtain the condition class most relevant
to observed tree regeneration. Note that subplots were allowed to
contain more than one condition class per our selection criteria, but that
all of these conditions had to be accessible forest land on which trees
were measured. Ancillary data were also extracted to FIA plot locations
including terrain indices, growing-season precipitation and soil char-
acteristics (Table 1).

We used the plot locations publicly provided by FIA, which are
randomly perturbed by up to 1.6 km (although usually <0.8 km) and
sometimes swapped with other nearby plot locations to protect land-
owner privacy (Burrill et al., 2024). In preliminary work, FIA co-author

Pastore ran our analysis using both the exact and fuzzed plot locations
and found that use of exact locations did not improve model accuracy on
average. FIA data were acquired October 22, 2024 from v2.1.0 of the FIA
database (https://apps.fs.usda.gov/fia/datamart/datamart.html).

2.2. Indicators of deer browsing pressure

We developed four potential proxies of white-tailed deer browse
intensity from independent datasets: (1) deer harvest records, (2) mean
winter snow depth, (3) proportion of non-forest in the 1 km around each
plot, and (4) proportion of developed land in the 1 km around each plot.

White-tailed deer harvest records are often used to estimate and map
deer populations (Hanberry and Hanberry, 2020; Walters et al., 2016)
and as a potential proxy for browsing pressure on tree seedlings (Lesser
et al., 2019; Russell et al., 2017) given that population estimates from
more accurate techniques such as aerial surveys are not available at a
regional scale. To create maps of deer harvest density, annual records of
white-tailed deer harvests were gathered from state agencies.
Town-level total harvest (including both males and females) was used
for every state except Massachusetts (Supplemental Table Al).
Town-level records were not available for Massachusetts, so harvest data
were instead compiled by wildlife management zone (n = 15). Con-
necticut records contained extra categories (cropkill, roadkill and other)
that were not included in other state records, so totals within these
categories were subtracted from town-level totals. Annual averages were
calculated from all publicly available years of data between 2007 and
2023 for each state. The beginning year of 2007 was chosen based on
being 5 years prior to the beginning of RI measurements in 2012. The
land area of each town (or wildlife management zone) was calculated
from state-level boundary layers by masking out perennial water bodies
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Table 1
Variables considered in models of seedling gain and sapling recruitment.
Category Variable(s) Source* Details
Response Seedling gain or sapling FIA: Seedling Regeneration, Tree For seedlings of a given size class and species, whether or not Time 2 (most
recruitment recent) abundance > Time 1 abundance. For saplings, presence of new sapling
recruitment in Time 2.
Browse Proportion non-forest 2021 National Land Cover Database Proportion of vegetated land that is non-forest in 1-km window, including
indicator agricultural land, shrubland and meadow but excluding developed areas, water
and barren land
Browse Proportion developed 2021 National Land Cover Database Proportion of developed land in 1-km window
indicator
Browse White-tailed deer State-level harvest reports Expressed in mean annual density (deer km~2)
indicator harvest
Browse Mean December-March Snow Depth Assimilation System (National ~1 km grid cell, annual means from 5 years preceding each plot measurement
indicator snow depth Operational Hydrologic Remote Sensing Center,
2004)
Abiotic Mean total May-October Daly et al. (2008) ~4 km grid cell
precipitation
Abiotic Topographic Position 30-m Digital Elevation Model (DEM) difference between focal pixel elevation and mean elevation within a 1-km
Index window
Abiotic Terrain complexity 30-m DEM standard deviation of elevation within 1-km window
Abiotic Topographic Wetness 30-m DEM using "r.topidx" function in GRASS GIS (Neteler et al., 2012)
Index
Abiotic Elevation, slope and FIA: Subplot
aspect
Tree Tree basal area (BA) and  FIA: Tree Totals across species
density
Understory Shrub cover, grass cover  FIA: Phase 2 Vegetation Subplot Structure
vegetation and forb cover
Seedling Conspecific seedling FIA: Seedling Regeneration By height class, considering only classes smaller than the response class (e.g.,
abundance density Class 1 and Class 2 density when predicting Class 3)
Seedling Heterospecific seedling FIA: Seedling Regeneration By height class, all classes included in all models
abundance density
Abiotic Volume of Coarse Woody  FIA: Condition Down Woody Material
Material Calculation
Abiotic Mean litter depth and FIA: Condition Down Woody Material
duff depth Calculation
Abiotic Soil Organic Carbon FIA: Condition Modeled condition-level estimates (Domke et al., 2017)
Abiotic Sand, silt, and clay SoilGrids 2.0 (Poggio et al. 2021) 5-15 cm depth
content
Abiotic Soil pH SoilGrids 2.0 (Poggio et al. 2021) 5-15 cm depth
Abiotic Nitrogen SoilGrids 2.0 (Poggio et al. 2021) 5-15 cm depth

* Table name is given for field data from the Forest Inventory and Analysis (FIA) database.

>10ha from the National Hydrography Dataset (https://nhd.usgs.
gov/), and was used to calculate mean annual harvest density
(Supplemental Figure Al). Harvest density was estimated at FIA plot
locations using inverse distance weighted interpolation considering
values from the five nearest towns, implemented with the “gstat” R
package (Graler et al., 2016).

A deep winter snowpack has been suggested to limit the density of
white-tailed deer, especially above mean winter snow depth of
~25-50 cm, corresponding to northern and high-elevation portions of
the study area (Hinton et al., 2022; Laurent et al., 2021). Winter snow
depth was therefore considered as a potential proxy for deer browse
intensity (Supplemental Figure A2). Daily snow depth estimates were
acquired at 1-km resolution from the Snow Depth Assimilation System
(SNODAS) (National Operational Hydrologic Remote Sensing Center,
2004), and mean December—March snow depth was calculated for the
five winters preceding each FIA plot measurement (e.g., 2014-2019 for
a 2019 measurement).

Land cover characteristics may influence white-tailed deer abun-
dance and browse intensity including a potential positive effect of non-
forest vegetation that offers perennial forage (Hanberry, 2021; Hinton
et al., 2022; Hurley et al., 2012; Roseberry and Woolf, 1998). First, we
calculated the proportion of vegetated land that was non-forested from
the 2021 National Land Cover Database (Dewitz, 2023) in the area
surrounding each plot to represent areas of high perennial forage habitat
that may support higher deer populations (Table 1). A similar “forage
area” metric was suggested as an indicator of deer habitat suitability that
may improve characterization of local browse intensity (Lesser et al.,

2019). We considered window sizes of 1 km and 2 km, and proceeded
with a 1-km window because it more effectively distinguished between
browse impact assessed within RI plots (see next paragraph) and
because it was more often retained in models of seedling gain and
sapling recruitment (see Subsection 2.4). Second, we calculated the
proportion of developed land within a 1-km window as a metric of
fragmentation and forest edge habitat that may indicate plots at the
wildland-urban interface with potentially higher browse intensity (Sonti
et al., 2023). The two metrics are complementary because developed
land was excluded from calculations of non-forested vegetation.
Plot-level browse impact scores are evaluated in the field as part of
the RI protocols. Under these protocols, field crews examine tree seed-
lings and understory vegetation across all subplots and assign a plot-
level impact score: “very low” is an exclosure; “low” is no browsing
evidence and abundant seedlings; “medium” is some evidence of
browsing and some seedlings present; and “high” and “very high”
indicate common to very common browsing of preferred plant species,
some browsing of non-preferred plants, and few tree seedlings
(McWilliams et al., 2018, 2015). Only two plots were categorized as
“very high”, so these were combined with the “high” category. We did
not use these scores as a predictor of seedling gain or sapling recruit-
ment, because the abundance of seedlings of preferred browse species is
one of the criteria used to generate these scores (i.e., seedling abundance
and the browse impact scores are not fully independent) (McWilliams
et al., 2018). However, the RI browse impact scores are well-suited to
evaluating geospatial proxies of browse intensity (Patton et al., 2018).
We used Kruskal-Wallis tests with post-hoc Dunn’s tests to assess how
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well the four proxies of browse intensity corresponded with the RI
browse impact scores at the plot level.

2.3. Response variables

To isolate the influence of white-tailed deer browse and other factors
on regeneration success within particular seedling height classes, we
extended an existing statistical modeling framework (Harris et al.,
2024a, 2022) by predicting presence of sapling recruitment in Time 2 (i.
e., the most recent RI subplot measurement) as well as gains in abundance
(as opposed to loss or no change) between Time 1 (the prior measure-
ment) and Time 2 for each seedling height class. The two tallest height
classes were combined into a single large seedling category (>152 cm
tall) because seedlings may attain sapling size (>2.5 cm DBH) from
either of the two largest height classes, and therefore attaining the tallest
height class (> 305 cm tall) is not a prerequisite for sapling recruitment.

Gains in abundance between measurements indicate a positive net
balance between ingrowth to a given seedling height class and both
mortality and outgrowth from that class. Recruitment within seedling
height classes cannot be assessed from RI data because the FIA program,
like other national forest inventories, does not track individual seedlings
between remeasurements. In using seedling gain as an indicator of
regeneration success, we assumed that ingrowth and mortality generally
outweighed outgrowth to larger height classes (Canham and Murphy,
2016). Exploratory analysis supported this assumption: change in total
seedling abundance between subplot remeasurements within a given
height class was in all cases positively correlated (based on Spearman
rank correlation coefficient rg) with abundance of the next largest class
(0.17 <1, < 0.23).

2.4. Statistical modeling

We conducted two rounds of statistical modeling. First, we grouped
tree species by palatability to white-tailed deer (low-moderate and
high), based on characterizations of species available in the literature
(Supplemental Table A2). Second, we created individual models for the
12 tree species that had > 15 subplots with sapling recruitment in Time
2 (most recent measurement) (Supplemental Table A2). Sample size did
not have an impact on model accuracy down to this 15-subplot threshold
(Supplemental Figure A3). For each model, only subplots with at least
one live individual (seedling, sapling or tree) of that palatability class or
species at Time 1 (prior measurement) were considered (Supplemental
Table A2) in order to analyze regeneration success within currently
occupied stands as opposed to assessing the environmental niche of
regeneration across all forests in the study area. Boosted Regression Tree
(BRT) models (Elith et al., 2008) were used to generate predictions of
seedling gain by seedling height class and sapling recruitment in Time 2
as a function of different biotic and abiotic predictors assessed at Time 1
(Table 1). Note that mean annual temperature was not included as a
predictor due to its correlation with harvest density (rs = 0.81) and snow
depth (r; = —0.91). We also removed some variables from consideration
because preliminary analysis showed that they were removed during
variable selection in > 90 % of cases. These variables included stand
age, physiographic class, slope, aspect, and conspecific tree basal area
and density. Models included the abundance of smaller-sized seedlings
of the same palatability class (for the first round of modeling) or
conspecific seedlings (for the individual species models) to account for
demographic inertia by considering the pool of smaller seedlings that
could potentially recruit to the focal height class.

To create parsimonious models, variable selection was performed
using the “gbm.simplify” function of the “dismo” R package (Hijmans
et al., 2021). BRT models were run using a tree complexity of 4, a
learning rate of 0.001 and otherwise default settings. Model accuracy
was quantified using the Area Under the receiver operating character-
istic Curve (AUC) assessed from tenfold cross-validation. AUC is a
commonly used metric in which 0.5 indicates accuracy no better than
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chance alone and 1 indicates a perfect model fit (Fielding and Bell,
1997). Note that in two cases, both for Thuja occidentalis, models could
not be produced due to low accuracy. Relationships between predictors
and seedling gain and sapling recruitment were assessed using relative
influence of individual variables and groups of variables (Table 1)
within each model as well as partial dependence plots showing the
marginal influence of individual predictors (Friedman, 2001; Greenwell,
2017). Partial dependence values were transformed into z-scores to
facilitate comparisons in the shape of relationships across species and
size classes.

To broadly highlight spatial variability in the sensitivity of seedlings
to deer browse and potential impacts of deer management, we generated
maps of predicted change in regeneration under four scenarios: (1) 50 %
lower harvest density (i.e., lower deer abundance) with current snow
conditions, (2) 50 % higher harvest density (i.e., higher deer abun-
dance) with current snow conditions, (3) 50 % lower harvest density
with 50 % lower snow depth, and (4) 50 % higher harvest density with
50 % lower snow depth. While these numbers were arbitrarily chosen to
gauge the sensitivity of our models, a 50 % decrease in snow depth is not
unrealistic given that snow cover has already declined in the region over
the past century, and the percentage of days with deep snow (snow
water equivalent > 30 mm) is projected to decline 37 % by mid-century
and 56 % by late-century under a high-emissions scenario for eastern
North America (Burakowski et al., 2022; Contosta et al., 2019). Pre-
dictions of seedling gain under these scenarios were compared with
predictions under observed conditions. Maps of percentage change in
likelihood of seedling gain were generated via IDW interpolation to
5-km grid cells, with the number of observations and the inverse dis-
tance power optimized to reduce root mean squared error in 20 % of
observations randomly withheld as a test dataset.

3. Results
3.1. Proxies for white-tailed deer browse intensity

Comparison with field-assessed browse impact scores suggested that
each of the four metrics were useful proxies for browse impact
(p < 0.05, Kruskal-Wallis test), with harvest density having the stron-
gest relationship with browse impact scores and proportion non-forest
the weakest (Fig. 3). Harvest density was negatively correlated with
mean snow depth (r; = —0.80), and proportion developed land was
correlated with harvest density (rs = 0.57) and snow depth (r; = —0.54),
with |r5| < 0.5 for the other sets of proxies.

3.2. Seedling gain and sapling recruitment by palatability

Although high-palatability species as a group were more likely to
register gains in small (< 30 cm tall) seedling abundance, species with
low-moderate palatability were more likely to register gains in large
seedling abundance (>90 cm tall) and had twofold higher sapling
recruitment rates than high-palatability species (Fig. 4). Losses in
abundance were more common than gains in abundance within each
seedling height class for both low-moderate and high-palatability spe-
cies, indicating overall declines in regeneration (Supplementary
Figure A4). Model accuracy generally increased with size class, and the
model for high-palatability species outperformed the model for low-
—-moderate-palatability species within each size class (Table 2). Overall,
gain in seedlings < 90 cm tall were most strongly influenced by abiotic
factors (Fig. 5), with the most frequently chosen variables being soil
organic carbon and the topographic position index (Supplemental
Table A3). Soil organic carbon was negatively related to seedling gain,
whereas topographic position showed negative relationships for high-
palatability seedlings and positive relationships for low-palatability
seedlings. Gains in seedlings > 90 cm tall and saplings were most
strongly influenced by prior abundance of smaller-sized seedlings
(Fig. 5).
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Fig. 3. Violin plots comparing browse impact assessed at the plot level (n = 750) with geospatial proxies of White-tailed deer browsing pressure: (a) mean annual
deer harvest density, (b) mean December-March snow depth, and (c) proportion of non-forest vegetation, and (d) proportion of developed land within the 1 km
surrounding each plot location. Horizontal lines indicate median values. Letters indicate significant differences among browse impact categories (p < 0.05 from
Dunn’s tests with a Holm correction). the number of plots within each category is shown below the category labels. Note that values are shown on a square-root scale

for visibility.

Proxies for white-tailed deer browse had moderate influence
(10-34 %) on gain of high-palatability seedlings across all seedling
height classes, but only influenced gain of seedlings < 15 cm tall for
low-moderate-palatability species (Fig. 5). Deer harvest density was the
most influential browsing proxy (Fig. 5), and was negatively related to
seedling gain for high-palatability seedlings > 30 cm tall (Fig. 6). For
high-palatability seedlings < 30 cm tall, seedling gain initially
decreased with harvest density but then increased at high values of
> 1.5 deer km™2 yr’1 (Fig. 6). Small (<15 cm tall) seedlings of low-
-moderate palatability had a mostly negative relationship with harvest
density, although the relationship was positive at very low densities
(Fig. 6). Proportion of non-forest was unimodally related to gain in small
(<15 cm tall) seedlings and positively related to gain in seedlings
> 150 cm tall for high-palatability species (Supplemental Figure A5).
Snow depth and proportion of developed land were retained for one
model each: snow depth was positively related to gain of high-
palatability seedlings 15-30 cm tall, and proportion developed was
negatively related to gain of low-palatability seedlings < 15 cm tall.

Notably, the two sapling recruitment models were nearly identical in
terms of relative influence (Supplemental Table A3), retaining just two
variables: abundance of large seedlings > 152 c¢m tall and live tree basal
area.

3.3. Seedling gain and sapling recruitment by species

Accuracy of individual species models increased with juvenile tree
size class, and varied more by size class than species (Table 3). In gen-
eral, the influence of abiotic factors decreased with size class and the
influence of live tree basal area/density and abundance of smaller-sized
seedlings increased (Fig. 7). The most frequently selected abiotic vari-
ables were soil organic carbon, duff depth, soil nitrogen, coarse woody
material and the Topographic Position and Topographic Wetness indices
(Supplemental Figure A6), and the shape of relationships with these
influences  varied considerably by species (Supplemental
Figures A7-A12). Live tree basal area had a strong and consistently
negative relationship with gain of seedlings > 91 cm tall and sapling
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Fig. 4. Percentage of subplots for which gains in seedling abundance or sapling recruitment were observed between measurements by juvenile tree size class and tree
species palatability to White-tailed deer. Saplings are 2.5-12.6 cm diameter at breast height [DBH], while seedlings are < 2.5 cm DBH. Species within each

palatability class are shown in table A2.

Table 2

Model accuracy (Area Under the receiver operating characteristic Curve, mean
and standard error) from models of seedling gain and sapling recruitment for
species with low-moderate and high palatability to White-tailed deer.

Size class Low-moderate High

<15cm 0.65 (0.01) 0.69 (0.01)
15-30 cm 0.61 (0.01) 0.64 (0.01)
30-90 cm 0.63 (0.01) 0.69 (0.01)
90-150 cm 0.71 (0.02) 0.80 (0.01)
> 150 cm 0.75 (0.01) 0.86 (0.01)
sapling 0.84 (0.01) 0.88 (0.02)

recruitment (Supplementary Figure A13). Proxies for deer browse ten-
ded to be moderately influential for gains in seedlings < 152 cm tall,
with both the degree of influence and the size class at which browsing
influence peaked varying by species (Fig. 7). While proportion of non-
forest and of developed land were each retained in at least one model
for the majority of tree species, the shape of these relationships varied
considerably and rarely displayed the negative relationship that would
be consistent with a response to browsing (Supplementary Figures A13
and A14).

Of the eight low—moderate palatability species, six were influenced
by harvest density for at least one juvenile tree size class and each of
these relationships were broadly unimodal except for a positive rela-
tionship with A. pensylvanicum sapling recruitment and a bimodal rela-
tionship with gain of 30-91 cm Pinus strobus seedlings (Fig. 8). Species of
low-moderate palatability had variable relationships with snow depth,
in contrast with the consistently positive relationship seen with highly
palatable species (Fig. 9).

Among the four species considered highly palatable, Acer saccharum
was most strongly influenced by browsing proxies including a negative
relationship with harvest density for seedlings 15-152 cm tall and a
positive relationship with snow cover for seedlings 15-91 cm tall.
Meanwhile, Acer rubrum and Betula alleghaniensis each had one height
class at which browsing primarily appeared to limit seedling gains:
91-152 cm tall for A. rubrum and > 152 cm tall for B. alleghaniensis. In
each case, a negative relationship with harvest density and a positive

relationship with snow cover were observed. Despite being considered a
highly palatable species, Fraxinus americana showed a generally positive
relationship with harvest density for seedlings < 30 cm tall, although a
largely negative relationship for seedlings 91-152 cm tall (Fig. 8). In
some cases, likelihood of seedling gain increased at the highest harvest
density values (>4 deer km 2 yr’l), which were found almost exclu-
sively in westernmost portion of the study area (Supplementary
Figure Al).

3.4. Predicted change in regeneration

Predictions for Acer rubrum, Acer saccharum and Betula alleghaniensis
under scenarios of reduced and increased browsing pressure suggested
widespread benefits for reduced browse intensity, including the south-
ern portion of the study area, and potential for reduced regeneration
particularly in northern areas in a future with increased browse pressure
and decreased snowpack (Fig. 10). Projected decreases in regeneration
were particularly acute for A. saccharum under a combination of greater
deer density and lower snow depth, although predictions for
A. saccharum under increased deer density alone were mixed (Fig. 10,
Supplementary Figure A16).

4. Discussion

Consistent with our expectations, we found that white-tailed deer
browse had a stronger influence on seedlings of high-palatability spe-
cies, and that impacts were strongest at intermediate height classes. We
had expected browse impact to peak at the 30-90 cm height class based
on prior work in eastern USA forests, rather than the 91-152 cm height
class as we observed (Henry et al., 2021; Kelly, 2019; Larouche et al.,
2010; Rooney, 2001; Rooney et al., 2000; Walters et al., 2020). How-
ever, our results are consistent with research from Europe demon-
strating that browsing of both foliage and bark tend to be most intense at
shoulder height of deer (Konopka et al., 2022; Renaud et al., 2003). We
also found that the species most strongly influenced by browsing overall
(Acer saccharum, sugar maple) was affected at smaller size classes than
species less strongly influenced by browsing, supporting the idea that
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Fig. 5. Relative influence from models of seedling gain by height class or sapling recruitment for tree species with low-moderate and high palatability, by category of
variables (Table 1). saplings are 2.5-12.6 cm diameter at breast height [DBH], while seedlings are < 2.5 cm DBH. Species within each palatability class are shown in

table A2.

the most palatable species are preferentially browsed at smaller size
classes.

We had also expected to see negative effects of browsing on high-
palatability species and unimodal effects on the least palatable species
to the extent that they benefit from reduced competition under moder-
ate browsing pressure. Indeed, some less palatable species including
Fagus grandifolia (American beech) and Acer pensylvanicum (striped
maple) appeared to benefit from increased browsing up to a point,
although this threshold varied considerably from a peak at < 0.2 to
> 3.0 deer harvested per km? per year depending on species and size
class. These species are known to benefit from deer browse, and may
suppress regeneration of other species when abundant in the understory
(Nyland et al., 2006).

4.1. Deer browse and juvenile tree size

Influences on seedling gains varied considerably for small seedlings
(<30 cm tall) and medium-large seedlings (> 30 cm tall). Gains in small
seedling abundance (<30 cm tall) were challenging to predict and more
strongly influenced than larger seedlings by abiotic factors including soil
properties, terrain, litter and duff depths and downed dead wood. These
relationships appear to reflect species-level differences in site and
microsite preferences for small seedlings. The only abiotic influence on
small seedlings that was consistent across low and high-palatability
groups was soil organic carbon, which was negatively related to small
seedling gains particularly for the three maple (Acer) species and

Fraxinus americana (white ash). This relationship was surprising and
merits further investigation. High soil organic carbon could indicate
productive environments with dense undergrowth, closed-canopy for-
ests with limited light availability, acidic soils or cold environments, or
deep leaf litter that could impair regeneration for these species. Yet, we
note that these characteristics were also represented in our models by
understory plant cover, tree basal area, soil pH, snow depth and litter
depth variables, respectively.

We found some counterintuitive bimodal relationships with harvest
density for small seedlings, indicating that areas with the highest deer
populations in our study area are favorable sites for small seedlings in
ways that are not otherwise accounted for in our analysis. This bimodal
response was seen for small A. saccharum seedlings, generating coun-
terintuitive predictions that small A. saccharum seedlings would benefit
from greater browse impact in some parts of the study area. We did not
account for seed predation and seedling herbivory by small mammals,
which may strongly influence tree seedling establishment and early
survival and interact with other factors including tree composition,
downed dead wood and snow depth (Connolly et al., 2024; Guiden et al.,
2019; Schnurr et al., 2004). Another possibility is that soil properties,
which may strongly influence seedling establishment and growth in the
study region (Tourville et al., 2023), were not adequately characterized
by the gridded data and modeled values that we used (Domke et al.,
2017; Poggio et al., 2021). Unexpected positive relationships with har-
vest density for small seedlings of Fraxinus americana (white ash) may be
an artifact of the invasive emerald ash borer, which is not known to kill
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Fig. 6. Partial dependence plot showing the relationships between gains in seedling abundance by height class and White-tailed deer harvest density for species of
low-moderate and high palatability. Probability of seedling gain is transformed into z-scores to visualize the shape of relationships across models. The histogram
shows the distribution of deer harvest density values among the subplots used for analysis. Species within each palatability class are shown in table A2.

Table 3

Model accuracy (Area Under the receiver operating characteristic Curve) for models of gains in seedling abundance and sapling recruitment by juvenile tree size class

and species.

Species < 15cm 15-30 cm 30-91 cm 91-152 cm > 152 cm sapling

Abies balsamea 0.71 (0.02) 0.69 (0.02) 0.75 (0.02) 0.75 (0.02) 0.80 (0.02) 0.89 (0.02)
Fagus grandifolia 0.61 (0.02) 0.66 (0.02) 0.68 (0.03) 0.70 (0.03) 0.83 (0.02) 0.85 (0.02)
Acer rubrum 0.71 (0.01) 0.67 (0.01) 0.73 (0.01) 0.82 (0.01) 0.84 (0.01) 0.91 (0.02)
Picea rubens 0.72 (0.05) 0.71 (0.04) 0.73 (0.04) 0.78 (0.03) 0.81 (0.04) 0.89 (0.01)
Acer pensylvanicum 0.62 (0.02) 0.64 (0.02) 0.63 (0.03) 0.81 (0.02) 0.75 (0.03) 0.87 (0.03)
Betula alleghaniensis 0.60 (0.04) 0.64 (0.06) 0.68 (0.03) 0.80 (0.03) 0.88 (0.02) 0.92 (0.02)
Acer saccharum 0.69 (0.04) 0.67 (0.03) 0.72 (0.03) 0.83 (0.02) 0.87 (0.02) 0.86 (0.04)
Fraxinus americana 0.73 (0.03) 0.60 (0.03) 0.71 (0.02) 0.74 (0.05) 0.78 (0.03) 0.83 (0.05)
Thuja occidentalis 0.63 (0.06) 0.64 (0.06) 0.88 (0.03) 0.90 (0.04)
Pinus strobus 0.69 (0.03) 0.73 (0.02) 0.79 (0.04) 0.77 (0.04) 0.85 (0.02) 0.94 (0.02)
Tsuga canadensis 0.67 (0.03) 0.65 (0.04) 0.77 (0.05) 0.76 (0.05) 0.78 (0.07) 0.95 (0.02)
Ostrya virginiana 0.72 (0.05) 0.73 (0.05) 0.74 (0.04) 0.77 (0.07) 0.65 (0.10) 0.96 (0.02)

seedlings < 2.5 cm DBH yet has strongly affected seedling establishment
due to extensive overstory mortality of ash trees (Klooster et al., 2014).
The complexity of small seedling dynamics may help to explain
sometimes-unexpected relationships between abundance of medium-
-large seedlings and browsing pressure uncovered in previous work
(Lesser et al., 2019), and underscores the utility of further work on dy-
namics of seedlings < 30 cm tall that are often excluded from forest
inventories and ecological studies.

In contrast with small-sized seedlings, gains in medium-large seed-
lings were predicted with greater accuracy and browse intensity had a
consistent negative influence on high-palatability (but not low-
palatability) species. Our results are in line with observations from the
eastern USA region that forests with high browsing pressure may still
have abundant small-sized seedlings of palatable species, yet abundance

of large seedlings and saplings is typically low (Henry et al., 2021; Kelly,
2019; Rooney, 2001; Walters et al., 2020). This pattern has also been
observed in European temperate forests subject to moderate to high deer
browsing pressure (Borowski et al., 2021; Gotmark et al., 2005; Kup-
ferschmid et al., 2020). It is also possible that deer at very high densities
may forage less selectively in terms of both species and seedling height,
causing differences in browse intensity among species and height classes
to diminish (Borowski et al., 2021). However, we did not find strong
evidence to support this idea (e.g., negative effects of white-tailed deer
on less palatable species at high deer densities).

Sapling recruitment over the 5-7-year window that was studied was
not influenced by deer browse but rather by a combination of large
seedling abundance and light availability, which is consistent with prior
work on sapling recruitment (Harris et al., 2024a) and supports the idea
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Fig. 7. Relative influence of different categories of variables on seedling gain/sapling recruitment by tree species and juvenile tree size class, with non-zero values
shown in each cell. “Overstory” refers to total live tree basal area and/or density. See table 1 for variables within each of these categories. Saplings are 2.5-12.6 cm
diameter at breast height [DBH], while seedlings are < 2.5 cm DBH. Species considered highly palatable are Acercer rubrum, Acercer saccharum, Betulabetula alle-

ghaniensis, Fraxinusfraxinus americana and Thujathuja occidentalis.

that browse impact wanes as seedlings approach sapling size and start to
grow beyond the reach of deer (Walters et al., 2020).

Model accuracy varied considerably by juvenile tree size, from
typically good to excellent accuracy (AUC > 0.8) for sapling recruitment
and gains in abundance of large seedlings (> 91 cm tall) to much lower
accuracy for the three smallest size classes. We expected populations of
small-sized seedlings to be more stochastic and therefore difficult to
predict due to greater influence of interannual variability in seed pro-
duction and predation, pests and pathogens, and climate. Prior regional
analyses of seedling abundance in eastern USA forests using standard
(one size class) FIA seedling tallies have obtained relatively low model
accuracy, which speaks to the difficulty of predicting tree seedling dy-
namics (Lesser et al., 2019; Miller and McGill, 2019; Russell et al.,
2017).

4.2. Indicators of deer browse

Like other regional-scale studies of deer browse impacts, we used
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geospatial proxies for browsing pressure that each have their own
strengths and weaknesses (Lesser et al., 2019; Russell et al., 2017). We
found that deer harvest density was the strongest indicator of browsing
pressure, and our use of town-level harvest records provided a
finer-resolution indicator than estimates at the level of wildlife man-
agement units or zones that have been used in past work (Lesser et al.,
2019; Miller and McGill, 2019; Russell et al., 2017). However, the
assumption that deer harvest density is an indicator of deer abundance is
unlikely to be true in suburban and exurban forests with lower hunting
pressure. Differences in state-level hunting regulations, reporting and
data availability could all generate differences in deer harvest densities
among states that are not reflective of differences in deer populations.
Overall, our results suggest that town-level harvest records do have
value as a proxy for deer browsing pressure on tree seedlings, particu-
larly when used with other complementary proxies.

We found positive relationships between snow depth and regenera-
tion of high-palatability species that are consistent with deep snowpacks
limiting deer populations. In fact, the differences between the response
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Fig. 8. Partial dependence plots showing the relationships between gains in juvenile tree abundance by size class and White-tailed deer harvest density for individual
tree species. Thick (thin) lines represent relative influence > 25 % (<25 %). saplings are 2.5-12.6 cm diameter at breast height [DBH], while seedlings are < 2.5 cm
DBH. Species considered highly palatable are rubrum, Acer saccharum, Betula alleghaniensis and Fraxinus americana.

of high and low-moderate-palatability seedlings to snow depth were
striking (consistently positive and highly variable, respectively). Yet,
snowpack dynamics also have direct impacts on tree seedling growth
and survival (Henne et al., 2007) that cannot be teased apart from in-
direct effects of snowpack on deer in the context of our analysis. For
example, loss of snow may subject seedlings to more freeze-thaw cycles
that cause root damage (Sanders-DeMott et al., 2018). In addition, areas
with deeper snowpacks are likely to have higher populations of moose
(Alces alces), which were not considered in our analysis.

The land cover metrics that we considered, proportion of non-forest
and of developed land, were less effective proxies for deer browse
impact than harvest density or snow depth. To the extent that these
metrics indicate deer browsing pressure, they should be negatively
related to regeneration of palatable species. Yet, relationships with land
cover were unimodal or positive in the majority of cases, suggesting that
these metrics are indicating other aspects of land use and development
that may influence regeneration such as light availability, invasive plant
species abundance, and differences in forest management practices at
the wildland-urban interface (Sonti et al., 2023). Land cover charac-
terization could potentially be improved in future work by considering
area of non-forested vegetation instead of proportion non-forested
(Lesser et al., 2019), quantifying the spatial arrangement of habitat
types (Hurley et al., 2012), or separating non-forest vegetation into
components including shrub land and crop land.
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4.3. Implications for future management

Prior work suggests widespread tree regeneration debt in eastern
USA forests south of 43°N and especially south of 42°N (i.e., southern
New England and the Mid-Atlantic region) due in part to deer browse,
whereas forests farther north currently have more robust regeneration
(Miller and McGill, 2019). However, ongoing declines in winter snow-
pack and severe cold and increased habitat alteration from development
will likely lead to further increases in deer populations in the future for
northern forests (Contosta et al., 2019; Laurent et al., 2021), potentially
leading to the northwards expansion of regeneration challenges. Indeed,
our results suggest that a positive feedback between climate change and
deer browse may emerge as a key threat to the regeneration of
high-palatability tree species in northern temperate and southern boreal
forests where deep winter snowpack was previously limiting to deer
populations. On the other hand, forests that already have moderate to
high browse intensity may represent the greatest near-term opportunity
to alleviate regeneration debt through management intervention. For
example, our predictions generally suggest that risk to seedlings from
future increases in deer browse are most acute in the northern portion of
our study area, whereas the benefits to seedlings of reducing deer
browse are equal or greater in the southern portion. Our analysis focused
on the presence or absence of gains in seedling and sapling abundance
rather than absolute abundance or the magnitude of change, meaning
that we cannot directly link our results to indices of regeneration debt as
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Fig. 9. Partial dependence plots showing relationships between snow depth and probability of seedling gain/sapling recruitment for individual tree species and size
classes. Thick (thin) lines represent relative influence > 25 % (<25 %). saplings are 2.5-12.6 cm diameter at breast height [DBH], while seedlings are < 2.5 cm DBH.
Species considered highly palatable are Acer rubrum, Acer saccharum and Betula alleghaniensis.

defined by Miller et al. (2023). Making a direct connection to regener-
ation debt would be useful in future work given the correspondence
between deer browse impact and regeneration debt (Miller et al., 2023;
Vickers et al., 2019) and the potential for white-tailed deer browse
impacts to increase in the future.

Impacts of deer overpopulation on tree regeneration can sometimes
be mitigated through strategies including excluding deer using fencing
or walls made from slash (Smallidge et al., 2021); reducing deer pop-
ulations through increased deer harvesting (Bodeker et al., 2023;
Tanentzap et al., 2011; Ward and Williams, 2020); using tree cages/-
tubes to protect individual seedlings; and targeted release of seedlings
through overstory harvests, mechanical cleaning, herbicide release or
other means to help them grow through vulnerable height classes. These
strategies are most valuable and cost-effective when used at locations
and times where impacts of deer browse are expected to be greatest
based on the size and species composition of seedlings. Our work sug-
gests that the size class at which deer browse has the greatest impact
varies substantially among species. For example, regeneration efforts
focused on A. saccharum may be most effective by targeting smaller
height classes (15-152 cm), whereas those targeting B. alleghaniensis
may benefit from targeting larger height classes (>152 cm).
A. saccharum deserves special mention as a species with high ecological,
economic and cultural value that has been in decline in the sapling layer
since the 1980s in the northeastern USA (Bose et al., 2017). Our results
suggest both that A. saccharum regeneration could be substantially
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improved at a regional scale if browsing pressure were to be reduced
from current levels, and that further declines in A. saccharum regener-
ation are likely if browsing pressure increases in the future.

Our results also highlight potential to increase abundance of small
seedlings through silvicultural techniques such as manipulating sub-
strate or understory vegetation, helping to counteract impacts of deer
browse on larger seedling height classes. In addition, the strong negative
response of seedlings > 91 cm tall to live tree basal area that we
observed also speaks to the potential to manipulate canopy gap sizes to
allow tree regeneration to succeed despite high browsing pressure
(Bodeker et al., 2023).

5. Conclusion

An improved understanding of the factors limiting tree regeneration,
including browsing by ungulates, is crucial to making accurate pre-
dictions of how forests are likely to change in the future and how to
manage for successful regeneration of key species. By isolating the ef-
fects of browse intensity on different seedling size classes, we showed
how the influence of white-tailed deer browse varies both by ontogeny
and palatability in forests of the northeastern USA. Our results highlight
how dynamics of small seedlings (< 30 cm tall) are more stochastic and
strongly influenced by abiotic factors. In contrast, medium to large
seedlings of palatable species had consistent negative relationships with
browsing pressure. Negative impacts of deer browse on tree
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Fig. 10. Predicted change in likelihood of seedling abundance gains for three highly palatable tree species under scenarios representing potential near-term and
future changes in browsing pressure: 50 % reduced or increased deer density, using deer harvest density as a proxy; and observed or 50 % reduced snow depths. In
each case, the seedling height class is shown at which proxies for browsing pressure had the strongest influence.

regeneration are likely to increase in areas where harsh winters histor-
ically limited deer populations, but our results suggest that there is
opportunity to mitigate some of these impacts. Targeted management to
help cohorts of seedlings grow through the most vulnerable height class
could form the basis of management strategies to promote successful
regeneration. Deer browse impacts peaked at seedling heights of
91-152 cm for highly palatable species as a group, but we observed
variation among species that may be useful when formulating species-
specific regeneration strategies.
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