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WHITE-TAILED DEER IMPACT ON THE VEGETATION DYNAMICS

OF A NORTHERN HARDWOOD FOREST

STEPHEN B. HORSLEY,' SusaN L. STouT, AND DAVID S. DECALESTA
USDA Forest Service Northeastern Research Starion, Warren, Pennsylvania 16365 USA

Ahstract.  Copsiderable coniroversy has arisen over the management of white-tailed
deer in eastern landscapes where there is evidence of damage to forest vegetation, crops,
and wildlife habitar atuributable to deer. We examined the impact of 4, 8, 15, and 25 deer/
km? on herbaceous layer abundance and tree scedling density, height development, species
compaosition, and diversity for 10 yr in a repeated-measures randomized-complete-black
cxperiment at four replicate cherry—maple forest sites in northwestern Pennsylvania, USA.
At cach 65-ha site, deer were placed in 13- or 26-ha fenced enclosures in which the landscape
composition and forage production of a forest managed on a 100-yr rotation was simulated
by clear-cutting 10% of cach area and thinning 30%. Vegetation was sampled 01, 3, 5,
and 10 yr after treatment {YAT). We analyzed vegetative treatment responses separately in
each silvicultural treatment.

Time was an important factor mediating responses at all deer densities. Rubus spp.
abundance in all silvicultural rentments and the density of striped maple (STM) in clearcuts
und birch (BT}, American beech (AB), and red maple (RM) in thinnings showed negative
trends with increasing deer density. As deer density increased, we found negative linear
trends in the height of BI, RM, and AR in clearcuis; in the height of AB, RM, and 8TM
in thinnings; and in the height of AB and RM in uncut stands. Species richness showed a
negative lincar trend with increasing deer density in all silvicultural treatments.

Conversely, species avoided by decr or resilient to deer browsing increased with in-
creasing deer density. Percent cover of ferns, grasses, and sedges showed positive linear
rends with deer density in clearcuts and in thinnings. The percentage of plots dominated
by black cherry (BC) increascd with increasing deer density in cut and uncut stands. The
net result of increased decr impact was an altered trajectory of vegetation development
dominated by specics avoided by deer or resilient to deer browsing.

Negative effects on vegetation became significant at deer impact levels well below those
ohserved in many castern forests. Morcover, species not browsed or resilient to browsing
may have indirect effects on vegetation development through plani—plant interactions and
on wildlife habitat quality for small mammals, birds, and deer. Managing these impacts is
important as pressures to harvest and fragment eastern forests accclerate.

Key words:  herbivory, management; northern hardwood forest: plant—herbivore interactions;
pluni—plant interference; seedling density; seedling heighy, species diversiry; succession; ungulate;

vegelaiton trajectory; white-tailed deer.

TNTRODUCTION

The population density of white-tailed deer {(Odo-
colleus virginianns Zimm.) in the eastern United States
increased dramatically duoring the 20th cenlury com-
pared with densities estimated during the 1&th and 19th
century period. Estimates of pre-European settlement
deer density across the ~7.8 X 10° km? of “‘most fa-
vorable habitat™ range from 3.1 to 7.7 deer/km? (Seion
1953, Scveringhaos and Maguoire 19535, McCabe and
McCabe 1984, 1997). During the early European set-
tlement period, commercial and private exploitation of
white-tailed deer led to near extirpation in much of the
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eastern forest, The exlensive changes in landscape pat-
terns and values (Porter et al. 1994) of the postseitle-
ment period created conditions for white-tailed deer
recovery. Extensive torestland clearing for agricullure
and timber cxploitation that greatly increased forage
supply, extirpation of predators, and enactment of laws
to protect deer resulted in burgeoning numbers of deer.
Late-20th century estimates ol density range from 7.7
to 148 deer/km? in heavily forested areas (deCalesta
and Stout 1997} Lo =60 deer/km? 1 arcas with mixed
forest and agricultural land (Porter et al. 1994).
Considerable coniroversy has arisen over the man-
agement of this abundance. The debate is rooted in
valucs hcld by constituent groups. Foresters, fariaers,
and naturalists have presented cvidence of reduced di-
versity or damage to tree seedlings, herbaceous plants,
and crops attributed to deer (Hough 1965, Anderson
and Loucks 1979, Tilghman 1989, Alverson and Waller
1997, deCalesta 997, Augustine and Jordan 1993).
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Others point to reduced diversity of wildlife commu-
nities stemming from destruction of vegetative habitat
by deer (DeGraaf et al. 199], deCalesta 1994, 1997,
McShea and Rappole 1992}, Conversely, some hunters
believe that there arc too few deer (Witmer and de-
Calesta 1992, Kosack 1995). Biologists are divided on
the course thai should be Laken 1o manage deer; some
argue that natoral regulation of deer populatiaons should
be allowed to take its course, whereas others assert that
postsettlement landscapes have been altered to such an
extent that a natural crash in the deer population is
unlikely and deer must be managed with dircer removal
by killing (Leopold et al. 1963, Porter 1994). Animal
rights groups have entered the fray by opposing any
barvest of wildlife, for any reason (Witmer and de-
Calesta 1992). The issue of deer management is now
highly polarized; land management organizations in
many states are under pressure to develop deer man-
agement programs that satisfy all constituencies (Sha-
fer-Nolan 1997).

Policy makers and stakeholders can arrive at better
solutions to deer management problems if they have
information based on scientific studies of how deer
alfecl ecosyslems over lime. Such studies muost take
into account the landscape context (food supply) in
which they are conducted and must be carried out over
a long time (Porter and Underwood 1999).

Most studics of ungulate effects on eastern forest
ecosyslems have used exclosures (Ilough 1949, Webb
et al. 1956, Graham [958, Shafer et al. 1961, Jordan
1967, Ross et al. 1970, Richards and Farnsworth 1971,
Marquis 1974, Marquis and Grisez 1978, Anderson and
Loucks 1979, Risenhoover and Maass 1987, Mclnnes
et al. 1992, Anderson and Katz 1993, Anderson 1994).
Effects of zero animal density inside the fence are com-
pared with the ambient animal density outside the
fence, within a single disturbance level, usually un-
disturbed or recently harvested. When conducted over
periods of time longer than ~35 yr, both the ambient
animal density and the landscape context (food suppy)
may change. Because the impact of ungulates is de-
pendent on both of these parameters, and deer move
through a forest matrix with paiches of different dis-
lwrbance levels, it is difficult to interpret the long-term
effects of deer on vegetation from exclosure siudies,
except in general lerms {Taylor 1984, Brander ct al.
1990). Morsover, somc mechanisms of ungulate—plant
intcraction may be nonlinear over gradients of herbi-
vore density. Because exclosure studies provide only
two points of reference for density, nonlincar cffects
cannot be observed (Hobbs et al. 19964, &).

Deer have been overabundant on the heavily forest-
cd. uvnglaciated Allegheny Plateau in northwestern
Pennsylvania since the 1920s (Lutz 1930, Leopold et
al. 1947, Hough 1949). Average densities on the Al-
legheny National Forest (ANF) had reached 11.6-19.2
deer/km? by the mid-1930s (McCain 1939). During this
time, changes in the abundance, height, and species
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compasition of plants within the reach ol deer (<X~ 1.5
m tall) were noted. Eastern hemlock (Tsuga canadensis
(L.) Carr} and witch hobble (Viburnum alrifolium L.}
virtually were eliminated from forest understories, and
the abundance of seedlings > 0.3 m tall of many species
was greatly reduced (Lutz 1930, Park 1938, McCain
1939, Leopold et al. 1943, Whitney 1984). By contrast,
seedlings and root suckers of Amcrican becch (Fagus
grandifolia Ehrh.) and ferns (hayscented fern Den-
nstaediia punctilobula Michx, and New York fern The-
lvpteris noveboracensis L.) increased (Hough 1965).
As stands grew beyond the seedling stage (>2.5 cm
diamcter at 1.3 m above the ground), the forage supply
dwindled as trees that had established earlier grew out
of reach of deer. Several severe winlers in the mid-
1930s resulled 1in mussive starvation of deer (McCain
1941, Leopold et al. 1913, 1917); density dropped to
~5.4 deer/km? by the mid-1940s {Hough 1949), In
Pennsylvania, winter snow depth and exposure to wind
typically are sufficiently low and winter lemperatures
are sufficiently mild that white-tailed deer rarely yard
or display seasonal migration berwecen defined winter
and summer ranges. Instead, deer move up and down
altitudinally between plateau tops and coniter-lined
stream hottoms (generally a difference of ~150-300
m in elevation). Renewal of timber harvests in the early
1950s resulted in increased forage and increased deer
density. By the mid-1970s, jusl prior o initation of
the present siudy, pre-fawning densities on the ANF
had reached 15.6-22.6 deer/km? (Alleghcny National
Forest 1978).

Exclosure studics have demonstrated that ambient
deer densities cxtant during the late-20th century are
high enough to cause regeneration failure in commer-
cially managed forests, in association with overstory
removal cutting (Grisez 1957, 1959, Shafcr ct al. 1961,
Jordan 1967, Marguis 1974, 1981, Marquis and Grisez
1978), but dosc-rcsponse stndies ot deer impacts on
the trajectory of forest vegetation development over
time have not been conducted here or elsewhere in
eastern forests, We conducted a 10-yr manipulative ex-
periment at deer densities spanning the range observed
from the late-19th century Lo the present time in the
northern hardwood forest of northwestern Ponnsylva-
nia. The study used areas of managed forest with dis-
turbance crealed by culling overstory rees.

In this paper, (1) we report tests of the null hypoth-
eses that deer densitlies that can be sustained over long
periods on contemparary landscapes do not cause
changes in understory density, seedling height growth,
species composition, or woody plant diversity; and (2)
we examine the implications of our results [or policy
debates and decisions in the eastern hardwood forest
region.

METHODS
Study sites

The experiment was located at four sitcs in north-
western and north-central Pennsylvania within the un-
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Mean hasal area (iIn*/ha) (and amne standard error of the mean) of overstory trees over all deer densities in northwest

Fennsylvania hardwood stands that remained uncut vs. stands that were thinned at the beginning of the experiment prior

to the introduction of deer.

Black.

Red

Black and

Sugar American yellow

Yellow-

Eastern

Other

All

Site name cherry maple maple beech birch Whitc ash poplar hemlack speciest species
Stands that remaincd oncut
Gameland 30 14.5 9.2 2.8 1.8 1.4 0 0 0.2 0.2 30.3
0.2y (1.6) Q.1 0.5 (=0.2) (<0.2)  (<0.2) (1.1)
liools Creek 9.4 9.4 4.6 2.3 2.3 2.5 0.2 0 0.2 303
(0.7) (1.8) (0.5 (0.5 (0.5) 0.7 (=0.2) (<<0.2)  (1.8)
Deadman Corners 19.7 4.8 3.7 1.8 1.4 0.2 0 1.6 <0.2 33.0
(2.5) (1.8) (0.7 (0.5 (0.3) (<0.2) (0.3) (<0.2} (1.1)
Wildwaood Tower 12.4 2.5 8.3 3.7 Q.7 <2 <{.2 0 1.4 28.9
1.4y 0.5 0.9 0D (®.3) (<02) (<=0.2) (=<20.2) (1.8)
Stands that were thinned
Gameland 30 14.0 3.2 4.8 a7 0.2 =02 0 0 <0.2 23.2
{2.5) (L) 2.1y (<0.2) (<032 (<02} (<0.2) (0.9}
Fools Creeck Q.9 4.4 4.4 1.4 0.5 1.6 0 <2 <{.2 22.5
{1.1) (0.7 (0.9 (0.2) (0.2) (0.7} (=0.2) (==0.2) (0.5}
Deadman Corners 13.1 2.8 7.8 0.5 <0.2 0.2 [¢] 0 (] 241
0.9) (1) (0.9 (0.2) (<0.2)  (<0.2) (1.4)
Wildwood Tower 11.5 2.8 6.¢ 0.9 0.7 D 0 0 0.9 22.7
0.9y (0.2) (1.1} (0.5 (0.5) 0.5 (1.1

T Other specics include aspen and cucumber magnolia (Magnolia acuminata).

glaciated Allegheny High Plateau Section of the Ap-
palachian Platean Province (Harrison 1970, McNab and
Avers 19943, The landscape is dominated by contig-
uous forest without interspersed agricultural land. An-
nual precipitation averages 1067 mm with 550 mum re-
ccived during the growing season. The area has a humid
temperate climatc with an average daily temperature of
9°C, and the growing scason averages 120 d (Cronce
and Ciolkosz 1983, Kingsley 1985, McNab and Avers
1994). Soils are strongly acid, relatively infertile sand-
stoncs and shales; kaolinite is the dominaant ¢lay min-
eral and is responsible for the relatively low cation
exchange properties (Ciolkosz et al. 1970). Wildwood
Tower, WW (41°34'22" N, 78°28'30" W) is locatcd at
710 m elevation in Elk County; Fools Creek, FC
(41°38'48" N, 79°08" 11" W) and Deadman Corners,
DM (41°34'40" N, 39°06719" W), both at 550 m ele-
vation, are located in Warren and Forest County, re-
spectively; Stale Game Land 30, GL (41°38°21" N,
78°19'33" W), at 670 m elevation, is in McKean Coun-
ty.

The overstory at each site (see Table 1) was domi-
nated by black cherry (Prunis serotina), red maple
(Acer rubrum), sugar maple (Acer saccharum), Amer-
ican beech (Fagus grandifolia), and birch {(Betula lenta
and B. {utea). In addition, small amounts of whitc ash
(Fraxinus americana)., vellow-poplar ( Liriodendron tu-
lipifera 1..}, eastern hemlock (Tsuga canadensis), cuc-
umbertree (Magnolia acuminata L.), and aspen (Po-
pulus grandidentara Michx. and Populus tremuloides
Michx.) were present. Black cherry {61% of all scod-
lings) and ved maple (31% of all seediings) dominated
the scedling (<<2.5 ¢m dbh) layer at all sites prior

treatment (lable 2). Nearly all stems, with the excep-
tion of beech and striped maple (Acer pensylvanicum),
were <<{),3 m tall; small numbers of beech (0.3-0.9 m)
were present at all sites, and modcrate numbers of
striped maple (0.3-0.9 m) were present at GL and WW,
bul not FC and DM. Despite Lthe prominence of sugar
maple in the overstory, it was not represented to any
extent among seedlings, due to lack of recent seed crops
and other lactors unrelated to deer impact (Long et al.
1997). Hayscented, New York, and wood (Dryopteris
intermedia (Muhl.) A, Gray) fern, grasses and sedges,
and blackberry (Rubus allegheniensis T. C. Porter)
dominated the herbaceous layer. Some ecological char-
acteristics of tree seedling and herbaceous-layer planis
that were important in the experiment arc shown in
Table 3 (Horsley et al. 1994).

Deer density treatments

Al each sile (slatistical block), a 65-ha enclosure was
constructed using 2.4-m woven wire fencing. Enclo-
sures were subdivided into four deer density areas, one
of 26 ha and three of 13 ha each. Wild deer were driven
from each deer density area twice, once after fence
erection and again after logging, to insure that all wild
deer were removed. No formal records were kept of
the number of wild deer removed. Cuplive-raised year-
ling female deer were placed into these enclosures ac-
cording to the following plan: one deer in 26 ha = 3.8
deer/km?; one deer in 13 ha = 7.7 deer/km?; two deer
in 13 ha = 15.4 deer/km?; four deer in 13 ha = 30.9
deer/km?, Two of these enclosures were completed in
1979 and two in 1980. These densities spanned the
range ¢f deer present on the Allegheny Plateau in both
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Mean Lree species density (in thousands/ha), by height class and site, during the first year of the experiment in

Black and
Height Black Red Sugar American yvellow Pin Striped Cucum- Servive-
Site name  class (m} cherry maple maple beech birch Whitc ash cherry  maple ber beity
CGameland <03 641.1 337.0 0.1 6.2 2.7 <01 Q.2 313 <0.1 3.5
30 (124.9%  (583.0y (<0.1) (0.8) (1.1)  (<0.1) (0.2  (10.7y  (=0.1} (2.0
0.3-0.9 Q 1.1 4 1.4 0 0 0 10.4 0 0
(1.1) (0.7) (5.0)
Fools Creek <03 345.0 3044 1.0 3.4 8.1 35.2 1.7 1.5 0.1 0.6
427y (73.2) 0.9) (0.1) (3.8) (17.73 (1.0) 0.4y (<0.1D (0.2)
0.3-0.9 a 0 [y] 0.z 0 0 0 0.3 0] 0
(<<0.1} (0.2)
Deadman <0.3 687.8  263.1 10.0 14.7 16.9 =0.1 1.1 4.5 0 0.9
Comers {202.9) (53.4) (3.3) {7.3) (7.4 (=<0.1) (0.6) (1.5) (0} (0.3)
0.3-09 0.2 0 0 1.8 0 0 D 0.4 0 0
(0.2) (0.6) (0.4
Wildwood <0.3 126.1 21.5 0.9 111 1.1 8] 0.2 40.6 6.8 Q.
Tower (11.8) (10.1) (0.5) (2.3) (0.4) (03] (=0.1}  (11.1) (1.0)  (==2.1)
0.3-0.9 - 01 0 <0.1 1.8 <0.1 o 0 18.5 o] 0
(0.1 (<<0.1) (1) (<01 (10.2)

Nate: Standard errors are given in parentheses.

the presettlement and contemporary time periods (Lutz
1930, Park 1938, McCain 1939, Leopold et al. 1943,
1947, Bramble and English 1948, Hough 1949, Mar-
quis 1975, Kosack 1995, Redding 1995). Each deer was
equipped with a radio transmitter with a mortality in-
dicator to aid in verification of deer densities once ev-
ery two weeks, During the course of the study, some
deer died or escaped. When this occurred in nonwinter
scasons, deer were replaced immediately. However,
when a deer died during the winter, it was nol replaced
until green-up in the spring, hecause experiencc carly
in the study showed that deer replaced in midwinter

did not survive. On rare occasions when wildling deer
penetrated the fence, they were removed. To accom-
modate these unplanned changes in deer densities, ac-
tnal deer densities were calculated for each calendar
year based on deer-days of use for each enclosure. Over
the 10 yr of the siudy, actual deer densitics averaged
3.8, 7.7. 14.7, and 24.7 deer/km?; hereafter, we reter
to these densities as 4, 8, 15, and 25 deer/km*.

Landscape condition

Previous research has shown that the impact of deer
on forest ccosystems is influenced both by the density

TasLE 3. Regeneration strategies, deer food preferences, and shade tolerance ratings of important species particpating in

vegetation dynamics.

Food picfercoce by deer Shade tolerance

Species Regencration stralegies
Herbaceous
Blackberry seed bank and rhizomes (a, b)
Ferns spores and rhizomes (e)
Grasses and seeds and rhizomes (£
sedges
Waoody

Black cherry
Recd maple
Sugar maple
Pin cheery
Black and
yellow birch

American heech

Striped maple

advance seedlings, seed bank,
and stump sprouts (g}

advance seedlings and stump
sprouts (k)

advance seedlings and stump
sprouts (j)

seed bank (k)

wind-blown seed (n, ©)

rool suckers, advance seedlings,
and stump sprouts (p)

advance seedlings, layered
hbranches (q)

high, all scasons (c)
not preferred ()

high in spring; moderate/low in other

seasons (c)

low in all seasons (c)

moderate/low in all seasons; heavy in

winter, light other seasons (c, )

high in late fall, winter, late spring;
otherwise moderale/low (¢}

high in all seasons (1}

high in late autvmn; otherwise mwoder

ateflow ()

high in winter and late spring; low oih-

er times 1¢)

high in latc fall and winter; otherwise

moderate/low ()

intermediate (d)

tolerant i(e)

intermediate
tolerant

intolerant (g)
tolcrant (h)
very tolerant (j)

very iniolerant (m)
intermediate (o)

very tolerant (p)

vary tolerant (r}

Note: References are indicated by letters in parentheses: (a) Tarnm 19745 (b} Jobidon 1992; {(c) Healy 1971; (d) 5. B.
Horsley, wnpublished data; () Cody et al. 1977; {[) Iorsley el al. 1994; (g} Marquis 1290; (h) Walters and Yawney 1990,
(i), Bramble and Goddard 1953; () Godman et al. 1990; (k) Marks 1974; (I) Jordan 1967; (m) Wendel 1990; (n} Baker 1949,
(o), Lrdmann 1990; {p) Tubbs and Houslon 1920; (gy Gabricl and Waltces 1990; (r) Hibbs et al. 1980,
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of deer and by the forage available within the landscape
used by deer (Taylor 1984, Underwood and Porter
1997, Augustine and Jordan [99%). We used timber
harvesting to stimulate the production of torage (Jordan
1967, Yanai et al. 1998) at a consistent level in all
‘study areas, creating a comparabie and realistic land-
scape condition within cach enclosure through which
deer could move at will. We clear-cut 10% and thinned
30% of cach arca. Partial cuttings {ollowed the guide-
lines of Marguis et al. {19922), but did not alter the
species composition of the overstory (Table 1). The
resulting landscape condition was representative of that
found in a forest managed on a 100-yr rotation (Davis
1966, Marquis 1987), a common rotation length in the
Altegheny Plateau region at the time.

Vegetarion sampling

Vegetation was sampled periodically on permanent,
systematically located 4.05 m?* circular plots (hercaftcr,
4 m?*. In each deer density area, there were: 25 sample
plots where the overstory was clear-cut, 15 where it
was thinned, and 20 where there was no removal. Veg-
etation was measured during the first year of the study
(-1 yr after treatment (Y AT) and thereafier in late sum-
mer 3, 3, and 10 YAL Tree scedlings were tallied by
species and height in one of four classes: 0.05-0.3 m,
03-1.0m, 1.0-1.5 m, and >1.5 m but <2.5 cm di-
ameter at 1.3 m above the ground. In addition, heights
of the tallest black cherry, red maple, sugar maple, and
white ash (Fraxinus americana L.), if present, and the
height of the tallest stem of all specics (dominant stem)
were recorded. Heights of the tallest beech, birch, yel-
low-poplar, cucumberiree, aspen, and eastern hemlock
were recorded only when these specics were the tallest
on the plot or the tallest commercial species on the
plot. We collecied data on herbaceous layer vegetation
as percenl ground cover by three gronps (Rubus spp.,
ferns, grasses and scdges) that were estimated ocularly,
Ground cover values of 1, 2, 5, 10, ..., 90, 95, and
100% were used.

Statistical analysis

The study is a randomized complete-biock design
with four blocks {sites, df = 3) and four deer density
(impaci) treatments (df = 3). Blocks are considered
random effects, and deer density treatments are (ixed
eflfects. The block X deer density interaction (df = 9)
was the error term in this analysis, Dopendent varizbley
in the analysis were measurcs of abundance or density,
height, and species composition. Percent ground cover
was the measure of abundance for herbaceous plants;
the number of stems, by species, in a height class or
compaosite of height classes per 4 m? plot was the mea-
sure of density for tree specics. Although not measured
in this study, soil and environmental resource levels,
particularly light, differ greatly among the cutting treat-
ments {Marquis 1973, Horsley 1993). Thus, mcasures
of seedling density used seedlings =1.5 m tall in stands
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that were clear-cut, seedlings =0.3 m talt in thinned
stands, and seedlings <<0.3 m (all in uncut stands,
Hcight of the tallest stem, by tree spoecics, was the
dependent measure of height. There were several mea-
sures of tree species composition and diversity. In pre-
vious work, we have found that the percentage of the
4-m? plots dominated by a particular tree species after
10 yr (i.e., the percentage of plots in which the specics
was the tallest of all species) is a good predictor of
future specics composition (Marquis 1979, Tilghman
1989, Ristau and Horsley 1999). The number of iree
species (richness) and the Shannon index (a measurc
bascd on both the number of trec species and the even-
ness of their distribution) also were used (Magurran
1988). In calculations of richness and the Shannon in-
dex, all stems >=0.05 m tall were included.

The landscape condition in each enclosure repre-
sented the matix of silvicultural treatmems found in
a managed forest on a 100-yr rotation. We separatcly
analyze and report the response of vegetation in areas
where the overstory was clear-cul, thinned, or left un-
cut. Different height classes of scedlings dominated
each treatment area over time, and separale analyses
allowed us 1o focus on dominant vegetation within each
treatment arca. It also allowed us to predict the results
of silvicultural treatments at different deer densities
individually, the way most useful 10 managers planning
such treatments.

Bonferroni tests with 1 df were used to evaluate dif-
ferences in dependent variables over rhe number of
vears since treatment. Orthogonal polynomial contrasts
were used to test for linear, quadratic, and cubic trends
in response means with increasing deer density (Wil-
kinson 1997). To achicve a reasonable compromise be-
tween the probability of a Type 1 error and the power
of our tests, we chose a critical value of Fat o = 0,10
for all contrasts. However, we report the calculated
significance of individual test statistics to allow readers
to use an alternative significance level, if desired. When
single contrasts are presented, we report the exact value
of P (e.g., P = 0.013); for multiple contrasts, we report
the most conservative value of £ in a series of single-
degree-of-freedom Bonferroni tests (e.g., if density has
a nonsigpificant effcet on the height of several species,
F = (.421). Where data for a result are not displayed
in a table or graph, we list mean values followed by
the standard error in parentheses for each level of the
comparison.

Because the samc plots were sampled repeatedly
over img, repeated-measures ANOVA with analysis of
contrasts was used (Meredith and Stehunan 1991, Gum-
pertz and Brownie 1993). The between-plot analysis
tests effecls averaged vver all times of measurement.
The within-plot analysis examines time X deer densily
interactioms (Gumpertz and Browme 1993). Plot-av-
eraged data were used for all repeated-measures anul-
vses. Normality of data was evaluated using probability
plots; non-normal data were transformed using log,-
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PLATE. 1. Vegelation development at the Fools Creek site in the clear-cut stand five years after trcatment of 4 deer/km’?
and 25 decr/km? (I.cft photo} At 4 decr/km?, 85% or moere of the ee species composition was dominaled by pin cherry (the
iallest stems), black cherry, and birch. (Right photo) At 25 decr/km?, mean height of the dominant trees was only aboul 20%

af that at 4 deer/km?.

©or square-root transformations prior o analysis. Tor
some models, | wuas added to each mean (mean + 1)
prior to transformation, allowing us to include specics
that had (b means at some deer densities. Compound
symmetry of dala was evaluated using the Huynh-Teldi
statistic (Wilkinson 1997). Appropriate adjustments in
repeated-measures analyses were made to account for
unequal time intervals in single-degree-of-freedom
contrasts, In cases in which the dependent variable was
not equally distributed with respeet to deer density at
the first measurement, the first measurement was used
as a covariate to adjust means of subsequent measure-
ments prior Lo performing the ANOVA. Computation
of statistical parameters was with SYSTAT version 7.0
{Wilkinson 1997).

REsSULTS
Areas where oversfory was clear-cut

General patterns of vegetation development.—Dur
ing the first 10 yr after clear-cutting, herbaceous and
tree vegetation developed rapidly. In the fiest year or
two, Rubus, ferns, and grasses and sedges were the
dominant vegetation (Fig. 1). Expansion of the ground
layer continued at least through 5 yr after treatment,
YAT. By 3 YAT, stems of trees had begun to emerge
above the herbaceous layer (Fig. 1a); and by 10 YAT,
trees had gained dominance of the site (Fig. 1b-d).

Abundance of herbaceous laver vegetation.—Rubus
sbundance inereascd for the first 5 YAT (£ = 0.006),
then decreused between years 3 and 10 (P = 0.09§;
Fig. 1b}. At 5 and 10 YAT, there was a niegative trend
between Rubus abundance and deer density (linear con-
trast, £ = 0.010; quadratic contrast, * = 0.071). By
10 YAT, the relationship between deer density and Ru-

fhus abundance containcd only a linear trend (P =
0.008). Fern abundance incrcased with time through 5
YAT (£ = 0.014), but was similar in years 5 and 10
(P = 0.115; Fig. 1c}. In vears 3 and 5 after treatment,
linear (F = 0.003) and quadratic (P = 0.027) trends
between deer density and fern abundance were evident:
by 10 YAT, only the linear trend remained (P == 0.002).
Grass and scdge ground cover continued to expand
through 3 YAT (* = (.001), was similar between 3
and 3 YAT (P = 0.149), and then decreased belween
5 and 10 YAT (P = 0.012; Fig. 1d). By 10 YAT, there
was a positive linear trend between grass and sedge
abundance and deer density (£ = (.022}).

Density of tree species.—Sixteen species of woody
plants were found across the four study sites, although
nearly 85% of the stems were of [ive species: black
cherry, pin cherry, yvellow and black birch, and striped
maple (see Plate 1). During the firsl. 3 YAT, trees were
slower to grow above 1.5 m tall at densities of 15 and
25 deer/km? than at 4 or 8 deer/km? (¥ = 0.011; Fig.
la). By 10 YAT, some self-thinning had occurred
among trees at densilies =8 deer/km?; there were no
trends in density of trees >1.5 m tall of all species
cambined with deer density (7 = 0.131; Fig. 1a).

Black cherry was the mosl abundant species (Tahle
2). Over all deer densities, the number of black cherry
trees >1.5 m tall (the threshold height considered out
of the reach of deer) incrcascd for the first 5 YAT (P
= (.023), but did not incrcasc between 5 and 10 YAT
(P = 0.257; Fig. 2a). Tor the first 5 YAT, there were
no trends in black cherry abundance with deer density
(P = 0.152), but by 10 YAT, there was a linear trend
ol increaye in (he number of black cherry stems >1.5
m tall with increasing deer density (P = 0.005; Fig.
24).
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Little pin cherry was present prior to overstory re-
moval (Table 2); after cutting, pin cherry increased in
density for the first 5 YAT (P = 0.001), then decreased
between the fifth and 10th YAT (£ = 0.015; Fig. 2b).
From 3 YAT onward. there was a strong relationship
between deer density and density of pin cherry; at den-
sities of 4 and 8 deer/km?, there were more pin cherry
stems than at 15 and 25 deer/km? (£ = 0.002). .

Little birch was present prior te overstory removal
(Table 2). Few seedlings > 1.5 m iall were present prior
to 5 YAT (Fig. 2¢). There was no trend in birch density
with deer density in any YAT (P = 0.117); by 10 YAT,
birch density was lower at 25 deer/km? than at densities
=15 deer/km? (P = 0.092).

Siriped maple seedlings <0.3 m and 0.3-0.9 m were
prescnt before overstory removal (Table 2). Although
the density of stems >1.5 m tall increased beiween 0—
1 and 10 YAT (# = 0.004), the species did not become
abundant (Fig. 2d). In years 5 (P = 0.058) and 10 (2
= 0.075) after treatment, there was a linear decrease
in striped maple >1.5 m tall with increasing deer den-
sty

Red maple was second Lo black cherry in the density
of seedlings present prior to overstory removal (Table
23, but it did not become an important species at any
time after overstory removal. By [{} YAT, sarviving
stems of scedling origin accounted for only 10% of the
red maple prescnt; 90% originated as sprouts on cul
stems. From 3 YAT onward, there weore fewer red maple
sterns at 15 and 25 deer/km? than there were at 4 and
8 deer/km? (P = 0.062; Fig. 2e).

American beech root suckers, white ash, and sugar
maple seedlings and stump sprouls were present in
small numbers at most sites; small numbers precluded
statistical analysis (data are not shown).

Height growih of tree species—Height of the tallest
stem increased with time, whereas it typically decreased
with increasing deer density (Fig. 3a—e). There was a
linear decrease in height of the tallest black cherry at 3
(F = 0.033) and 5 (" = 0.056) YAT, while black cherry
still were within the reach of deer (Fig. 3a): by 10 YAT,
the tallest stemy were beyond Lhe reach of deer and the
trend had disappeared (P = 0.460). Pin cherry had grown
beyond the reach of deer by 3 YAT;, thus, there werc no
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trends with deer density (P == 0.344; Fig. 3b). At 15
and 25 deer/kmZ, surviving pin cherry were protected
by logging slash. Height of the tallest birch showed a
negative linear relationship with deer density at 3, 5,
and 10 YAT (P = 0.010; Fig. 3c¢). rom 3 through 10
YAT, there were ncgative lineur trends in height of the
tallest red maple (P = 0.029; Fig. 3d) and American

beech (P = 0.027) with deer density (Fig. 3e). At 10
YAT, pin cherry was the tallest of all species, followed
hy black cherry, birch. Auncrican beech, and red maple.

Species composition and diversity of tree species.—
At 10 YAT, 85% or more of the sample plots were
dominated by only three species: black cherry. pin
cherry, and birch (Fig. 4a). The percentage of plois
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dominated by black cherry increased lincarly with in-
creasing deer density (£ = 0.001). At 13 YAT, ~25%
of the plots were dominated by black cherry at 4 and
8 deer/km?, whereas >50% were dominaled by black
cherry at 15 and 25 deer/km? (P = 0.002). The paltern
of dominance for pin cherry was the reverse of that for
black cherry. The percentage of plots dominated by pin
cherry decreased linearly with increasing deer density
(F = 0.034). At 4 and B deer/km?, =45% of the plots

were dominated by pin cherry, whereas at 15 and 25
deer/km?, pin cherry dominated =30% (P = 0.038).
Birch dominated a relatively small percentage of plots
compared with black cherry or pin cherry (Fig. 4a).
The highest percentage of plots dominated by hirch
(22%) was at 4 deer/km?® and decrcascd linearly with
increasing deer density (P = 0.047).

Mecan species richness over all deer densitics was not
affected by timc since overstory removal (Time main
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Fr. 4. Species composition and diversity of tree species
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usiing values in year 0-1 after treatment as a covariate. All
values are mean = 1 sm.
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effect, P = 0.449; Timec > Dcnsity interaction, P =
0.665), but over time, the effect of deer density on
species richness increased (Fig. 4b). At 3 and § YAT,
there was no rclationship between richness and deer
density (P = 0.315), but by 10 YAT, there was a neg-
alive linear trend (P = 0.Q011). Similar resuits were .
obtaincd for the Shannon diversity index. There was
little change in the mcan value of the Shannon index
wilh time (P = 0.136), but negative linear {rends with
deer density were observed in years 3 (P = 0.036), 5
(# = 0.012), and 10 (P = 0.007; Fig. 4c).

Areas where overstory was thinned

General conditions and patterns af vegetation de-
velopment —Growth of all but the most shade-tolerant
species (striped maple and American beech; see Table
3) was limited under the conditions created by thinning.
During the first 5 YAT, vegetation was dominated by
Rubus, ferns, grasses and sedges, and small ree seed-
lings (Fig. 5a—d, Fig. 6a—c). By 10 YAT, the abundance
of some herbaccous species had declined (Fig. Sb-d)
and the height of the tallest trees had increased to nearly
5 m, although some species remained within the reach
of deer for the entire 10 yr of study (Fig. 7}.

Abundance of herbaceous layer vegelation —Rubus
gbundance increased for the first 3 YAT (P < 0.001),
was similar at 3 and 3 YAT (# = 0.280), then decrcasced
between years 5 and 10 (P = 0.028; Fig. 5b). At the
FC and DM sites, which had the largest guantities of
Rubus, abundance reached >6{+% ground cover in year
5 al 4 and 8 deer/km® Deer density had a stromg ellect
on Rubus abundance; from year 3 onward, there was
a negative linear trend between Rubus ground cover
and deer density (7 = 0.005; Fig. 5b). Abundance of
ferns increased for the 10 yr of study (1-3 YAT, P =
(.003; 3-5 YAT, P = 0.066; 5-10 YAT, P = 0.022;
Fig. 5¢). A positive linear trend between fern ground
cover and deer density was evident in year 10 (P =
0.018), but not in the three earlier time periods (P =
0.401). Abundance of grasscz and scdges incrcascd
through the third year after treatment (2 = 0.001), was
similar at 3 and 5 YAT (P = (.256), then decreasecd
between years 5 and 10 (P = 0.002); ground cover was
no more than ~10% at all times. A positive linear trend
in prass and sedge abundance with deer density was
apparent 10 YAT (P = 0.036), bul nol in prior mea-
surements (F = 0.238).

Density of tree species.—More than a dozen species
of seedlings were present in the <X().3 m height class
at 0—-1 YAT, initial density of these small seedlings was
not related to the deer density treatments (P = 0.372),
Five species accounted for =853% of the stems >0.3
m tall: black cherry > striped maple > vellow and
black birch > American beech. There were no trends
in the effect ol deer on the densiily ol all species com-
bined (P = (.780; Fig. 5a).

Black cherry (0.3 m 1all) increased through year 5
after thinning (P = 0.0206), then decreased between
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years 5 and 10 (P = 0.001; Fig. 6a). There was no
trend in density ol black cherry with deer density (P
= ().255).

The distribution of striped maple >0.3 m tall 0—1
YAT was not eqnal with respect to site (Site main ef-
fect, P < 0.001). Nearly all of the striped maple >0.3
m tall were precxisting 0.3-0.9 m stems at the GL and
WW sites (GL + WW vs. FC + DM contrast, P =
0.001; Table 2); the analysis presented is based on the
GL and WW sites. Striped maple (>0.3 m tall) in-
creased through year 5 afler thinning (P << 0.001) und
wag similar in years 5 and 10 (P = 0.216). There were
no trends in density of striped maple >0.3 m tall with
deer density in years 3 or 5 after thinning {/* = 0.564),
but by year 10, there was a negative linear trend with
deer density (£ = 0.096).

Birch seeded in within a year or two after thinning;
thus, there were no scedlings >0.3 m tall at D-1 YAT.
Abundance of birch (7>0.3 m tall) increased in years 3
and 3 (P = 0.037) and was similar in years 3 and 10
(P = 0.784; Fig. 6c). There was no trend in birch abun-

dance with deer density at 3 (P = 0.441) or 5 (P =
0.110) YAT. In year 10, there was a quadratic trend (P
= (LO31). :

American beech (>0.3 m tall) density increased
slowly from 0-1 to 10} YAT (P = 0.022), although the
number of stems was small (Fig. 6d). Beginning with
year 3 after thinning, there was a negative linear trend
in beech abundance with deer density (3 YAT, P =
0.086; 5 YAT, P = 0.071; 10 YAT, P = 0.011).

Despite the abundance of simall red maple seedlings
at the beginning of the cxperiment (Table 2}, few grew
=03 m tall. By 10 YAT, when red maple >0.3 m tall
were most abundant, there was a negative linear trend
with deer density (P = (0.045; Fig. 6e).

Pin cherry seeds present in the forest floor seed bank
(Table 3) germinated during the first yecar or so after
thinning. Few of these very shade-intolerant trecs grow
>0.3 m tall, and by 10 YAT, none was present (data
are not shown). Small numbers of sugar maple and
white ash also were present, bui there were too few for
statistical analysis.
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Height growth of tree species.—At 10 YAT, striped
maple was the tallest specics, followed by the birches
> Ametican beech > black cherry > red maple (Fig.
7). By 10 YAT, therc was a negative linear trend in
striped maple (P = 0.067), American beech (P =
0.011), and red maple height (P = 0.015) with dcer

density. No trends in birch (P = 0.218) or black cherry
height (P = 0.239) with deer density were found.
Species composition and diversily of free species.—
Unequal distribution of striped mapie among the four
sites had important effects on specics composition at
10 YAT (Fig. 8). Nearly all striped maple were at the
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specics 10 yr after overslory thinning at densitics of 4, 8, 15,
and 25 decr/km? for striped maple (STM), birch {BI), Amer-
ican beech (AB), black cherry (BC), and red maple (RM).

GI. and WW sites, where 55-71% ol the regencration
sample plots were dominated by striped maple; most
of the remaining plots were dominated by black cherry,
birch, or American beech. Despite the significant deer
density effect on striped maple densily and height, there
were no trends in the percentage of plots dominated by
striped maple during the 10 YAT at these two siles (P
= 0.149; data are not shown}. Al the FC and DM sites,
where there were few striped maple at the beginning
of the study (Table 2), birch or black cherry became
the dominant species. depending upon deer density:
birch was dominant at deer densitics =15 deer/km?,
whereas black cherry was dominant at 25 deer/km?.
Across all siles, hirch increased in dominance from
0—1 to 10 YAT (all values are mean = 1 sg; at 0-1
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YAT, 0.4 £ 0.8%; at 10 YAT, 23 = 9%; P = 0.011).
At 10 YAT, there was a quadraiic trend in birch dom-
inance with decr density (at 4, 8, 15, and 25 deer/km?,
respectively, 18 = 9%, 25 = 9%, 37 = 9%, 10 L 9%;
F = 0.083).

Across all sites at 10 YAL black cherry had been
surpassed by either siriped maple or birch at densities
=15 deer/km® hlack cherry dominated a larger per-
centage of plots than birch only at 25 deer/km?. There
was a positive linear trend in the percentage of plots
dominated by black cherry with deer density {at 4, 8,
L5, and 25 decr/km?, respectively, 13 = 7%, 15 & 7%,
15 + 7%, 50 = 7%; P = 0.004).

The percentage of plots dominated by American
beech did not change with cither Lime (at 3 YAT, 6.6
* 3.2; at 10 YAT, 10,1 = 4.6%; P = 0.593) or deer
density (at 10 YAT at 4, 8, 15, and 25 deer/km?, re-
spectively, 6.8 + 4.5%, 13.8 £ 4.9%, 1.8 + 4.5%,
8.0 £ 4.9%; for lincar contrast, P = 0.895). Red maplc
deininated <<10% of the regeneration sample plots
throughout the first 10 yr; by 10 YAT, thcre was a
negutive linear trend between the percentage of plots
dominated by red maplc and deer density (at densilies
of 4, 8, 13, and 25 deer/km?, respectively, 2.5 = 0.5%,
1.9 £ 0.5%, 1.7 = 0.5%, 1.0 = 0.53%; P = 0.055).

Species richness increased between 0-1 and 3 YAT
(P = 0.007), then decreased to a4 level similar to that
of year 0-1 by 10 YAT (2 — 0.569; Fig. 8a). There
was a negalive linear trend between species richness
and deer density at 3 and 5 YAT (£ = 0.043), but the
trend was no longer significant at 10 YAT (P = 0.102).
Changes in the Shannon index over time were small;
mean values were unchanged between 3 and 5 YAT (P
= 0.138) and then increased belween 5 and 10 YAT
(P << 0.001). The Shurmmon index did not differ with
dcer density at 3 and 5 YAT (F = (.345), but by 10
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Diversity of ree species 0-1, 3, 5, and 10 yr after overstory thinning at densities of 4, §, 15, and 25 deer/km*

(a) richness and (b) Shannon index. Values of the Shannon index [or yeurs 3, 5, and 10 after treatment were adjusted using
values in year 0—1 after trealmenl us a covariate. All values are mean = | SE.
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IABLE 4. Mean abundanec (percent ground cover) of the
herbaceous ground layer or dengity (no. plants/4 m?*) of
trees << 0,3 m (all in uncut stands with deer density at 10
years after treatmment.

Deer density {no./km?)

Specics 4 2] 15 25
Rubus 1.6 2.2 1.3 0.3
(.7 (0.8} (0.3) (0.1}
Fern 17 14 22 15
(4) (32 “h 4
Grass and sedge 2.3 1.2 1.4 3.0
(1.n (0.5) (0.6) (1.3
All trees 105 133 128 21
(15} (15) (15} (14
Black cherry 9l 119 115 T8
(143 14y (15) (14)
Red maple 9 13 11 6
(3) (3) (3) (3)
Sugar maple 0.05 0.0 0.02 <().01
(0.02)  (0.02) (0.02)y  (0.02)
Birch 0.4 1.2 1.7 1.2
(0.8) {0.8) (0.%) (0.%)
American beech 0.4 0.4 0.0 1.2
. (0.2) (0.2) €0.2) {0.2}

1.5 2.0 1.6 2.1
(G.3) {0.3) (0.3} (0.3

Nater Numbers in parentheses are 1 SE.

Striped maple

Y AT, there was a negative linear trend (7 = 0.014; Fig.
8b}.

Areus where overstory was ancit

General conditions and patterns of vegetation de-
velopiment.—Growth of all species and survival of
some species was low in uncut stands. During the 10
yr of the study, seedlings <<0.3 m tall were the most
prominent vegetation. In the first YAT, 99% of the seed-
lings were <0.3 m tall; at 10 YAT, 96% of the seedlings
were in this height range. Change in cover by herba-
ceous plants over time was small compared with that
in thinnings or clearcuts. Density ol seedlings of all
species generally increased over time through 10 YAT,
although the tallest stems were <<1 m, well within the
reach of deer. By 10 YAT, there was a negative qua-
dratic trend between total density of tree seedlings and
deer demnsity (P = 0.091; Table 4).

Abundance of herbaceous ground-layer vegeta-
tion.—Rubuy abundance was <<1% ground cover at O—
1 YAT; by 10 YAT, it had reached 3% ground cover
(P = 0.019). At 5 YAT (P = Q.U72) and 10 YAL (¥
= 0.038), there was a negative linear trend of Rubus
abundance with deer density (Table 4). Fern cover in-
creased over time in uncut stands (mean ground cover:
0-1 YAT = 12 = 3%; 10 YAT = 17 £ 3%; P = 0.091),
but there were no trends with deer density (Jinesr con-
trast: P = 0.323; Table 4). Grasses and sedges ac-
counted for only ~2—4% of the ground cover in uncut
stands. For the first 5 YAT, ground cover by grasses
and sedges remained unchanged (P = 0.696), but by
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10 YAT, grass and sedge cover had increased at 25
deer/km? (P = 0.007). resulting in a positive lincar
trend with deer density (P = 0.051; Table 4).

Density of tree species—Black cherry (62%) and
red maple (32%) accounted [or 93% of the seedlings
<<{.3 m tall at - 1 YA, at 10 YAT, black cherry (88%0)
and red maple {8%) accounted for 96% of the small
scedlings. Comparison of seedling densily al 3 YAT
with 10 YAT showed that black cherry was the only
apecies thut increased (al 3 YAT, 46 & 11%; at 10 YAT,
102 * 16%; P < 0.001). All other species decreased:
red maple (at 3 YAT, 29 = 8%: at 10 YAT, 10 * 4%;
P < 0.001), sugar maple (at 3 YAT, 0.3 = 0.2%; at 10
YAT, 0.07 = 0.04%; P = 0.036), birch (at 3 YAT, 2.6
= 0.9%; at 10 YAL, 1.4 = 0.5%; F = 0.026), striped
maple (al 3 YAT, 4.4 2= 1.4%; at 10 YAT, 3.8 = 1.2%;
P = (0.001} or did not changc in density (American
beech aut 3 YAT, 1.1 = 0.2%: at 10 YAT, 1.3 = 0.2%:
£ = 0.143), At 10 YAT, trends with deer density were
apparent for black cherry (negative quadratic, ' =
0.088) and American beech (positive linear, £ =
0.014), but not for other species (red maple, P = 0.301;
striped maple, P = 0.215; birch, * = 0.208; sugar
maple, P = 0.200; Table 4).

fleight growth of tree species—Comparison of spe-
cies height at 01 YAT with height at 10 YA showed
that all but striped maple increased: hlack cherry (al
0-1 YAT, 0.36 = 0.02 m; at 10 YAT, 0.66 * 0.12 m;
P = 0.017), red maplc (at 0—1 YAT, 0.25 = 0.02 m;
at 10 YAT, 0.42 = 0.05 m; P = 0.001), birch (at 01
YAT, 0.26 = 0.10 m; at 10 YAT, 2.31 = 0.93 m; P =
0.049), American beech (at 0-1 YAT, 0.98 + 0.07 m;
at 10 YAT, 2.62 * 0.44 m; P < 0.001), striped maple
(at 0—1 YAT, 1.87 = 0.48 m; at 10 YAT, 3.17 = 1.07
m; P = 0.107). AL 10 YA', there was a negative linear
trend with deer density for red maple (£ = 0.056) but
no trend for black cherry (P = 0.31%9; Table 5). Height
of the tallest American beech had both negative linear
(£ = 0.003) and quadratic (F = 0.039) trends with deer
dengity at 10 YAT; there was no trend lor siriped maple

TarlES3. MWcan height of the tallest tree, by species, inuncut
stands with deer density at 10 vcars afier treatment.

Deer density (no./kin™)

Specics 4 8 15 25
Bluack cherry 0.72 0.72 0.62 0.57
0.12) (0.12) (0.12) 0.12)

Red maple 0.51 0.45 0.37 0.35
(0.05)  (N05) (0051 (0.05)

Birch 3.59 1.46 4.36 1.21
(1.12) (0.93) (1.12) (1.14)

American beech 2.83 3.84 2.88 .91
(0.44)  (0.44)  (D.44) (0.4

Striped maple 3.65 3.81 3.00 .94
(0.70) (1.15) (1.15) 1,13y

MNote: Mumbers in parentheses are 1 se.
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{(F = 0.117) or birch (P = (0.405) hcight with deer
density (Table 5).

Species compasition and diversity of tree species.—
Black cherry, striped maple, or American beech dom-
inated most plots in uncut stands at 10 YAT. The per-
centage of plots dominated by black cherry did not
increase over time (at 3 YAT, 32 £ 6% of plots; at 10
YAT, 30 = 7%; P = (.125) but from year 3 onward,
there was a posilive linear relationship with deer den-
sily (3 YAT, F = 0.027; 5 YAT, P = 0.023; 10 YAT,
£ =0.001; Fig. 9a). At 10 YAT. black cherry dominated
19 = 6% of the plots at 4 deer/km?® and 35 * 6% of
the plots at 25 deer/km?. Lhe percentage of plots dom-
inatcd by other species did not change over time: red
maple (at 3 YAT, 8.8 L 4.4%; ul 10 YAT, 4.6 - 3.3%;
£ = 0.549), birch (at 3 YAT, 2.8 * 2.5%; at 10 YAT,
3.6 £ 3.1%; £ = 0.721), American beech {al 3 YAT,
22 + 4%; at 10 YAT, 27 & 6%; P = 0.125), striped
maple (at 3 YAT, 31 = 9%; at 10 YAT, 28 +~ 9% P
= 0.216). At 10 YAT, there was a linear decrease in
the percentage of plots dominated by red maple as deer
density increased {P = 0.088); trends with deer density
were not seen for striped maple (£ = (0.469). American
beach (P = 0.195), or birch (P = 0.402; Fig. 9a).

Species richness decreased between 0—1 and 10 YAT
(P = 0.036), although the actual differences were
small. At 5 YAT, there was a negalive linear relalion-
ship with deer density (7 = (0.058) that continued
through year [0 (P = 0.031; Fig. Yb). The Shannon
index increasced between 3 and 10 YAT (P = 0.028),
although the differences were small, and there were no
trends with deer density (P = (.253; Fig. 9¢),

DISCUSSION

Direct effects of deer density on vegetation trajec-
toriex —Population densities of white-tailed deer have
been high cnough to cause negative impacts on forest
vegeration in many areas of the sastern United States
since al least the mid-to-late 20th century (Porter 1994)
und in some arcas of the castern United States, includ-
ing Pennsylvania, since the 1920s (Kosack 1995). LEi-
fects of deer on woody vegetation have received the
mosl comprehensive investigation (Russcll ct al. 2001).
Data derived primarily from exclosure studies suggest
that deer directly impact species density (abundance,
horizental structure) and height growth (vertical struc-
ture). Over time, selective browsing by deer {or other
ungulates) om species that they prefer results in reduced
species richness/diversity and altered species compo-
sition dominated by unpreferred and browse-resilient
species (Anderson and T.oucks 1979, Frelich and Lor-
imer [983, Anderson and Katz 1993, Hobbs 1996, Al-
verson and Waller 1997, Healy 1997, Russell et al.
2001), Threshold deer deasities for these impacis have
been elusive because of differences in deer density in
both space and time and the two-data-point nature of
exclosure data. Qur study tested the null hypotheses
that deer densities that can be sustained aver long time
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periods on contemporary landscapes do not cause
changes in understory density, seedling height growth,
specics composition, or woody plant diversily. Based
on the experimental results presented here, we reject
the null hypotheses. Deer affected species density,
height development, and species diversily/composition
over the 10-yr period of our experiment. With a few
notable exceptions, increasing deer density led to de-
creasing stem density {percent ground cover for hor-
baceous plants) uf most species over tirne at all levels
of cutting disturbance. Exceptions to this trend were
species not preferred or avoided by deer that increased
in dominance (percent ground cover for herbaceous
plants, percentage of plots dominated for woody spe-
cies) with incrcasing deer density, including ferns,
grasses and sedges, and black cherry. At all levels of
cutting distarbance, height developmeni of maost trees
decreased with increasing deer density as long as they
were within the reach of deer. Over time, the net effect
was a reduction in species diversity and altered species
composition with increasing deer density.

Moeost trends beotween deer density and mceasures of
species density, height, or species diversity/composi-
tion were linear. Where significant linear and quadratic
components occurred in the same relationship, the lin-
car componcnt was always stronger and, over time,
became the only significant component. Birch was the
only species having significanl quadratic trends with
deer density.

Time was an important factor mediating relation-
ships at all deer densities. In general, the length of time
for significant relationships to deveclop decreased with
increasing levels of overstory disturbance. In clear-cut
stands, most significant relationships developed in 3—
10 yr; in thinnings, 10 yr were roquired; and in uncut
stands, only a few relationships were statistically sig-
nificant in 10 yr. Relationships betwcen Rubus, a highly
preferred species (Table 3} and deer density developed
sooner than those with other species at all levels of
cutting disturbance. Significant reductions in Rubus
density were observable as early as the first year of
treatment in clearcuts, within 3 yr in thinned stands,
and by 5 yr in uncut stands. Significant negative linear
trends in species richness with deer density were ob-
served within 3 yr in thinned or clear-cut stands, and
within 5 yr in uncut stands. These variables may have
value as early indicators of deer impact; deer browsing
rate (petrcentage of browsed stems) on Rubus has been
used to monilor deer impact in Europe (Morellet et al.
2001, ‘

The threshold of.deer density for ncgative impacis
on forest vegetation under our experimental landscape
condition was >~8 deer/km®. The historic effect of 50
yr of nearly continuous high deer density (12—-23 deet/
km?) prior to initiation ol the experiment was to drive
the vegetation toward fewer species that were of lower
food preference to deer (Leopold et al. 1943, Hough
1965, Jordan 1967, Marquis 1974, 1981, Marquis and
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Griser, 1978, Marquis and Brenneman 1981, Whitney
1984). Black cherry was the most abundant species in
both the overstory and the understory. Deer density
during the experimental period determined whether the
vegctation trajectory moved toward monoculture or Lo-
ward restoration of a more diverse species composition.
At the beginning of the experiient, the percentage of
understory plots dominated by black cherry ranged
from 19% to 31% over all deer densities. Ten years
later, regardless of whether stands were disturbed or
not, the percentage of understory plois dominated by
black cherry at the highest deer density (25 deerfkm?)
had increased: to 78% in clear-cut stands, to 50% in
thinned stands, and 1o 55% in vndistuarbed stands. By
contrast, at 4 or 8 deer/km? at 10 YAT, the percentage
of plots dominated by black cherry ranged from 13%
Lo 25% over all disturbance levels. In uncut stands,
there were small increases in dominance by red maple,
birch, and sugar maple at densities =8 deer/kin®. Al-
though individually not significant, collectively, these
increases seem to represent the beginning of a recovetry
when deer density remains low for an extended period
of time. This result is particularly important in undis-
turbed stands that may be subject to future disturbance
by cutting or natural events. Mosl iree species that are
important in the vegetation dynamics after disturbance
of northern hardwoced stands in Pennsylvania (and east-
ern hardwoods in general) either are preseni helore
disturbancc or become established shortly aftcrward as
a result of the disturbance, e.g., pin cherry, Rubus,
birch; see Table 3 (Grises and Peace 1273). Thus, main-
tenance of low deer impact for a period of time long
enough to insure the establishment of seedlings before
a disturbance seems Lo be a prerequisile [or recovery
of diversity.

Overall, the gualitative impacis of deer on species
density, height growth, and species composition/di-
versity in exclosure studies were similar 1o those re-
poried here. This suggesis that exclosure studies can
be vsed with some confidence to identify situations in
which deer impact is changing the direction of vege-
talive community development. However, information
about the fime required for impacts to become signif-
icant, or thresholds of deer impact, and about the shape
of the response 1o deer density is difficult to detect or
is not detectable in exclosure siudies. Furthermore,
such studies rarely include control aver either the land-
scape condition or the deer density outside the exclo-
surg, important determinants of deer impact. In other
words, deer impact on vegelation depends not only on
deer densily, but also on ihe abundance of preferred
food in the vicinity (Taylor 1984, deCalesta and Stout
1997, Augustine and Jordan 1998). In our study, we
varied impact by helding landscape composition (per-
ceniage with various levels of disturhance) constant
and by varying deer density. The numbers and diversity
of seedlings that we observed at the various deer den-
sities inside our exclosures were higher than the num-
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bers observed at similar densities in less disturbed land-
scapes (personal observation). This probably is due to
lower availability of forage in heavily forested land-
scapes without agricultural land, such as those where
our study was conducted.

Indirect effects of deer density on vegetation trajec-
tories,—Deer browsing can indirectly affect specific

vegetation outcomes by facilitating the dominance of

unpreferred and browse-resilient species over time.
Once these specics become established, they can min-
imize the recstablishment of preferrcd and less browse-
resilient species through plant—plant interference, e.g.,
competition, allelopathy (Anderson and Loucks 1879,
Horsley and Marquis 1983, Horsley 1993, Heitzman
and Nyland 1994, de la Cretaz and Kelty 1999, George
and Bazzaz 1999q, b, Ristau and Horsley 1999} and
plant—animal interference, e.g., granivory (Brooks and
Healy 1988, McShea and Rappole 1992, 1997, McShea
and Schwede 1993) strategies. Vegetation outcomes in
plant plant interference relationships depend not only
on deer density, but ‘also on individual species char-
acterisiics; species regeneration sirategy, food prefer-
ence to deer, and response to light seemed to be par-
ticularly important in our work,

Increase in fern abundance in ecastern forests has
caused particularly strong interference with regenera-
tion of hardweood trees (Horsley 1977, Horsley and
Marquis 1983, de la Cretaz and Kelty 1999, George
and Bazzar 1999a, by. Hough (1965) noted thal the
historic rise in fern ahundance on the Allegheny Plateau
in Pennsylvania was coincident with the loss of the
preferred shrub, witch hobble (Viburnum alnifolivm
Marshall) at the peak of deer density in the 1930s. Our
study showed that in thinned and clear-cut stands, there
was a signilicant linear increase 1in fern abundance with
an increase in decr density by 3 YAT. This increase
was paralleled by significant decreascs in the abun-
dance of Rubus and tree seedlings. Studies to determine
the mechanism of fern interference with black cherry
seedling cstablishment have demonstrated that inter-
ference was due primarily to reduced light availability
(Horsley 1993). Thus, once ferns become established,
they can interfere with the buildup of trec scedlings
and the restocation of diversity.

Stromayer and Warren (1997) have suggested that
the increase in fern ground cover caused hy deer in
Allegheny Platcan forests represented an aiternate sta-
ble state, that is, one that would persist eveon after the
original causec, high decr density, was removed. Qur
data, combined with the species characteristics in Table
3, show that some of the conditions created by high
deer density will be difficult to reverse. In stands that
were clear-cut while decr density was high, reduced
species diversity and domination by black cherry prob-
ably will be sustained where sources of windblown
seed, such as birch, are too distant to increase diversity
before the next harvest. Moreover, failure to replenish
the seed bank of species with long-lived seeds like pin
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cherry (Styer et ab. 1997) and Rubus at high decr den-
sities probably will affect vegetation dynamics long
into the future. Ilowever, where a diverse seed source
remains, as in thinoed and uncut areas, reductions in
dcer density could be associated with restoration of
species diversity.

We are less sure whether clear-cut stands that re-
generated to ferns under the impact of high deer density
would produce a long-lasting alternate stable statc if
deer were removed or their density were greatly re-
duced. Birch, Rubus, white pine {Pinus strobus L)
(Horsley and Marquis 1983, de la Cretaz and Kelty
2002), and eastern hemlock (personal observarion) are
capable of growing through fern cover and reducing
fern abundance over time, if propagules are present,

Implications for policy debates and decisions in the
eastern hardwood forest region.—Our study shows
thai, at high densities, (1) deer make substantial chang-
es in Torests, (2) most of these effects are linear with
increasing deer density, and (3) many of them accu-
mulate over time. These results should inform policy
debates and decisions throughout the eastern hardwood
region. Whether an agency or landowner manages land
for biological diversity, commercial production of tim-
ber or nontimber forest products, or recreation, deer
affect the land manager’s ability to achieve manage-
ment objectives. These effects became significant in
our stody at densities well below levels observed in
OUur region over lime.

Agencies that manage deer abundance must recog:
nize that, as deer density increases, so will the impact
of deer on species diversity, species composition, and
the abundance of plants that interfere with the resto-
ration of diversity when deer density is reduced. Sev-
eral studies have shown that competitive consumption
of acorn mast by deer had a negative effect on the
abundance of the mast-dependent small-mammal com-
munity in the following spring (Brooks and Healy
1988, McSheu and Rappole 1992, 1997, McShea and
Schwede 1993, Ostfeld et al, 1996, Healy 1997). Using
data from the present study, deCalesta (1994) showed
that deer caused reductions in habitat quality for song-
birds. Data from this study show that where deer den-
sities arc high, forest understories become increasingly
dominated by plants that are less preferred by deer,
reducing the quality of deer habitat.

Although the evidence provided by our stady will
not resolve conflicts about decr management, it pro-
vides a strong scientific background for policy discus-
sions. Paolicies that allow deer densitics to increase can
be expected to have specific and predictable conse-
quences, whether those policies are implemented by
decr munagement agencies focused on maximizing deer
abundance for hunters, or by managers excluding hurnt-
ing to test or allow natural regulation of decr popula-
tions,

Particularly compclling from a policy perspective is
the evidence from our study that the cffects of deer
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accumulate over time. Diversity in high deer density,
uncul partions of our study areas decreased through the
10 yr of our study in ways that are mirrored by changes
observed on the surrounding landscape, which has sup-
ported high deer densities for several decades. By the
10th year of our study, black cherry dominated 55%
of the regeneration sample plots in uncut areas. An
Allcgheny National Forest (1995) survey of some
300000 acres (121457 ha) in 1992 (including thinned
and uncut areas) found that although 28% of the over-
story composition was represented by black cherry;
47% of the understory composition was represented by
black cherry.

Furthermore, our study suggests that managers con-
cerned with the cffects of deer on forest ecosystems
showld focus on deer impact as well as deer density in
making management decisions (Taylor 1984, deCalesta
and Stout 1997, Augustine and Jordan 1998). Thus, 4,
8, 15, or 25 deer/km® have a smaller effect on forest
vepetation In a stand with agricultural cropland in the
vicinity than in a stand situated in a matrix of [orest
land. Decisions regarding deer management should
consider both deer density and the composition of land-
scapes at relevant scales. Tn large blocks of contigucus
forest ynder management on a 100-yr rotation, the con-
ditions represented in vur study, our data suggest that
many tree species, as well as Rubus spp., will decrease
at deer densities of > deer/km?=.

Deer impacts interact in important ways with other
trends in eastern forests. Many of these forests origi-
nated from cuttings arcund the turn of the 19th century,
or from agricultural abandonment in the first half of
the 20th century. As a result, the percentage of valuable
timber products such as those used lfor sawtimber and
veneer has been increasing steadily over the last several
decades as the forests mature (ef. DiGiovanni 199(,
Alerich 1993, Alerich and Drake 19935). Birch (1996)
found that 35% of owners who control over 60% of
the private forest acreage in the northern states east of
the Mississippi plan to harvest within 10 yr. Where
these harvests take place in the presence of high den-
stties of white-tailed deer, reduciions in species diver-
sity and selective removal of species preferred by deer
or those not resilient to browsing essentially may be
permanent, unless measures such as fencing are taken
to preserve diversity.

At the same time, ownership fragmentation of the
eastern forest is accelerating. Each year, ~600000 ha
of privately owned forest are split inlo pieces <240 ha
{1.. DeCaster, personal communication). Often, this
fragmentation is associated with second home devel-
apment, landscape enhancements, and reduced acreage
available for public hunting. All of these fuorces in-
crease the likelihood of deer attaining densities that
have substantial impact, and increase the challenge for
policy mukers. )

Overall, ihe results of this study provide impaortant
data for ongoing policy debatas and further study. Over
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the 10-yr period of our experiment, increased deer im-
pact reduced species density, height development, and
species diversiiy/composition. The netl resull was an
altered trujectory of vegetalion development dominated
by species avoided by deer and browse-tesilient spe-
cies. Management of white-tailed deecr impact is an
important dimension of sustainable ecosystem man-
agement.
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