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a b s t r a c t
Understanding the combined effects of land-use changes and expanding generalist herbivores on the
recruitment of tree species is critical to predict forest community dynamics and for fulfilling conservation
purposes. We assessed how deer herbivory and forest-type affected the diversity of seedlings and saplings of dominant tree species in a temperate forest of Eastern USA, during four consecutive years. Fenced
and unfenced plots were established in hardwood and pine forests and tree seedlings and saplings identified and monitored annually. Tree recruitment patterns varied widely from year to year, particularly for
seedlings. Sapling communities were richer in species, more diverse and with lower indexes of dominance than seedling communities. The diversity of seedlings and saplings was significantly affected by
inter-annual variation of tree recruitment but not by deer herbivory or forest type. Herb cover was
reduced for more than fourfold in unfenced hardwood plots. Results show that inter-annual variation
of recruitment, herbivory and forest type can combine to shape the composition of tree seedlings and
saplings. When assessing effects of deer on tree recruitment interactions between biotic (e.g. herbivory)
and abiotic (e.g. forest type) factors need to be considered. The outcome of such interactions depends on
seedling or sapling life stage.
! 2013 Elsevier B.V. All rights reserved.

1. Introduction
Global changes, including climatic and land-use changes, are
affecting forest ecosystems worldwide (Feeley et al., 2010). Increased inter-annual climatic variability alters the phenology,
growth rates and survival of tree seedlings, and the consequent
patterns of tree recruitment (Bertrand et al., 2011). Conversion between forest types, with associated changes in disturbance regimes
(e.g. changed frequency of fire regimes or increased clear cutting
practices) and site ecological conditions (e.g. nutrients, site productivity) constrains tree regeneration niches and the species composition of forests (Taverna et al., 2005; Turner, 2010; Edenius
et al., 2011 Liira et al., 2011). Conversion between forest types
and tree recruitment variability may further combine with deer
herbivory and ultimately shape the species composition of adult
forests.
Deer populations have been expanding, both in numbers and
geographic range, across the temperate forests of the northern
hemisphere. Such expansion is partly due to abandonment of farm-
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ing land, increase of wooded areas and favorable habitat, and lack
of predators (Fuller and Gill, 2001; Coté et al., 2004). Deer are keystone species in forest ecosystems as they affect the recruitment
dynamics of tree species (Coté et al., 2004; Rooney and Waller,
2003; Hidding et al., 2012; Speed et al., 2013) and the overall diversity of forest ecosystems through their feeding activities (Allombert et al., 2005; Bugalho et al., 2011; Martin et al., 2011).
Deer feed selectively, that is, they preferentially consume the
plants most palatable to them (Verheyden-Tixier et al., 2008).
The main determinants of deer feeding selectivity are the availability and the nutritional quality of the plant food (van Soest, 1994).
Plant availability, particularly woody seedlings in forests, vary with
factors including inter-annual variation in tree recruitment and
disturbance or legacy effects associated with different forest types,
which restrict tree regeneration niches and the availability of propagules (Naaf and Wulf, 2007; Royo et al., 2010a; Royo et al., 2010b).
Plant nutritional quality is mainly determined by the intrinsic biochemical properties of the plant, including the plant cell contents
(e.g. nitrogen, cellulose or lignin) and the prevalence of chemical
defences (e.g. secondary compounds) (van Soest, 1994). Site conditions, however, namely the nutrient content of soils prevailing under a particular forest type, may also affect the plant nutritional
quality (Campo and Dirzo, 2003; Lindroth et al., 2007). Plant fertil-
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Table 1
Soil nutrient content (mean ± standard error of mean) at hardwood and pinewood forest stands, at two 0–15 cm and 15–30 cm soil depths, in the study area
(adapted from Parama, 2006).
Soil nutrient content

Organic Mater (%)
Nitrate (mg Kg"1)
Ammonium (mg Kg"1)
Phosphate (mg Kg"1)
Total carbon (%)
Total nitrogen (%)

Hardwood

Pinewood

0–15 cm

15–30 cm

0–15 cm

15–30 cm

6.304 ± 0.261
0.209 ± 0.014
10.412 ± 0.476
2.352 ± 0.176
2.402 ± 0.112
0.131 ± 0.007

3.774 ± 0.176
0.199 ± 0.009
5.792 ± 0.249
0.480 ± 0.052
0.735 ± 0.047
0.044 ± 0.003

5.090 ± 0.194
0.128 ± 0.008
6.008 ± 0.247
1.778 ± 0.129
1.733 ± 0.086
0.088 ± 0.004

3.561 ± 0.167
0.095 ± 0.007
4.053 ± 0.210
0.201 ± 0.035
0.557 ± 0.040
0.034 ± 0.002

ization in nurseries, for example, is known to change the leaf
chemistry of nursery saplings (McArthur et al., 2003) making these
saplings more attractive to feeding herbivores (Close et al., 2004;
Hartley and Mitchell, 2005).
Although the browse content of deer diets varies among species, deer are generally categorized as intermediate feeders (sensu
Hoffman, 1989) as they feed both on herb (grazing) or woody
(browsing) plant communities (Horsley et al., 2003). The survival
of tree seedlings can thus be affected by direct browsing (e.g. Tilghman, 1989) or indirectly by changes in plant competition interactions, induced by selective browsing, that favor the survival of
‘‘unpalatable’’ shrubs or trees species (Skarpe and Hester, 2008).
Additionally, through effects on herb cover, grazing may indirectly
mediate the survival and establishment of tree seedlings (Horsley
and Marquis, 1983; Gill and Beardall, 2001; van der Waal et al.,
2009).
The diversity of seedling and sapling communities can thus
change as a direct or indirect response to deer herbivory. Usually
the abundance of preferred plant species in the community decreases and that of less preferred species increases (Augustine
and McNaughton, 1998; Barrett and Stiling, 2006). More seldom,
if preferred species are browse-tolerant (they have a high regrowth capacity after consumption) their abundance may also increase (Anderson and Katz, 1993; Bee et al., 2007). Nevertheless,
consumption of the whole plant, or plant parts, by herbivores
usually impairs plant competitive capacity and decreases plant
ability to persist in the community (Harper, 1977; Hulme,
1996). Moreover, the susceptibility of juvenile trees to herbivory
can vary between the seedling and sapling stages, even within
species, as plant nutritional quality and efficiency of chemical
and structural defences (e.g. spines, trichomes) may differ between juvenile and older plant growth stages (Boege and Marquis, 2005).
Although there is an abundant literature on the effects of deer
on tree regeneration and diversity (Coté et al., 2004; Fuller and Gill,
2001; Husheer et al., 2003; Rooney and Waller, 2003; Takatsuki,
2009) fewer studies have focused on the interactions between forest type, tree recruitment patterns and deer herbivory (but see
Horsley et al., 2003; Edenius et al., 2011) and, in particularly, on
how different tree growth stages may respond to these interactions. Here we assess how the species richness and diversity of tree
seedlings and saplings respond to the combined effects of deer herbivory, forest type and inter-annual variation of tree recruitment in
a temperate forest of USA. We assessed the effects of deer herbivory on the species composition of tree seedlings and saplings in
two adjacent hardwood and pine forest sites during a four year
period. More specifically we asked:
(1) Which are the effects of the interactions between whitetailed deer (Odocoileus virginianus) herbivory, forest-type
and inter-annual variation of tree recruitment on the abundance of individual species and on the overall diversity of
seedling and sapling communities?

(2) Do different plant growth stages, seedlings and saplings,
respond differently to herbivory, forest-type and interannual variation of tree recruitment?
(3) How does variation in herb cover between grazed and
ungrazed plots interact with forest-type and affect the coexistence of seedlings and saplings?
2. Methods
The study area was located in Duke Forest (35"580 N and 79"060
W), North Carolina, USA. The area is characterized by a warm temperate climate with temperatures varying, on average, between
0 "C and 11 "C in January, the coldest month, and 20 "C and 31 "C
in July, the hottest month. Rainfall varies between 1000 mm and
1250 mm annually with July and August being the wettest and
October to November the driest months (Peet and Christensen,
1980). Duke forest is a 2860 ha forest area located in the eastern
edge of North Carolina Piedmont Plateau used mainly for teaching
and research purposes. Duke forest is characterized by uneven
aged stands of mature deciduous hardwood (mainly oaks Quercus
spp., hickory Carya spp. and Ash Acer spp.) that resulted from secondary forest growth after abandonment of farming fields, and
eighty to one hundred years old, uneven-aged pine stands, namely
loblolly pine (Pinus taeda) plantations established since 1931. Canopy cover is heterogeneous with percent light reaching the soil
varying between 1.4% and 53.9% (Ibáñez et al., 2009). These conditions allow light-demanding and shade-tolerant species to regenerate. White-tailed deer (Odocoileus virginianus) is a common and
widespread species throughout Duke Forest. Deer population densities in the study area increased steadily during the period of
study and were recorded at 6–8 deer/km2 in 2005, as compared
to historical deer densities of 3–4 deer/km2 (North Carolina
Wildlife Resource Commission, unpublished). More detailed
description on the study area can be obtained at <http://www.
dukeforest.duke.edu>.
Paired fenced (to exclude grazing and browsing by white-tailed
deer) and unfenced plots were established in May of 2000, adjacent
to each other (distance between fenced and unfenced plots varied
between 2 and 3 m), in the middle of an hardwood and a pine forest stand (an 80 year old loblolly pine plantation). Fences were
1.80 m height with a squared mesh size of 5 cm by 5 cm. Hardwood and pine forest stands were representative of the forest cover
in the study area and were only separated by a track road. Soil
properties differed between hardwood and pine forest (for detailed
information on soil properties see Parama, 2006) (Table 1). We
established sixteen paired plots (16 fenced and 16 unfenced), with
a rectangular shape and size of 6 m ! 3 m, in hardwood forest and
sixteen paired plots in pine forest. We used a 50 cm of distance
buffer zone relatively to where measurements were conducted
within the plots.
Manipulative experiments based on the total exclusion of grazing and browsing have limitations (for example, results of such
experiments are usually limited by the size of fenced plots and ad-
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Table 2
Effects of year, herbivory and forest type on the diversity, species richness and index of dominance of seedling and sapling communities. Numbers in bold indicate significant or
marginally significant effects.
Diversity

Species richness

Dominance

Wald

df

P

Wald

df

P

Wald

df

P

Seedlings
Year
Herbivory
Forest type
Year ! herbivory
Year ! forest type
Hebivory ! forest type

11.07
0.00
0.00
4.31
6.97
0.72

3
1
1
3
3
1

0.011
0.998
0.945
0.230
0.073
0.398

8.16
0.82
1.21
2.89
10.44
0.01

3
1
1
3
3
1

0.043
0.366
0.271
0.409
0.015
0.910

19.61
0.48
13.85
3.85
7.13
1.44

3
1
1
3
3
1

< 0.001
0.489
< 0.001
0.279
0.068
0.230

Saplings
Year
Herbivory
Forest type
Year ! herbivory
Year ! Forest type
Hebivory ! forest type

22.33
0.70
2.07
2.89
16.30
6.35

3
1
1
3
3
1

0.001
0.404
0.15
0.408
0.001
0.012

19.34
0.31
1.65
1.55
11.70
3.64

3
1
1
3
3
1

0.001
0.578
0.199
0.670
0.008
0.056

9.64
0.85
11.16
2.98
4.92
0.47

3
1
1
3
3
1

0.022
0.358
0.001
0.394
0.178
0.493

Pine Forest

---- unfenced
____ fenced

Berger-Parker dominance index

Number of species

Shannon-Weaver diversity index

Hardwood

Year
Fig. 1. Diversity, species richness and index of dominance of seedling communities in plots open (unfenced, dash line) and protected (fenced, solid line) from deer browsing,
in two different forest types (hardwood and pine forest), between 2000 and 2003. Error bars represent the standard error of mean.

dress the effects of ‘‘presence’’ versus ‘‘absence’’ of herbivores
rather than the effects of ‘‘gradients of grazing and browsing’’)
although they also provide useful insights about the effects of herbivores on forest dynamics (Hester et al., 2000).
Tree seedlings (first year recruits) and saplings (recruits older
than one year and less than 50 cm in height) were identified, individually tagged, and counted during summer (June to August) of
2000–2003. Total vegetation ground cover was measured using a

1 m ! 1 m size grid randomly placed between 4 and 6 times in
each plot and by visually estimating cover of the plot. Cover was
dominated by herb species and hereafter called herb cover.
The following woody species were identified in the plots: seedlings of Acer rubrum, Cercis canadensis, Cornus florida, Liquidambar
styraciflua, Liriodendron tulipifera, Pinus spp.; and saplings of Acer
rubrum, Acer saccharum, Carya spp., Cercis canadensis, Fraxinus
americana, Liquidambar styraciflua, Liriodendron tulipifera, Quercus
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----

Fig. 2. Diversity, species richness and index of dominance of sapling communities in plots open (unfenced, dash line) and protected (fenced, solid line) plots from deer
browsing, in two different forest types (hardwood and pine forest), between 2000 and 2003. Error bars represent the standard error of mean.

alba, Quercus velutina, Ulmus spp. Representative species included
shade-tolerant (e.g. A. Sacharum, C. canadensis), shade-intolerant
(e.g. A. rubrum, L. tulipifera) and intermediate shade-tolerant (e.g.
Q. alba, L. styraciflua) species.
Diversity of woody seedlings and saplings was estimated using
the Shannon–Weaver index (Magurran, 1988); richness was considered as the number of different species in each plot; dominance
was estimated using the Berger–Parker Index of Dominance,
ID = CMax/C where CMax is the number of individuals of the highest abundance species and C is the total number of individuals in
the plot (Berger and Parker, 1970). This index is commonly used
to assess how most abundant species express in plant communities
(Magurran, 1988; Caldeira et al., 2005).
Effects of exclusion of deer herbivory on community parameters
(diversity, number of species, index of dominance), herb cover and
proportional abundance of tree seedlings and saplings was assessed using Restricted Maximum Likelihood (REML) analysis of
mixed models with repeated measures, using GenStat for Windows
6th (2002). REML was used to deal with unbalanced data (Patterson and Thompson, 1971) as there were plots that were unintentionally lost in 2002/2003 monitoring season (4 paired plots per
each forest type in the last 2 years of monitoring) due to artificial
creation of forest gaps conducted within a major research project
being implemented in the study area (Dietze and Clark, 2008;
Ibáñez et al., 2008). Herbivory, Year and Forest type were considered fixed factors, herb cover as a co-variate and plot (paired by
the fence treatment) a random effect. Proportion of seedlings and
saplings was angular transformed before analysis to normalize
data distribution (Zar, 1996).

3. Results
3.1. Seedling and sapling communities
Sapling communities were richer in species than seedling communities, both in hardwood (mean ± s.e.m.: 4.3 ± 0.32 saplings/m2
versus 2.2 ± 0.21 seedlings/m2; p < 0.001) and pine forest
(4.6 ± 0.21 saplings/m2 versus 2.4 ± 0.21 seedlings/m2; p < 0.001);
more diverse, both in hardwood (Shannon–Weaver of saplings:
0.43 ± 0.03 versus Shannon–Weaver of seedlings: 0.25 ± 0.03;
p < 0.001) and pine forest (0.46 ± 0.02 versus 0.22 ± 0.03;
p < 0.001) and had lower index of dominance in hardwood (index
of dominance of saplings: 0.44 ± 0.03 versus index of dominance
of seedlings: 0.64 ± 0.03; p < 0.001) but not in pine forest
(0.58 ± 0.02 versus 0.57 ± 0.03; p = 0.761).
The diversity (p = 0.073) and dominance (p = 0.068) of seedling
communities responded marginally to year x forest type interaction whilst sapling richness responded marginally (p = 0.056) to
herbivory ! forest type interaction (Table 2). Diversity, richness
(number of species) and index of dominance of seedlings varied
significantly among years (Year fixed factor). Forest type (Forest
type fixed factor) had significant effects on the community index
of dominance which, in the pine stand plots, was higher in fenced
as compared to unfenced plots (Table 2 and Fig. 1). Inter-annual
variation in tree recruitment interacted with forest type to affect
seedling richness, which was lower in fenced and hardwood plots,
but there were no significant effects of herbivory (Herbivory fixed
factor) on seedling richness or diversity (Table 2 and Fig. 1). Herb
cover affected significantly the diversity of seedlings in 2000
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P

0.847
0.109
0.544
0.679
0.939
0.513
0.81
2.57
0.37
1.52
0.41
0.43
1.97
3.09
4.33
1.02
1.46
0.66
0.087
0.024
0.006
0.368
0.029
0.910
6.56
5.11
7.49
3.15
9.02
0.01
0.948
0.169
0.553
0.380
0.584
0.779
3.75
0.47
1.41
3.79
8.12
1.17
0.981
0.048
0.003
0.570
0.981
0.048
0.18
3.90
9.03
2.01
0.18
3.90
0.278
0.106
<0.001
0.43
0.326
0.841
3.85
2.62
27.62
2.76
3.46
0.04
3
1
1
3
3
1
Year
Herbivory
Forest type
Year ! herbivory
Year ! forest type
Hebivory ! forest type

(b) Saplings

Year
Herbivory
Forest type
Year ! herbivory
Year ! forest type
Hebivory ! forest type

df

3
1
1
3
3
1

P

55.52
0.04
0.55
0.73
0.56
0.18

<0.001
0.847
0.460
0.866
0.906
0.674

0.290
0.491
0.236
0.285
0.044
0.279

1.76
5.01
18.35
1.00
1.34
0.04

0.623
0.025
<0.001
0.802
0.720
0.833

2.21
2.59
0.04
6.93
0.21
5.50

0.530
0.107
0.844
0.074
0.976
0.019

0.36
1.89
0.35
3.08
1.95
0.08

Quve

Wald
P

Qual

Wald
P

List

Wald
P

Fram
Ceca
Caun

Wald
P

Acsa

Wald
Wald

20.15
4.77
24.71
1.68
1.63
0.06
Acru

P

Cato

0.092
0.220
0.006
0.983
0.434
0.500
6.43
1.50
7.59
0.17
2.74
0.45
<0.001
0.029
<0.001
0.640
0.653
0.807

Wald

21.87
0.07
1.31
0.11
1.97
0.13

P

Wald

P

Wald

0.075
0.028
0.201
0.045
0.153
0.026
6.90
4.83
1.63
8.06
5.27
4.93
0.001
0.786
0.252
0.991
0.579
0.715

P
Coflres

Wald
P

Cofl

Wald
Wald
Wald

P
Ceca

P
Acru

df

0.579
0.079
0.038
0.796
0.692
0.416

Ulun

Wald

12.66
0.67
2.13
4.15
4.00
0.13
<0.001
0.142
0.127
<0.001
0.006
0.795
43.61
2.16
2.33
17.08
12.28
0.07

List

Wald

P

P

Wald

12.68
0.18
0.06
0.96
2.16
2.68
0.005
0.411
0.144
0.246
0.261
0.721

Wald

P
Piun

P
Litu

0.005
0.668
0.812
0.812
0.539
0.102
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(a) Seedlings

Table 3
Effects of year, deer herbivory and forest type on the abundance of species of (a) seedlings and (b) saplings. Acru: Acer rubrum, Ceca: Cercis canadensis, List: Liquidambar styraciflua, Cofl: Cornus florida, Litu: Liriodendrum tulipifera, Piun:
Pinus undata, Acsa: Acer sacharum, Cato: Carya tomentosa, Carun: Carya spp., Fram: Fraxinus americana, Qual: Quercus alba, Quve: Quercus velutina, Ulun: Ulmus spp. Numbers in bold indicate significant or marginally significant effects.
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(p < 0.010) but only marginally in 2001 (p = 0.079), 2002
(p = 0.060) and 2003 (p = 0.086). Species richness of seedlings
was significantly affected by herb cover in 2000 (p < 0.010) and
2001 (p < 0.050), but not in 2002 (p = 0.149) or 2003 (p = 0.135).
In the case of saplings, inter-annual variation of tree species
recruitment (Year fixed factor) affected significantly the diversity,
richness and index of dominance of the community while forest
type (Forest type fixed factor) affected significantly the index of
dominance of sapling communities which was higher in fenced
pine plots (Fig. 2). Herbivory and forest type interactions affected
significantly sapling diversity which increased consistently in
hardwood unfenced plots (Fig. 2). There were no significant effects
of herbivory (Herbivory fixed factor) on sapling diversity (Table 2).
Herb cover did not significantly affect the diversity or species richness of saplings (p > 0.150 for all years).
3.2. Abundance of individual species
There were no consistent effects of deer herbivory on species
abundances. Some species were more abundant in fenced plots
whilst others were more abundant in unfenced plots by the end
of the study. For example, the abundance of C. canadensis (0.26 versus 0.14 proportional abundance) and of Q. alba (0.13 versus 0.04)
saplings were significantly higher in unfenced (deer browsed)
hardwood plots. Also, the abundance of A. rubrum seedlings was
significantly higher in unfenced pinewood plots (0.87 versus
0.66). Conversely, the abundance of Q. velutina saplings was marginally higher (0.02 versus 0.05) in fenced pine forest plots (Tables
3a and b, Figs. 3 and 4). Significant interactions herbivory ! year
for seedlings of L. styraciflua and saplings of F. americana (Tables
3a and b) suggest that deer herbivory affects the abundance of
these species over time.
Some seedlings and saplings of the same species responded differently to protection from herbivory. For example, in pine forest,
the abundance of A.rubrum seedlings (0.87 versus 0.66), but not
of A. rubrum saplings (0.48 versus 0.39), was significantly higher
in deer browsed plots by the end of the study. In hardwood, the
abundance of C. canadensis saplings (0.26 versus 0.14), but not of
seedlings, was significantly higher in unfenced plots (Tables 3a
and b, Figs. 3 and 4).
Abundance of species varied with forest type. A.rubrum (seedlings and saplings) and Q. velutina (saplings) had significantly higher abundance in pine forest, while C. canadensis (seedlings and
saplings) or Q. alba (seedlings) were significantly more abundant
in hardwood (Tables 3a and b, Figs. 3 and 4). There were species
responding to interactions between herbivory and forest type.
Such was the case of saplings of A. sacharum and F. americana
which had higher abundances in deer browsed pine forest plots
(Table 3b, Fig. 4). There were also wide fluctuations in the annual
recruitment of seedlings and saplings, although these fluctuations
were significantly larger for a higher number of seedling than of
sapling species (Tables 3a and b). There were five seedling species
(A. rubrum, C. florida, L. styraciflua L. tulipifera and Pinus spp.) but
only one sapling species (C. tomentosa) that varied significantly
among years (Tables 3a and b). Conversely, herbivory and forest
type affected mainly the abundance of saplings. Thus there were
four species of saplings (Acer saccharum, Cercis canadensis, Quercus
alba, Quercus velutina) but only one species of seedling (A.rubrum)
responding significantly to herbivory and five species of saplings
(Acer rubrum, Acer saccharum, Cercis canadensis, Quercus alba, Quercus velutina) but only two species of seedlings (A. rubrum and Cercis
Canadensis) responding significantly to forest type (Table 3a and b).
Most of the large seeded species, such as Carya spp., Quercus alba,
and Quercus velutina were recorded only at the sapling stages and
at a very low abundances (Figs. 3 and 4). (see also Supplementary
annex Table 1).
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Pine Forest

---- unfenced
____ fenced

Propor!onal abundance of species of seedlings

Hardwood

Year
Fig. 3. Abundances of seedlings, in hardwood and pine forest plots, unprotected (unfenced, dash line) and protected (fenced, solid line) from deer browsing, between 2000
and 2003. Error bars represent the standard error of mean.
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Fig. 4. Abundances of saplings, in hardwood and pine forest plots, unprotected (unfenced, dash line) and protected (fenced, solid line) from deer browsing, between 2000 and
2003. Error bars represent the standard error of mean.
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Fig. 4 (continued)

Table 4
Effects of year, herbivory and forest type on herb cover. Numbers in bold indicate
significant effects.
Herb cover

Year
Herbivory
Forest type
Year ! herbivory
Year ! forest type
Hebivory ! forest type

df

Wald

P

3
1
1
3
3
1

2.69
18.03
13.41
6.31
0.20
1.70

0.442
<0.001
<0.001
0.097
0.978
0.192

3.3. Herb cover
There was a significant effect of forest type on herb cover, with
higher herb cover in hardwood as compared to pine forest plots.
There were no differences in herb cover between fenced and unfenced plots at the beginning of the study either in hardwood
(p = 0.264) or in pine forest (p = 0.427). By the end of the study,
however, herb cover was significantly higher (p < 0.043) in hard-

wood fenced plots, where it was four fold higher than in hardwood
unfenced plots (Fig. 5), with no significant differences between
fenced and unfenced plots (p = 0.460) in pine forest. Overall, differences between fenced and unfenced plots increased over time, albeit only marginally (p < 0.097 for the interaction year
! herbivory) (Table 4).

4. Discussion
Land-use changes, including conversion of primary to secondary forest types (e.g. hardwood to pine forest plantations) and
expansion of generalist herbivores, such as deer, are among major
drivers of global change affecting the dynamics and conservation of
forest ecosystems. Here we show that deer herbivory, forest type
and inter-annual variation of tree recruitment combine to affect
the species composition of seedling and sapling communities of
temperate forests and that these effects vary with plant growth
stage. In particular, direct and indirect effects of deer selective
browsing and grazing may favor the survival of some tree species
and ultimately shape the species composition of adult forests.
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Fig. 5. Herb cover (%) in hardwood and pine forest plots, unprotected (unfenced, dash line) or protected (fenced, solid line) from deer grazing, between 2000 and 2003. Error
bars represent the standard error of mean.

At high population densities deer usually reduces the diversity
of tree seedlings and saplings (Tilghman, 1989; Gill and Beardall,
2001). Prolonged and intensive deer browsing can lead to recruitment failure of most preferred species and dominance of less preferred species (Long et al., 2007; Kain et al., 2011; Salk et al., 2011)
with concomitant loss of diversity. Deer population densities above
10 deer/km2 are common in temperate forests (Coté et al., 2004)
and in some areas of the United States of America deer population
densities of 20–30 deer/km2 have been recorded (Swihart et al.,
1998). Historically, deer population density in the study area was
relatively low (3–4 deer/km2) but almost doubled during a 14-year
period, between 1985 and 1999 (North Carolina Wildlife Resources
Commission, unpublished data), previously to the period of our
study. A study longer than four years may be necessary for observing major changes in species composition of seedling and sapling
communities. However, at our site, the relative moderate deer population densities (5–8 deer/km2) occurring during the period of the
study may contribute to explain the lack of direct significant effects
of deer herbivory on seedling and sapling diversity. At such population densities, deer rarely browse small seedlings feeding dominantly on the herb layer (Horsley and Marquis, 1983). The strong
reduction of herb cover particularly in unfenced hardwood plots
is likely to have affected seedling and sapling survival. Removal
of herb cover through grazing, has been shown to benefit tree
establishment (Virtanen et al., 2002; Vandenberghe et al., 2006)
and reduction of forest understory by deer has been associated
with an increase of tree seedling richness in temperate forests
(Rogers et al., 2008; Taverna et al., 2005). In our site, herb cover
interacted with seedling richness and diversity, which were higher
in unfenced than fenced plots by the end of the experiment. These
results imply that effectiveness of management practices promoting forest regeneration such as deer culling or establishment of forest enclosures (Gordon et al., 2004; Wright et al., 2012), may vary
with forest type and alternative sources of food available at the
understory level, namely herbs. In particular it is important to consider how ground cover vegetation, may vary among years. Moderate climate (e.g. warm winters with low snow cover) may result in
higher availability and cover of herbs and potentially alleviate direct negative effects of deer on the survival of saplings. Similarly,
in forest types where the availability of herbs is higher throughout
the year, less negative effects on sapling survival could be expected. These factors need to be considered when implementing
management practices such as culling, as reducing herbivore densities does not always imply recovery of tree regeneration (Wright
et al., 2012). Moreover, in cases where herbs are competing with
seedlings and saplings, mixed-feeders and grazers may positively
affect tree recruitment (Riginos and Young, 2007; van Uytvanck
et al., 2010) even if these are preferred species. For example, in
our case, saplings of Quercus alba a species usually preferred by
deer, had higher abundances in unfenced plots. Quercus alba usually benefits from increased light levels and reduced competition
from the understory level (Stan et al., 2006). Q. alba occurred at

very low abundances and may have been less apparent to direct
browsing by deer as compared to other species available for deer
to feed upon. Competition release from other sapling species and
the herb cover, as well as potential increase of light at ground level
as a consequence of herb cover reduction, may have benefited the
survival of Q.alba in browsed plots. Survival of seedlings and saplings depends on an array of factors that include palatability, availability to herbivores, and the species response to competitors and
microenvironment conditions (e.g. light). Such interacting factors
may lead to positive responses of species in the presence of
herbivores.
Forest type was itself a driver of tree recruitment. Seed availability, usually differs between forest types and is a main determinant of tree recruitment. While for some species in our plots
variation in seed availability between forest types, could explain
difference in species abundances, in other cases seed availability
alone could not account for such differences. For example, Q. velutina and A. rubrum had higher abundances, but also higher seed
rain, in pine forest during the period of study (averages for Q. velutina: 0.03 and 0 seeds/year m"2 in pine forest and hardwood,
respectively; averages for A. rubrum: 20 and 8.1 seeds/year m"2
in pine and hardwood forests [Ibáñez unpublished]). Conversely,
C. canadensis and Q. alba, had higher abundances but also lower
seed rains in hardwood (averages for C.canadensis: 0.42 and 0.30
seeds/year m"2 in pine and hardwood forest, respectively; averages for Q. alba: 0.34 and 0.23 seeds/year m"2 in pine and hardwood forest, respectively [Ibáñez unpublished]). Other factors,
including differences in soil nutrient contents between forest
types, may contribute to explain differences in species abundances.
For example, A. rubrum seedlings and saplings were significantly
more abundant in the pine forest. A. rubrum is currently expanding
across the United States of America (Fei and Steiner, 2007) and
tends to dominate secondary forests, particularly pine plantations,
which are usually low in organic matter, total carbon and extractable phosphorous in the upper soil horizons (Flinn and Marks,
2007), soil properties similar to those recorded in our pine forest
plots (Table 1).
There were also large fluctuations in the annual recruitment of
seedlings and saplings. Such fluctuations however tended to be larger and affected a higher number of species of seedlings than of
saplings. The variable population patterns at the seedling stages
are majorly determined by fluctuations in seed production which
is primarily dependent on inter-annual climatic variability (Clark
et al., 2004; Ibáñez et al., 2007). Observed trends also indicate
more stable population patterns at the sapling stage with a high
number of species within this age class responding significantly
to herbivory and forest type. These results imply that abiotic (e.g.
environmental conditions) and biotic (e.g. herbivory) factors affect
the survival and abundance of juvenile trees differently, and that
such effects can vary with tree life stage, seedling or sapling. Similar results were obtained for temperate forests in Europe where
the early stages of tree regeneration were shown to be affected
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by abiotic conditions and the later stages by deer herbivory (Kuijper et al., 2010).
The lower species richness and diversity (and higher indexes of
dominance) of first year seedlings, as compared to that of saplings,
reflect the dominance of particular species in favorable years (e.g.
higher seed availability). In contrast, sapling communities, which
result from accumulated years of recruitment, represent a larger
pool of species and thus have higher richness and diversity. Additionally, saplings may be retained (not growing taller) because of
browsing by deer in unfenced plots. Deer ‘‘browsing traps’’, in
which saplings do not grow above 50 cm tall and cannot move to
the higher tree canopy layer, have been observed in other temperate forests (e.g. Kuijper et al., 2010) and can contribute to maintain
a high diversity of saplings. At the community level, the diversity,
richness and dominance of tree seedlings and saplings, varied significantly among years confirming that inter-annual variation in
tree recruitment is a primary factor affecting the diversity of young
tree communities and needs to be accounted for, even when investigating the effects of herbivory or forest type, on forest diversity.
5. Conclusions
Forest-type, deer herbivory and inter-annual variation in tree
recruitment patterns combine to shape the abundance and diversity of juvenile trees, with effects varying with tree growth stage,
seedling or sapling. Inter-annual variation of recruitment is larger
for seedlings than for saplings, with saplings responding mainly
to deer herbivory and forest type. Reduction of herb cover by deer
is likely to play a role in determining the composition of juvenile
tree communities with such effects varying with forest type. When
managing deer populations for conservation purposes, or when
modeling forest community dynamics, interactions between biotic
(e.g. herbivory) and abiotic (e.g. forest type) factors need to be considered alongside plant growth stages. Such interactions may have
opposite consequences on individuals or communities depending
on the current life stage of such individuals.
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