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Does white-tailed deer density affect tree
stocking in forests of the Eastern United
States?
Brice B. Hanberry1* and Marc D. Abrams2

Abstract

Background: White-tailed deer (Odocoileus virginianus) have increased during the past century in the USA. Greater
deer densities may reduce tree regeneration, leading to forests that are understocked, where growing space is not
filled completely by trees. Despite deer pressure, a major transition in eastern forests has resulted in increased tree
densities.

Methods: To reconcile conflicting trends, we applied generalized linear mixed models to compare deer densities
during 1982 and then 1996 to tree stocking after about 30 years and 15 years of potential reductions of small trees
by deer, for the entire eastern US and 11 ecological provinces. We also compiled deer browse preferences and
compared preferred browse with trends in tree species composition from historical (1620–1900) and current tree
surveys.

Results: The forested area of the eastern US, including a prairie ecological province, was equally well-stocked (52%)
and understocked (48%) during 2011–2017 tree surveys. For 1982 deer densities, 38% of area had deer
densities > 5.8 deer/km2 and for 1996, 66% of area had deer densities > 5.8 deer/km2. Deer densities and tree
stocking were not related significantly for the entire eastern US. Deer may reduce tree stocking in the
Laurentian Mixed Forest; however, this province had both lower deer densities and greater tree stocking than other
provinces. Furthermore, major tree species trends did not match tree browse preferences.

Conclusions: Rather than too few trees, too many trees is an ecological problem where historical open oak and pine
forests had herbaceous understories, and currently, trees have captured growing space. We attribute other drivers than
deer to explain this transition.
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Introduction
White-tailed deer (Odocoileus virginianus) densities have
increased during the past century in the USA from near
extirpation to within historical values, with estimates ran-
ging widely from 10 million to 80 million animals (McCabe
and McCabe 1984; Miller et al. 2003; VerCauteren 2003;
Adams and Hamilton 2011). After Euro-American settle-
ment, market hunting drove the population to perhaps <
500,000 animals by the late 1800s (McCabe and McCabe
1984; Miller et al. 2003; VerCauteren 2003). Commercial

hunting ended due to limited deer numbers, changed pub-
lic attitudes, enforced state harvest restrictions, and the
federal Lacey Act of 1900, which banned interstate ship-
ment of illegally caught animals. Leopold et al. (1947) pre-
sented a US map where deer primarily were absent or rare,
albeit with local “problem” areas, after which the deer
population started to recover and expand. Currently, the
population may have returned to about 30 million animals
(McCabe and McCabe 1984; Miller et al. 2003; VerCaute-
ren 2003). Predator control, minimal doe harvest, and ac-
cess to crops and food plots have offset negative impacts
resulting from urbanization and industrialization. However,
since 2006, habitat loss and degradation, hunting pressure,
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severe weather events, and disease may be decreasing deer
populations (Webb 2014).
Overall, research indicates that deer reduce regener-

ation of tree seedlings (Bakker et al. 2016). Great deer
densities create the potential for deer to influence plant
species composition and abundance by reducing
survival, growth, reproduction, and continued species
recruitment of preferred browse. Because of browsing
pressure, conifers such as northern white cedar (Thuja
occidentalis) and eastern hemlock (Tsuga canadensis) in
northern mixed forests of the Great Lake states and oaks
and maples in eastern broadleaf forests may not be re-
generating (Rooney 2001; Russell et al. 2001; Côté et al.
2004). Browsed species may be affected at deer densities
of 3–9 deer/km2 (Alverson et al. 1988; Russell et al.
2001; McShea 2012; Russell et al. 2017a; Ramirez et al.
2018). Intensive deer browsing may shift the understory
toward ferns, sedges, and browse-tolerant or non-
palatable herbs and shrubs, particularly invasive species
(Royo and Carson 2006; Abrams and Johnson 2012).
Limited research about deer impacts on tree densities at

landscape scales tends to focus on deer effects on seed-
lings and saplings, which may not transfer ultimately to ef-
fects on larger diameter tree species, because most
smaller size classes will not survive competition for grow-
ing space. Didier and Porter (2003) determined that high
deer densities were not related to poor maple reproductive
success in northern New York. Bradshaw and Waller
(2016) showed that deer reduced saplings of all tree spe-
cies except spruce and fir across northern Wisconsin. Rus-
sell et al. (2017a) found that tree seedling abundance
generally decreased as deer density increased above 5.8
deer/km2, excluding oak forests, in the northern US. Rus-
sell et al. (2017b) modeled recruitment dynamics of sap-
lings and overstory trees and showed that stands with very
high browse impact would contain 50% fewer saplings and
17% fewer overstory trees in the northern US. McWilliams
et al. (2018) summarized that 59% of 74 million forestland
hectares had moderate or high browse impacts in the
Midwest and Northeast, with 79% moderate or high
browse impacts in the Mid-Atlantic region; 65–70% of
oak/hickory and maple/beech/birch forest-type groups
had signs of moderate or high browse impacts.
However, herbivory by native species has influenced

plant composition for millions of years. Most studies have
been published where browsing pressure is evident, but
studies also show minimal impact of deer on vegetation or
at least slow response of plants to deer exclusion (Alverson
et al. 1988; Didier and Porter 2003; Kraft et al. 2004; Holla-
day et al. 2006; Collard et al. 2010; Hanberry et al., 2014b).
Given bias against publication of negative results, add-
itional unpublished studies likely show minimal influence
by deer. Compared to high deer densities, which may be
relatively similar to historical densities, fire exclusion,

logging, forest fragmentation, land conversion to agricul-
ture, wetland drainage and altered hydrology, and other
land use changes have occurred during the past 150 years
that are unprecedented.
The onset of major changes in forests of the eastern US

coincided with reductions in deer densities during the late
1800s and early 1900s. Open oak and pine forests, with a
sparsely treed overstory and herbaceous understory, which
historically covered the central and southern regions of
the eastern US, have transitioned to dense forests with
trees throughout the vertical profile, composed of many
eastern broadleaf tree species (Nowacki and Abrams 2008,
Hanberry et al., 2014a, b, Hanberry and Nowacki 2016,
Hanberry and Abrams 2018). Frequent, low to moderate
severity fire, acting like a browser, removed tree seedlings,
although fire variation allowed some fire-tolerant oak and
pine species to survive (Hanberry et al. 2018a). Fire exclu-
sion began during the first half of the 1900s, releasing
other eastern tree species to establish throughout histor-
ical oak and pine forests and increasing tree densities,
resulting in capture by trees of growing space historically
occupied by herbaceous plants.
Therefore, a question to consider may be whether deer

densities great enough to prevent tree regeneration are
an ecological problem or a helpful tool for management
and restoration (Fløjgaard et al. 2018). Loss of open
forests probably has resulted in declines in associated
species, such as herbaceous plants, pollinators, and birds
(e.g., Hanberry and Thompson 2019). Prevention of tree
regeneration to maintain or restore open forests is a dif-
ficult task that requires a great investment in manage-
ment resources, and deer may provide assistance in
controlling tree regeneration through tree consumption
(e.g., Hanberry and Thompson 2019).
A detailed examination of the relationship between deer

densities and tree densities in the eastern US is lacking.
Here, we assessed the relationship between deer density
and tree stocking for the entire eastern US and the eco-
logical province scale (Ecomap 2007; Fig. 1) to determine if
at greater deer densities, deer appear to control tree regen-
eration by reducing stocking at landscape scales. Although
estimation of deer densities is not exact, and model im-
provement has occurred over time, the cumulative reports
from state agencies provide the best approximate broad
deer density classes in space and time at landscape scales
(Fig. 1). Unlike many other studies, we did not assess seed-
lings or saplings because most will not survive to reach the
next life stage, regardless of deer browsing. Instead, we
used the metric of stocking (calculated in FIA Evalidator;
USDA Forest Service, Forest Inventory and Analysis Pro-
gram (2018)), which is based on the relationship between
tree diameter, tree density, and occupancy space of tree
species; occupied growing space increases exponentially
with increasing tree diameter and stands are considered to
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have full site occupancy at approximate 60% stocking (see
Arner et al. (2001) for development of equations and
species-specific coefficients; Hanberry et al., 2014a). Lower,
understocked values indicate that tree recruitment has not
reached full potential, whereas absolute measures such as
density or basal area do not provide information about
what percent of the growth potential is achieved. Specific-
ally, we calculated percent of forestland area in each
county that was understocked (< 60% stocked). Larger
trees contribute most to stocking and thus, deer reduc-
tions of seedlings and saplings will not manifest in for-
est stocking measures until future years. To account for
time lag of effects, we used deer densities during ap-
proximately both 1982 and 1996 and most recent tree
stocking measurements after about 30 years and 15
years of deer browsing. We also compiled reports of
deer browse preferences and examined trends in tree
species composition relative to browsing preference
since the 1800s to detect relationships. If deer control
tree regeneration, preferred tree species generally
should exhibit declines relative to non-preferred tree
species. Lastly, we explored the contradiction between
high deer densities and increased tree densities during
the twentieth century.

Methods
We used deer densities from circa 1982 and 1994–1999
(hereafter 1996; Fig. 2), based on reports from state wild-
life agencies. We digitized the Southeastern Cooperative
Wildlife Disease Study 1982 map of deer density
(https://vet.uga.edu/scwds/range-maps) and the Quality
Deer Management Association 1994–1999 map of deer
density (Adams et al. 2009) for the conterminous USA.
Note that the 1996 map was missing information from
part of the Mississippi River Alluvial Valley in Missis-
sippi (Fig. 2). Deer densities were in three classes: < 5.8
deer/km2, 5.8–11.6 deer/km2, and > 11.6 deer/km2. For
the 1996 deer densities, we collapsed an additional >
17.4 deer/km2 class into the > 11.6 deer/km2 due to
small sample size. In order to match the county units of
tree stocking, when there were multiple deer classes per
county, we retained counties that had one class covering
at least 55% of the total county area or was at least 25
percentage points greater than the next most abundant
class, and assigned that majority class to the county. We
additionally approximated deer densities based on a
calibration with estimated US populations (B. Hanberry,
unpublished data); to do this, we multiplied class area by
the lowest value for each density class (i.e., 5.8, 11.6,

Fig. 1 Ecological provinces assigned to counties of the eastern USA. Inset panel displays location of the USA in North America
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17.4 deer/km2), except we used a value of 1.85 deer/km2

for the low-density class and then divided by total area.
We used FIA Evalidator (USDA Forest Service, Forest

Inventory and Analysis Program (2018)) to quantify per-
cent forestland area by county for each stocking group,
where stocking is the percent occupancy of growing
space by trees. Stocking groups were overstocked (≥
100%), fully stocked (60–99%), medium stocked (35–
59%), poorly stocked (10–34%), and nonstocked (0–9%).
We calculated percent of forestland area in each county
that was understocked (< 60% stocked), or a combin-
ation of the medium, poorly, and nonstocked groups,
which represents where growing space is unfilled by
trees. We note that due to a normal distribution, this

group primarily is comprised of medium (mean of 37%
for all counties, weighted by forested area) and poorly
stocked (10%) forest area, whereas nonstocked is rare
(1%). We used the most recent surveys available to allow
maximum time for tree stocking to reflect deer densities,
i.e., lag effects. Complete surveys for each US state gen-
erally require ≥ 5 years and variation in survey dates by
US state resulted in surveys generally spanning from
2011–2017. Although we do not address tree diameter
classes, we compared trees in different diameter classes,
including the small diameter class < 2.54 cm to deer
density classes during 2001–2005 (Additional file 1; deer
density classes during 2001–2005 from QDMA map,
Adams et al. 2009). Deer densities increased over time,

Fig. 2 Deer density classes during 1982 (a original deer density classes, b after majority deer density class assigned to each county and joined to
counties with tree stocking information) and 1996 (c original deer density classes, d after majority deer density class assigned to each county and
joined to counties with tree stocking information). The low-density class is < 5.8 deer/km2, moderately low-density class is 5.8–11.6 deer/km2, and
moderately high-density class is > 11.6 deer/km2, which includes high-density class of 17.4 deer/km2 for 1996
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and thus, older trees experienced less deer pressure than
younger trees.
We applied generalized linear mixed models (SAS

Proc Glimmix; SAS software, version 9.4, Cary, North
Carolina, USA) to compare deer density classes to per-
cent of understocked forestland area by county for the
eastern US and for each ecological province. Because
understocked area of a county was a proportion, we used
the beta distribution, with the logit function. A random
variable of US state, with the variance components co-
variance structure, improved model fit.
We then developed a table (Table 3) to identify a pat-

tern between preferred tree browse and long-term tree
compositional trends for major tree genera/species. We
used deer browse preferences in the southern, central,
and northeastern US, based on reports by Warren and
Hurst (1981), Latham et al. (2005), and Rawinski (2014).
We also determined increasing and decreasing tree gen-
era or species trends, based on percent of all trees that
each species represented in historical (1620–1900) and
current tree surveys (2011–2017; e.g., Abrams 2001;
Hanberry and Nowacki 2016; USDA Forest Inventory
and Analysis, FIA DataMart, www.fia.fs.fed.us/tools-data,
Bechtold and Patterson 2005).

Results
For 1982 deer densities, approximate mean density was 4.0
deer/km2 for the eastern US. Of 2043 counties with major-
ity deer density classes, 66% of counties had low densities
of < 5.8 deer/km2 and 25% of counties had moderately low
densities of 5.8–11.6 deer/km2 (Fig. 2). For 1996 deer dens-
ities, approximate mean density was 6.9 deer/km2. Of 2254
counties with majority deer density classes, 34% of counties
had low densities of < 5.8 deer/km2 and 35% of counties
had moderately low densities of 5.8–11.6 deer/km2 (Fig. 2).
These values were the same before assigning a majority to
each class for 1996 deer densities, but for 1982 deer dens-
ities, 62% of counties had low densities before assignment.
There were 2109 counties with percent stocking informa-
tion for the eastern US (Fig. 1), and 48% of forested area
(weighted by county area) was understocked (Fig. 3).
Understocked counties and low deer densities were more
frequent in interior states (Figs. 2 and 3).
For the entire eastern US, deer density and percent of

forestland area that was understocked were not signifi-
cantly related during 1982 (P = 0.9105 for 1972 counties)
and 1996 (P = 0.8853 for 2186 counties). The mean per-
cent of understocked forest was 52%, 48%, and 49% for
each increasing 1982 deer density class, respectively (i.e.,
low, moderately low, and moderately high and high),
and 50% for all 1996 density classes.
For 1982 deer densities, of the ten provinces with

three deer density classes (i.e., the Prairie province only
had low deer density), the Laurentian Mixed Forest (P =

0.0007) and Central Appalachian Broadleaf Forest (P =
0.0027) had significant relationships between deer dens-
ity and percent understocking (Table 1). For the Lauren-
tian Mixed Forest, counties with low deer densities had
the least percent understocked forest (39%), compared
to about 45% understocking at greater deer densities,
i.e., an indication that deer may be reducing tree growth
in forests. For the Central Appalachian Broadleaf Forest,
counties with low deer densities had greatest percent
understocking.
For 1996 deer densities, out of eleven provinces, the

Laurentian Mixed Forest (P < 0.0001), Central Interior
Broadleaf Forest (P = 0.0379), and Outer Coastal Plain
Mixed Forest (P < 0.0001) had significant relationships be-
tween deer density and percent understocking (Table 2).
For the Laurentian Mixed Forest, counties with low and
moderately low deer densities had the least percent under-
stocked forest (40%) compared to 48% understocking at
the greatest deer density. For the Central Interior Broad-
leaf Forest, counties with moderately low deer densities
had 54% percent understocking compared to counties
with moderately high to high deer densities at 57% per-
cent understocking. For the Outer Coastal Plain Mixed
Forest, counties with lower deer densities had greater per-
cent understocking.
Tree genera or species that are decreasing in the east-

ern US equally were preferred and not preferred by deer
in northeastern forests, with low to high use in central
forests, and low to moderate use in southern forests
(Table 3). There were more increasing genera/species,
which generally were preferred by deer in northeastern
forests. Use of increasing genera/species by deer varied
from low to high in central forests and typically was low
to moderate in southern forests.

Discussion
We showed that white-tailed deer have not reduced tree
densities systematically at landscape scales across the
Eastern United States, similarly to Didier and Porter
(2003) for northern New York. By 1996, about 66% of
the eastern US had deer densities > 5.8 deer/km2 and
32% of the area had deer densities > 11.6 deer/km2,
which are density thresholds that are expected to reduce
tree establishment (Russell et al. 2001; McShea 2012;
Russell et al. 2017a; Ramirez et al. 2018). However,
understocked forested area remained relatively constant
at about 50% for all deer density classes, resulting in no
significant differences in area of understocked forest
among deer density classes for the entire eastern US. Al-
though there is a caveat that broad deer density classes
may not be exactly accurate for each county, the overall
picture for about 2000 counties in the eastern US is lack
of relationship between deer density and understocked
forested area (see Figs. 2 and 3).

Hanberry and Abrams Ecological Processes            (2019) 8:30 Page 5 of 12

http://www.fia.fs.fed.us/tools-data


The two to three of 11 provinces with significant differ-
ences in percent forested area of understocking among
deer density classes showed inconsistent deer density ef-
fects, with both increased and decreased area of under-
stocked forest at lower deer densities. Indeed, where mean
deer densities were greatest (10 deer/km2) in the South-
eastern Mixed Forest province, percent area of under-
stocked forest decreased with increasing deer density,
albeit not significantly. Southern forests had greatest deer
densities and about 50% of forested area that was under-
stocked. Provinces with the lowest deer densities (< 7.5
deer/km2) for 1996 had the greatest range in percent area
of understocking (32–56%); northern forests (Laurentian
Mixed Forest, Northeastern Mixed Forest, Adirondack-
New England Mixed Forest) had the lowest percent area
of understocking, and most of the central broadleaf forests
(Central Interior Broadleaf Forest, Eastern Broadleaf For-
est, and Midwest Broadleaf Forest) and Prairie had the
greatest area of understocking. In general, most provinces

had a trend of slightly increased area of percent area of
understocking as deer densities increased, but area of
understocked forest did not vary by more than five per-
centage points among the three deer density classes. This
difference is not likely to be ecologically significant or no-
ticeable at landscape scales.
Percent of understocked forest appears to be reflecting

the influence of historical tree densities, forestry practices,
and land use. For example, the Laurentian Mixed Forest
had a significant relationship between increased deer
densities and forested area of understocking for both 1982
and 1996 deer densities. Nonetheless, despite local evi-
dence for deer impacts in the Great Lakes, the Laurentian
Mixed Forest province overall had one of the lower deer
densities (6.7 deer/km2) of all the provinces and is heavily
forested, similarly to the other northern forests. The Laur-
entian Mixed Forest is perhaps the one ecological prov-
ince that historically may have had greater stocking than
currently, so that stocking has been reduced, but remains

Fig. 3 Percent of forestland in each county that was understocked (< 60% stocked)
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high (Hanberry and He 2015). Land use for forest prod-
ucts rather than deer use may be affecting stocking (Han-
berry and He 2015). Other authors have found stronger
effects by forest harvest and gap size than herbivory (Kraft
et al. 2004; Holladay et al. 2006).
Deer effects may be significant enough at some sites

during some years to be a local driver of reduced tree
stocking. However, research areas have been selected in
forests of the eastern US where deer effects are present
and thus do not provide an explanation for regional deer

density and stocking levels or for overstocked or fully
stocked canopy classes in counties with high deer dens-
ities, which occur in all provinces (Tables 1 and 2). Most
studies that have demonstrated evidence of localized
deer effects have not occurred in southern forests,
where deer densities are the greatest at regional scales
and where Hanberry et al. (b) did not detect differences
beyond random chance for tree species and hundreds
of plant species in Mississippi after 5 years of deer
exclosure.

Table 1 For 1982 deer densities, mean estimated deer density (deer/km2), deer density classes (1 < 5.8 deer/km2, 2 = 5.8 to 11.6
deer/km2, 3 > 11.6 deer/km2), sample size, P value, and mean comparisons for significant results of generalized linear mixed models
of deer density class to percent of understocked forestland area by county, mean percent of understocked forestland area, and
frequency of counties with ≥ 50% of area understocked

Province Density Class N P % understock Freq understock

Adirondack-New England Mixed 2.4 1 23 0.1134 34 0

Adirondack-New England Mixed 2 5 29 0

Central Appalachian Broadleaf 4.6 1 68 0.0027 A 48 50

Central Appalachian Broadleaf 2 44 B 43 25

Central Appalachian Broadleaf 3 12 AB 45 33

Central Interior Broadleaf 2.9 1 203 0.2171 54 63

Central Interior Broadleaf 2 56 57 64

Central Interior Broadleaf 3 2 58 100

Eastern Broadleaf 3.6 1 147 0.2528 53 59

Eastern Broadleaf 2 32 57 66

Eastern Broadleaf 3 20 56 70

Laurentian Mixed 5.7 1 26 0.0007 A 39 4

Laurentian Mixed 2 42 B 44 24

Laurentian Mixed 3 26 B 46 31

Lower Mississippi Riverine 5.1 1 32 0.7408 51 59

Lower Mississippi Riverine 2 9 52 44

Lower Mississippi Riverine 3 10 56 60

Midwest Broadleaf 3.0 1 210 0.8086 56 69

Midwest Broadleaf 2 30 54 60

Midwest Broadleaf 3 9 52 56

Northeastern Mixed 5.4 1 15 0.2183 36 13

Northeastern Mixed 2 21 42 24

Northeastern Mixed 3 14 42 14

Outer Coastal Plain Mixed 5.0 1 158 0.9817 53 62

Outer Coastal Plain Mixed 2 118 48 40

Outer Coastal Plain Mixed 3 42 47 40

Prairie 1.9 1 279 N/A 53 57

Prairie 2

Prairie 3

Southeastern Mixed 5.0 1 139 0.5212 47 40

Southeastern Mixed 2 144 48 40

Southeastern Mixed 3 36 52 56
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There appear to be numerous reasons why it is unlikely
that deer cause region-wide, systematic forest changes,
which are more likely to arise from a constant and cumula-
tive mechanism, rather than contradictory local variation.
Deer densities, browsing pressure, and plant response do
not have consistent relationships across locations, because
they vary with plant composition and abundance, browsing
tolerance, and available resources, in addition to varied
daily, seasonal, and yearly use (Russell et al. 2001).
Although deer may interfere with seedling and sapling

recruitment of tree species (Russell et al. 2001; Abrams and
Johnson 2012), most seedlings and saplings will not survive
to reach the overstory; thus, tree mortality is compensatory
(i.e., density dependent) rather than additive (due to
consumption).

Tree species composition and the herbaceous understory
As a supporting line of evidence, we additionally com-
pared deer browse preferences and changes in tree com-
position since the 1800s. Regions have different plant

Table 2 For 1996 deer densities, mean estimated deer density (deer/km2), deer density classes (1 < 5.8 deer/km2, 2 = 5.8 to 11.6
deer/km2, 3 > 11.6 deer/km2), sample size, P value, and mean comparisons for significant results of generalized linear mixed models
of deer density class to percent of understocked forestland area by county, mean percent of understocked forestland area, and
frequency of counties with ≥ 50% of area understocked

Province Density Class N P % understock Freq understock

Adirondack-New England Mixed 3.25 1 21 0.1607 31 0

Adirondack-New England Mixed 2 8 35 0

Central Appalachian Broadleaf 8.33 1 23 0.0716 48 57

Central Appalachian Broadleaf 2 61 46 39

Central Appalachian Broadleaf 3 54 44 28

Central Interior Broadleaf 6.97 1 45 0.0379 AB 53 51

Central Interior Broadleaf 2 135 A 54 60

Central Interior Broadleaf 3 100 B 57 75

Eastern Broadleaf 7.17 1 67 0.146 53 54

Eastern Broadleaf 2 78 52 58

Eastern Broadleaf 3 68 57 71

Laurentian Mixed 6.74 1 19 < 0.0001 A 41 5

Laurentian Mixed 2 40 A 40 18

Laurentian Mixed 3 39 B 48 36

Lower Mississippi Riverine 8.71 1 27 0.6534 47 44

Lower Mississippi Riverine 2 7 53 71

Lower Mississippi Riverine 3 27 54 63

Midwest Broadleaf 5.85 1 111 0.7721 55 61

Midwest Broadleaf 2 91 56 66

Midwest Broadleaf 3 60 58 82

Northeastern Mixed 6.48 1 4 0.2933 37 0

Northeastern Mixed 2 29 39 24

Northeastern Mixed 3 19 44 21

Outer Coastal Plain Mixed 8.15 1 46 < 0.0001 A 62 83

Outer Coastal Plain Mixed 2 168 B 50 46

Outer Coastal Plain Mixed 3 173 C 47 46

Prairie 2.96 1 202 0.3519 53 54

Prairie 2 68 57 69

Prairie 3 6 38 33

Southeastern Mixed 10.09 1 33 0.3972 53 52

Southeastern Mixed 2 141 46 33

Southeastern Mixed 3 216 48 41

Hanberry and Abrams Ecological Processes            (2019) 8:30 Page 8 of 12



communities and deer browse preferences vary with
plant communities, availability, seasonality, and other
factors (Table 3; Warren and Hurst 1981; Latham et al.
2005; Rawinski 2014). Differences in deer densities and
browse availability make reports of palatability conflict-
ing or at least seasonally variable even within a region.
For example, Latham et al. (2005) and Rawinski (2014)
stated that red and sugar maples were used by deer in
Pennsylvania and northeastern forests (primarily New
York and New England), whereas Kittredge and Ashton
(1995) reported that red maple was avoided in New
England. Whitney (1984) also ascribed increased number
of white pine, birch, oak, black cherry, and red maple to
browsing of other species in Pennsylvania. Furthermore,
deer may prefer seeds, seedlings and sprouts, tree foli-
age, or tree twigs and buds.
If deer control tree regeneration, preferred tree species

generally should decline relative to non-preferred tree
species. In eastern forests with high deer densities, both
decreasing and increasing tree species are favored
browse for deer (Table 3; Russell et al. 2001; Côté et al.
2004). Thus, deer densities do not explain compositional
shifts between historical and current forests. Generally,
most tree genera, whether preferred or not by deer, have
increased in the eastern US during the past century
(Table 3). Notable exceptions include fire-tolerant oaks

and pines, American chestnut (Castanea dentata), and
slow-growing American beech and eastern hemlock,
which successfully recruited for thousands of years
under pressure from herbivores, but have decreased dur-
ing the past century (Whitney 1990; Abrams 2003; Now-
acki and Abrams 2008; Hanberry and Nowacki 2016). It
seems more probable that declines are due to changing
land use and to forest health issues such as chestnut
blight (Cryphonectria parasitica), beech bark disease,
and hemlock woolly adelgid (Adelges tsugae) rather than
a brief cessation in browsing pressure. Complex interac-
tions, varying deer and tree densities, and studies that
show different outcomes should not result in uniform
regional trends in compositional change.
Localized studies have identified deer impacts on

northern white cedar (e.g., reviewed in Alverson et al.
1988, Russell et al. 2001). However, these declines are
not evident at longer time scales and larger landscapes
even as deer densities increased. In the Great Lakes re-
gion, comparison of historical (1800s) and current tree
surveys demonstrated increased northern white cedar
(respectively, from 5 to 8.5% of all trees in northern
Minnesota, from 4.5 to 7% of all trees in northern Wis-
consin, from 10 to 13% of all trees in northern Michigan;
Hanberry et al. 2013; Hanberry and Dey 2019; B. Han-
berry, unpublished data).

Table 3 Major tree genera or species, their deer browse preference in the northeastern US (Rawinski 2014) and central (Latham et
al. 2005) and southern (Warren and Hurst 1981) US during the growing and non-growing season, and their change in percent of all
trees in forests from historical (1620–1900) to present (2011–2017) in the eastern US. Changes in dominance reflect overall trend
across the entire eastern US and may vary within forest regions and provinces

Tree group Scientific name North Central spr/sum Central fall/wint South spr/sum South fall/wint Change

Balsam fir Abies balsamea Non-preferred Unknown Unknown N/A N/A Increase

Red maple Acer rubrum Preferred Low/moderate High Moderate/high Low/moderate Increase

Sugar maple Acer saccharum Preferred Low/moderate Moderate N/A N/A Increase

Birch Betula Non-preferred Low/moderate Moderate/high N/A N/A Neutral

Hickory Carya N/A Low Low Low/moderate Low Neutral

Beech Fagus sylvatica Non-preferred Low High Moderate/high Low/moderate Decrease

Ash Fraxinus Preferred Low/moderate High Moderate/high Low/moderate Increase

Eastern redcedar Juniperus virginiana Preferred Moderate Moderate Low/moderate Moderate/high Increase

Sweetgum Liquidambar styraciflua N/A Low Low Low/moderate Low Increase

Yellow-poplar Liriodendron tulipifera N/A High High Moderate/high Moderate Increase

Blackgum Nyssa sylvatica Preferred High High High Moderate Increase

Spruce Picea Non-preferred None Low N/A N/A Increase

White pine Pinus strobus Non-preferred Low Moderate N/A N/A Decrease

Pine Pinus Non-preferred Unknown Unknown Low Low Decrease

Aspen Populus Preferred Low Low Moderate/high Low/moderate Increase

Black cherry Prunus serotina Preferred Low Low High Moderate/high Increase

Oak Quercus Preferred Moderate High Low Low Decrease

Northern white cedar Thuja occidentalis Preferred N/A N/A N/A N/A Increase

Eastern hemlock Tsuga canadensis Preferred Low High N/A N/A Decrease
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Unlike deer impacts on tree density and composition,
the herbaceous ground layer may never recover if graz-
ing is too intense for too long (Miller et al. 1992; Kraft
et al. 2004), particularly if non-native invasive plants
establish or recalcitrant fern growth develops (Royo and
Carson 2006). Restoration of browse-sensitive plants
depends on presence of budbanks and seedbanks and
location and dispersal rates of source plants among
other factors. Recovery rates of understory vegetation
released from browsing vary. Further research is needed
to substantiate the extent to which deer browsing
decreases herbaceous plant survival and reproduction
relative to other drivers, such as competition for growing
space and light by tree regeneration.

Open forests, deer, and fire
A related question is whether it is a problem if forests
have fewer trees, as may be caused by herbivory (Fløjgaard
et al. 2018). There has been an on-going debate about
how much of European landscapes were open, rather than
the closed forests of present day, due to the abundance of
large herbivores. For example, Bakker et al. (2016) sum-
marized: “modern studies and paleo-studies indicate that
removal of large herbivores is followed by increased abun-
dance of woody plants and altered vegetation composition
and structure toward less open landscapes, with more
shade-tolerant and palatable species.” Similarly, open oak
and pine forests used to dominate most of eastern US
forests, which are now closed forests in which trees have
captured the growing space from herbaceous plants
(Bromley 1935; Day 1953; Rostlund 1957; Bragg 2002;
Nowacki and Abrams 2008, Hanberry and Nowacki 2016;
Hanberry and Abrams 2018; Hanberry et al. 2018a, b).
Deer extended beyond the range of open forests into
closed northern forests, indicating consumption by deer
was not sufficient to control tree regeneration in that re-
gion. The historical range of bison better approximates
the extent of open forests and grasslands in the USA, al-
though bison and bison remains have not been recorded
in parts of the Atlantic Coastal Plain longleaf pine and
southern New England oak forests, which were open for-
ests (Gates et al. 2010). Bison additionally are almost en-
tirely gramnivores, and thus, any effect on tree densities
would be through trampling rather than consuming.
Although release from herbivory generally was synchron-

ous in most areas with transition from open to closed for-
ests, return of browsing pressure has not reduced tree
densities. American bison (Bison bison) were extirpated
from the eastern US by the early 1800s. Open forests never-
theless persisted, albeit free-ranging cattle and pigs replaced
bison. White-tailed deer are browsers and were at a popula-
tion low by the late 1800s, after which many eastern forests
started to transition from open to closed forests. Deer dens-
ities have been high for about 50 years (Russell et al. 2001;

Côté et al. 2004), and may be effectively greater than the
past because the land base has diminished due to develop-
ment infrastructure. Despite deer densities increasing gen-
erally to > 5.8 deer/km2, growing space has remained
dominated by trees (Hanberry and Abrams 2018; Hanberry
et al. 2018b).
The eastern US historically was comprised of open for-

ests with high deer densities and fire, and now the eastern
US is closed forests with high deer densities and no fire.
Thus deer herbivory may be less relevant at large spatial
scales than local scales. We propose that fire exclusion has
counteracted any effects of high deer densities on tree re-
generation, resulting in closed forests compared to histor-
ical open forests. This concurs with other findings, such
as Kramer et al. (2003) who stated: “grazing–fire interac-
tions are consistent with findings presented in the litera-
ture that ungulates may not be able to prevent open areas
like heathlands becoming forested…and that grazing can
only keep such areas open in combination with a disturb-
ance factor such as fire.” Historical fire regimes provide a
mechanism to favor fire-tolerant oak and pine species and
remove small diameter trees, maintaining open forests
that included open woodlands, which were < 60% stocked
or understocked, and closed woodlands (Hanberry et al.,
2014a). Indeed, understocking is not an ecological prob-
lem in historically open forests. Conversely, fire exclusion
allows many tree species to survive, and both composition
of fire-sensitive species and tree densities have increased
in these regions, despite preferences for certain browse by
deer (Hanberry et al., 2014a, b; Hanberry and Abrams
2018; Hanberry et al. 2018b).
Too many trees, rather than too few, is an ecological con-

cern. Trees replace the herbaceous groundlayer in the
understory of open forests, through capture of the growing
space by development of multiple vertical layers and over-
story canopy coverage in closed forests. In open forests, the
herbaceous layer adds a grassland component, which is crit-
ical for declining pollinators and birds (e.g., Hanberry and
Thompson 2019). The grassland layer may have been better
adapted to grazing pressure than herbs of closed forests. In
addition, tree regeneration presents a difficult barrier for
restoration of open forests, because open forest manage-
ment techniques to control small diameter trees are expen-
sive or risky. It would be preferable for open forest
management if deer were able to remove enough seedlings
to maintain open forests. Management tools of thinning,
herbicides, and prescribed burns for maintaining open for-
ests, while effective, require too much investment in most
cases to restore open forests even at small scales.

Conclusions
Deer are assumed to reduce tree recruitment in eastern
forests (Russell et al. 2001). However, there was no rela-
tionship between high deer densities and understocked
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trees at landscape scales. Instead, it appears that forests
typically are equally stocked at all deer densities, includ-
ing deer densities > 5.8 deer/km2, which has been deter-
mined a threshold where deer reduce tree regeneration
at stand scales. Unless deer densities locally are over-
abundant, compositional changes in the overstory prob-
ably are due to changes in historical disturbance regimes
and other factors. The transition from open oak and
pine forests maintained by low to moderate severity fires
to dense forests comprised of many eastern tree species
is the major trajectory of eastern forests. The ecological
problem is too many trees, rather than too few, in east-
ern forests that historically were open.

Additional file

Additional file 1: For increasing deer density classes (low density class
of <5.8 deer/km2, moderately low density class of 5.8–11.6 deer/km2,
moderately high density class of 11.6-17.4 deer/km2, and high density
class of 17.4 deer/km2) during 2001-2005, panels show percent of
understocked forest, tree densities <2.54 cm, tree densities 2.54 to 12.7
cm, and tree densities 12.7 cm to 25.4 cm in the entire eastern United
States followed by the northern, central, southern, and Prairie regions.
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