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a b s t r a c t

Use of herbicides in forestry to direct successional trajectories has raised concerns over possible direct or
indirect effects on non-target organisms. We studied the response of forest birds to an operational appli-
cation of glyphosate and sulfometuron methyl herbicides, using a randomized block design in which half
of each 8 ha block received herbicide and the other acted as a control, on shelterwood seed-cut Allegheny
hardwood stands in northwestern Pennsylvania. We monitored birds using 50 m radius point counts in
two pretreatment years and for 10 years post-treatment (1992–2004). Fences were erected six years after
herbicide treatment in response to increased deer browsing at a subset of sites. Avian responses to her-
bicide treatment varied by nesting guild: we detected no response by cavity-nesters, but documented
declines in the shrub-, ground- and canopy-nesting guilds. Responses were short-lived (2–4 years
post-treatment), but shrub-nesters did not recover until fencing provided regenerating vegetation respite
from browsing. Thus, apparent responses of birds to herbicide were confounded with deer browsing in
this study. High species turnover, even within control plots, suggests that avian communities may be
assessed more appropriately assessed at larger spatial scales than those used in this study (6.5–8 ha).

Published by Elsevier B.V.

1. Introduction

Herbicides are widely used in forestry operations and are a key
component of modern forest management (Miller and Wigley,
2004). Herbicides can control competing vegetation temporarily
as a way to manage species composition and promote the regener-
ation of desirable woody species (Shepard et al., 2004). Increas-
ingly, herbicides have been used as a tool to control invasive
plants (e.g., Carlson and Gorchov, 2004; Hartman and McCarthy,
2004). Despite their widespread use, there remains considerable
public concern over the safety of these chemicals in terms of
immediate and residual toxicity, as well as indirect effects on
non-target organisms (Flueck and Smith-Flueck, 2006; Freedman,
1991; Govindarajulu, 2008; Guynn et al., 2004; Wagner et al.,
2004). This concern has been fueled by recent work that shows
negative impacts of herbicides previously consider non-toxic on
amphibians raised in constructed aquatic microcosms (Relyea,
2005).

In part because of public concern, numerous studies have been
published that examine the effects of herbicides on forest bird

communities. However, many of these studies suffer from
problems of experimental design (Lautenschlager and Sullivan,
2004). A review of studies in eastern North America revealed that
75% lack pre-treatment data, 44% lack adequate replication, and
60% lack control plots (Guynn et al., 2004). Most published studies
were very short-term, typically <5 years post-treatment, and
although treatments covered a range of different herbicides, most
were used singly (reviews in Lautenschlager, 1993; Sullivan and
Sullivan, 2003). In addition, most were conducted in coniferous
systems or clearcuts. Thus, it is difficult to draw any firm or broadly
applicable conclusions, particularly for herbicide use in mature
hardwood forests. Generally, the overall abundance and diversity
of birds seldom changed after herbicide treatment, although spe-
cies composition was altered. Early-successional or shrub-inhabit-
ing species often show short-term declines (Guiseppe et al., 2006;
Lautenschlager, 1993).

On the Allegheny Plateau of Pennsylvania and neighboring
states, chronic high densities of white-tailed deer (Odocoileus
virginianus) have created forest understories dominated by unpal-
atable or browse-resilient native plants that interfere with the
regeneration of desirable woody species (Horsley et al., 2003).
These plants include striped maple (Acer pennsylvanicum L.), root
suckers of American beech (Fagus grandifolia Ehrh.), hayscented
fern (Dennstaedtia punctilobula [Michx.] T. Moore) and New York
fern (Thelypteris noveboracensis [L.] Nieuwl.), and grasses and
sedges (especially Brachyelytrum erectum P. Beauv., Danthonia
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compressa Austin ex Peck, and Carex spp.). In this region, glyphos-
ate and sulfometuron methyl often are applied in a tank mix to-
gether because they effectively control the woody vegetation,
grasses and ferns (Horsley, 1988; Horsley and Bjorkbom, 1983).

Glyphosate and sulfometuron methyl have been shown individ-
ually to have no direct toxic effects to wildlife (Duke and Powles,
2008; Sullivan and Sullivan, 2003). Indirect effects result from
alterations to vegetation structure and composition and tend to
be short-lived. Although herbicide tank mixes containing two or
more distinct chemicals are used regularly in commercial forestry,
little is known of their combined effects on non-target organisms.
Because such mixes affect a broader spectrum of vegetation than
do single chemicals, their use has the potential for synergistic ef-
fects; research focused specifically on the effects of tank mixes
has been called for (Guynn et al., 2004; Tatum, 2004).

The glyphosate–sulfometuron methyl tank mix often is used in
conjunction with the shelterwood silvicultural method to promote
stand regeneration (Horsley, 1994). Shelterwood silviculture em-
ploys the sequential removal of the overstory in a series of partial
cuttings, such that advance regeneration becomes established be-
fore complete overstory removal. The initial cut (seed cut), after
which herbicide is typically applied, serves to open the forest can-
opy, increase light on the forest floor, and promote the growth of
tree seedlings (Nyland, 2002).

An interdisciplinary study examined the effects of a single
application of an herbicide tank mix containing glyphosate and
sulfometuron methyl in shelterwood seed cut Allegheny hardwood
stands on non-target plants and vertebrates over ten-years. We
sought to determine the effects of this herbicide and shelterwood
silvicultural treatment on avian community structure. More
importantly, from a conservation and management perspective,
we sought to evaluate the avian community recovery from treat-
ment effects. Ecological resilience has been defined as the capacity
of a community to recover after disturbance (Carpenter et al.,
2001; Gunderson, 2000; Holling, 1973), so this study also ad-
dresses the question of whether the avian community is resilient
to an herbicide–shelterwood treatment. Because broadcast spray-
ing of herbicides temporarily eliminates understory vegetation,
we predicted that (1) birds that depend on the understory for nest-
ing or foraging habitat would be reduced on treated plots, and (2)
the bird community would recover as understory vegetation
regenerated.

2. Methods and materials

2.1. Study sites

This study was initiated 1992 at ten sites located in three coun-
ties on the Allegheny National Forest in northwestern Pennsylva-
nia. Sites were all located on the Allegheny High Plateau, a
region characterized by warm, wet summers and cold, wet winters.
Study sites ranged from 6.5 to 8 ha and were located on plateau
tops at an average elevation of 580 m. Sites supported mature
(>80 year old) second growth Allegheny hardwoods dominated
by black cherry (Prunus serotina Ehrh.), red maple (Acer rubrum
L.), sugar maple (A. saccharum Marsh.), American beech, and birch
(Betula lenta L., B. alleghaniensis Britton). Sites had dense understo-
ries of herbaceous and woody plants including hayscented and
New York ferns, grasses and sedges, and shrubby striped maple
and beech. Forests across this region were affected by an outbreak
of elm spanworm (Ennomos subsignarius; Geometridae: Lepidop-
tera) in 1992 and 1993 (Haney, 1999). Impacts varied among our
study sites from slight to severe defoliation in 1993. All sites were
treated by aerial spraying of Thuricide 48LV in May of 1994 to pre-
vent additional defoliation.

2.2. Experimental design and treatments

We used a repeated measures randomized split-plot experi-
mental design in which half of each site (hereafter ‘‘plot’’) was trea-
ted once with herbicide in August of 1994; the other half acted as a
control for the herbicidal treatment. Study sites were cut to
approximately 60% relative density as the seed-tree cut of a shel-
terwood silviculture sequence: five sites were cut before herbicide
application (1984–1988), the other five sites were soon after herbi-
cide application, during the dormant season of 1995–1996. Thus,
we concurrently evaluated the temporal application of this silvi-
cultural prescription: before or after herbicide treatment. Herbi-
cide-treated plots were sprayed with a tank mix containing
364 ml glyphosate (Accord�) and 24 ml sulfometuron methyl
(Oust�) in 38 l water per ha, applied using a skidder-mounted air
blast sprayer capable of reaching 4.5 m above the ground. During
the course of this study, changes in state hunting regulations and
decreased hunting pressure resulted in dramatically increased deer
densities at a subset of study sites, which in turn profoundly inhib-
ited the growth of most woody regeneration. Therefore, during the
dormant season of 2000–2001, 2.4 m tall woven wire fences were
erected around all study sites to exclude deer and allow regenera-
tion to proceed, thereby eliminating uneven browsing pressure
across sites as a confounding factor. Because our plots were already
small in relation to bird territory size, we chose not to control for
fence effects.

2.3. Avian surveys

We surveyed birds using fixed-radius point counts (Ralph et al.,
1995) conducted at two stations per plot. We conducted point
counts three times per season (late May through late June) be-
tween 0500 and 1100 h. Survey stations were placed a minimum
of 100 m apart and 65 m from plot boundaries. At each station, a
trained observer counted all birds seen or heard within 50 m for
5 min. All four stations at a site (two treated and two control) were
surveyed in succession, and both the order of stations within a site
and order of sites surveyed in a morning varied among visits. We
counted singing territorial males only; care was taken to avoid
double-counting individuals within a plot or between paired plots.
The same individual conducted point counts from 1995 on. Surveys
were not conducted on rainy or windy days. Pretreatment data
were collected in 1992 and 1994, and post-treatment data in
1995, 1996, 1998, 2000, 2003, and 2004. Since territory sizes for
the birds observed typically range from 1 to 2 ha, some territories
almost certainly crossed treatment boundaries, or even encom-
passed both plots within a site for larger birds. Normally the max-
imum count per species per plot from among the three point
counts conducted per year is used to estimate relative abundance
(Bibby et al., 1992), but doing so here could mask differential hab-
itat usage within a territory (e.g., if a territory crossed the treat-
ment boundary). Therefore, we summed the two counts per plot
and then averaged the three sums per plot per season as an esti-
mate of relative habitat usage. Analyses were based on these aver-
age values. Because we recorded birds only within 50 m of each
point count station in an open forest habitat, and detectability gen-
erally does not decline until 70–100 m for most species in open
woodland (Alldredge et al., 2007), we felt it unnecessary to account
for variable detection probabilities.

2.4. Vegetation metrics

We sampled understory plant communities during July in 1992,
1994, 1995, 1996, 1998, 2000, 2002, and 2004 within 30 temporary
4.0 m2 circular sampling quadrats arranged systematically across
each plot. We changed quadrat locations each year to avoid
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damage to plants that might result from repeated sampling on a
fixed quadrat. Within each sampling quadrat, plant species were
identified to the lowest taxonomic level possible, and for this com-
ponent of the study, the percent cover of vegetation between 0.3
and 1.5 m was estimated for woody plants, semi-woody Rubus
canes, forbs, graminoids and ferns. Estimates were made in 1%
intervals up to 5%, then by 5% intervals. Because plants often oc-
curred in overlapping layers, the total cover on a quadrat could ex-
ceed 100%. Coverage by type is presented as the mean of 30 sample
quadrats per plot.

2.5. Data analyses

2.5.1. Avian community structure metrics
We examined both quantitative and qualitative effects of herbi-

cide application and shelterwood cutting on the avian community.
As quantitative response variables, we calculated the total abun-
dance per plot of all singing male birds, as well as the overall abun-
dance of birds within specific guilds based on nesting strata and
migratory status. Nesting guilds included ground-nesters, shrub-
nesters (typically nesting in woody vegetation 0.1–3.0 m above
forest floor), canopy-nesters (typical nest height >3.0 m), and cav-
ity nesters. Migratory guilds included residents, short-distance mi-
grants, and Neotropical migrants. We based guild assignments on
Ehrlich et al. (1988), McWilliams and Brauning (2000), and Stole-
son and Ordiway (unpublished data).

We calculated several diversity indices to assess treatment ef-
fects on the various dimensions of avian community structure.
For each plot in each year, we calculated the average species rich-
ness, the Shannon Diversity Index (H0), the Shannon Evenness (J0)
as a measure of evenness of the distribution of individuals among
species, and the reciprocal of the Berger–Parker Index as a measure
of the proportional dominance of the most abundant species
(Magurran, 2004).

We calculated three similarity indices to compare avian com-
munities in control and treated plots in a pairwise fashion for each
year, using the program EstimateS (Colwell, 2005). Specifically, we
used the Jaccard Index, a commonly-used measure based solely on
species overlap between samples; the Chao–Jaccard Index, a mod-
ification of the Jaccard Index that incorporates species abundance
as well as a rarefaction-based correction for rare species missed
(Chao et al., 2005; Colwell, 2005) and the Morisita–Horn index,
which incorporates both abundance and species overlap
(Magurran, 2004). All three indices potentially range from 0 if
two communities have no species in common to 1.0 if the commu-
nities are identical. We used the same three similarity indices to
assess avian community stability over time by calculating the sim-
ilarity between pretreatment (average of 1992 and 1994 values)
and each year post-treatment, for each plot. Individual similarity
values for plots were averaged for each treatment type to express
the yearly mean (±SE) similarity to pre-treatment conditions.

2.5.2. Statistical analyses
We developed generalized linear mixed models using PROC

GLIMMIX (SAS 9.2, SAS Institute, 2008) to model the effects of year,
site, herbicide treatment and cutting sequence on vegetation and
avian target variables. In all models, we considered site as a ran-
dom effect, and year, herbicide treatment, and cutting sequence
as fixed effects. Year was also included in the random statement
to serve as a repeated measure, as GLIMMIX does not support a re-
peated statement. Shannon Evenness scores were modeled using a
Beta distribution and a logit link function, other diversity indices
with a Gaussian distribution and identity link, vegetation cover
modeled using a lognormal distribution and identity link, whereas
bird abundances were modeled using a Poisson distribution and a
log link function (Littell et al., 2006). All models used the restricted

maximum-likelihood (REML) method and the Kenward–Roger pro-
cedure to adjust the denominator degrees of freedom (SAS Insti-
tute, 2008). Post-hoc tests to identify years with significant
differences between control and experimental treatments were
conducted using Tukey–Kramer tests in the LSMEANS option of
the GLIMMIX procedure. We used multiple regression analyses
(PROC REG) to determine the effects of understory vegetation vari-
ables on the abundance of ground and shrub birds, and the effects
of overall bird abundance and time since treatment on the similar-
ity of avian communities pre- and post-treatment.

We used analysis of similarities (ANOSIM, Clarke, 1993) to
test the null hypothesis that avian community structure did
not differ significantly between herbicide and control plots. We
also compared avian communities between pre-treatment and
subsequent years within control plots to determine what degree
of community change occurred in shelterwood-cut forests inde-
pendent of herbicide treatment. We ran ANOSIM tests using
the P.A.S.T. software package and employed the Morisita–Horn
similarity index and 10,000 randomizations; other indices pro-
duced similar results and are not presented here (Hammer
et al., 2001). ANOSIM, a rank-based non-parametric analog of
ANOVA, compares the degree of dissimilarity between groups
to that within groups to produce an R test statistic (Clarke’s R).
The R-value represents how similar or dissimilar two communi-
ties are, and can range from 0, indicating no difference between
communities, to 1, indicating strong differences (Clarke, 1993).
For all statistical tests we considered effects to be significant
at P < 0.05.

3. Results

3.1. Vegetation responses

Herbicide effectively reduced fern and low woody cover on
treated plots. Fern cover decreased significantly after herbicide
application (year X treatment interaction: F7, 44 = 96.3, P < 0.001),
but recovered rapidly such that by the eighth year after application
no significant differences in fern cover remained between herbi-
cide treatments. In contrast, fern cover on control plots remained
stable through the course of the study (Fig. 1A). Similarly, the per-
cent cover of live woody vegetation between 0.3 and 1.5 m in
height dropped to near zero immediately following herbicide
application. Woody understory cover remained significantly lower
on herbicided plots than on controls until after deer were excluded
in 2000, when woody seedlings responded rapidly and significant
differences between treatments disappeared (Fig. 1B). In contrast,
woody understory cover on control plots remained relatively con-
stant through the course of the study (year X treatment interaction
F7, 36 = 20.8, P < 0.001). Neither measure of understory vegetation
was significantly affected by cutting sequence (all P > 0.17).

3.2. Effects on avian diversity

A total of 54 bird species was detected on plots through the
course of this study (Table 1). Most were detected only sporadi-
cally: only 15 species were found on >50% of counts and the four
most common species (red-eyed vireo, black-throated green war-
bler, ovenbird and American redstart; scientific names in Table 1)
accounted for >35% of all detections. No species occurred on every
plot in every year. Species richness varied considerably over the
12 years of monitoring from three to 26 species per plot X = 8.0,
SD = 4.7 species). Plots treated with herbicide tended to support
fewer species than control sites overall (Table 2), but post hoc tests
revealed no significant differences between treatments in any one
year (Fig. 2A).
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Overall avian diversity as measured by the Shannon Index (H0)
varied significantly among years (Table 2), being particularly low
in 1992 (Fig. 2B). Herbicide treatment significantly affected H0

overall (Table 2), but mean H0 did not differ significantly between
treatments in any single year, nor were there any significant inter-
action effects (Table 2). Community evenness (J0), indicating the
level of homogeneity of abundance among species, varied consid-
erably among years, but was not significantly affected by herbicide
treatment (Table 2). Evenness was lowest in 1994 during the elm
spanworm outbreak (Fig. 2C). In contrast, the community domi-
nance of the most abundant species (Red-eyed Vireo; see Table
1) as measured by the reciprocal of the Berger–Parker Index, varied
significantly by year and by treatment overall, but no significant
within-year differences or year by treatment interaction effects
were found (Table 2; Fig. 2D). Cutting sequence had no effect on
any of these four measures of diversity (Table 2).

3.3. Effects on avian abundance

3.3.1. Overall abundance
The average number of singing males counted per plot varied

widely: individual plots had from 2 to 52 males in any one year
X = 14.5, SD = 8.5 males per plot). All counts appeared to be low
in 1992 and almost all species showed an extreme peak in abun-
dance in 1994, which corresponded with the end of the regional
outbreak of elm spanworm (Fig. 3A). This peak represented an
87% increase over the mean overall abundance on control plots
1992–2004. Avian abundance varied significantly with the interac-
tion of year and herbicide treatment (Table 3). Following herbicide
application, treated plots tended to have slightly reduced bird
abundance compared to control sites, significantly so in 1996
(21.3% lower than 1992–2004 mean for controls). The impacts of

herbicidal treatment on bird abundance varied among specific
avian guilds.

3.3.2. Migratory guilds
The abundance of Neotropical migrants was significantly af-

fected by the interaction of year and herbicide, but not with cutting
sequence (Table 3). Herbicided sites averaged fewer Neotropical
migrants than did control sites following herbicide application.
This difference was statistically significant in surveys from 1996
through 2000 (Fig. 3B); no significant differences occurred after
sites were fenced in 2000. In contrast, although the abundance of
both resident and short-distance migrants varied by year (Table
3), neither guild was significantly affected by the herbicide treat-
ment or its interaction with year (Table 3). In 1994, resident spe-
cies were significantly more abundant in stands that had already
been shelterwood cut than in those yet to be cut (Table 3).

3.3.3. Nesting guilds
Ten of the 54 species encountered in this study nest on the

ground, including three of the ten most abundant species (Table
1). The abundance of ground-nesting birds varied significantly
with year � treatment interaction and cutting sequence, but not
by cut � year interaction (Table 3). Overall there was a tendency
for plots treated with herbicide to have fewer ground-nesting
birds, but not significantly so in any particular year (Fig. 3C).
Ground-nesting bird abundance was weakly correlated with the
average fern cover on a plot (F3, 156 = 6.8, P < 0.001; R2 = 0.12).

Eight bird species encountered in this study require shrubs,
brambles, or other low-stature woody vegetation to nest in (Table
1). The abundance of this avian guild dropped substantially after
herbicide application, as indicated by a significant year � treat-
ment interaction term (Table 3). By the second year post-treat-
ment, herbicided plots had significantly fewer shrub-nesting
birds than did control plots; that difference remained until plots
were fenced, when numbers on herbicide plots recovered rapidly
(Fig. 3D). The mean abundance of shrub nesters on herbicide-trea-
ted plots was reduced an average of 62% below that of control plots
for the years in which significant differences occurred. Oddly, her-
bicide and control plots did not differ (P = 0.80) in 1995, the year
immediately following herbicide application, despite the fact that
the impact of herbicide on the shrub layer was greatest in that year
(Fig. 1). Cutting sequence did not significantly affect the abundance
of shrub-nesters (Table 3). The abundance of shrub-nesting birds
was positively but weakly correlated with the average coverage
of woody vegetation and Rubus between 0.9 and 1.5 m in height
(F3, 156 = 10.7, P < 0.001; R2 = 0.17).

The overall numbers of birds that nest in the canopy varied sig-
nificantly with year � herbicide treatment (Table 3). Herbicide
application had a significant, albeit short-lived, effect on the num-
bers of canopy birds: plots treated with herbicide averaged fewer
canopy-nesting birds in the second year after treatment (Fig. 3E).

Twelve cavity-nesting species were found on study plots,
including those that excavate their own cavities (woodpeckers)
and those that depend on existing natural or excavated cavities
(e.g., chickadees). The abundance of cavity-nesters varied among
years, but was not affected by herbicide, cutting sequence or their
interactions with year (Table 3; Fig. 3F).

3.4. Patterns of community similarity

3.4.1. Similarity of treatment to control
The degree of similarity between avian assemblages in treated

and control plots varied through time. The three similarity indices
all showed a consistent pattern, although the actual values differed
among indices. Treated plots were least similar to controls in 1992,
before treatment (Fig. 4). When the two pre-treatment years were

1990 1992 1994 1996 1998 2000 2002 2004
0

5

10

15

20

25

H X F

A
Pe

rc
en

t f
er

n 
co

ve
r

1990 1992 1994 1996 1998 2000 2002 2004
0

5

10

15

20

H X F

B

Pe
rc

en
t c

ov
er

 lo
w

 w
oo

dy
 v

eg
et

at
io

n

Fig. 1. Mean (±SE) percent cover of understory (A) fern and (B) woody vegetation
0.9 to 1.5 m in height, by treatment (dotted line = control, solid = herbicide treated).
H indicates the year herbicide was applied, X the year cutting was done on
herbicide–shelterwood sites, and F the year deer fences were erected.
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averaged, avian communities of treated plots differed significantly
from those of control plots every year from 1996 on, but not in
1995, immediately after herbicide application but before half of
the study sites received a shelterwood cut (ANOSIM, all
P < 0.007; Table 4).

3.4.2. Community stability
For both treated and control plots, avian assemblages after her-

bicide treatment shared 31% to 52% of their species with their
respective pre-treatment assemblage, based on the Jaccard Index.

Similarity values based on the Morista–Horn and Chao–Jaccard
indices ranged from 0.54 and 0.59, to 0.74 and 0.90, respectively.
Avian communities in both control and herbicided plots became
less similar to their mean pre-treatment levels over time, signifi-
cantly so from 1996 on based on ANOSIM tests (Table 4). By
2004, communities in control and treated plots were more similar
to each other than either was to its respective pre-treatment
assemblage (Table 4). Changes from pre-treatment were not
progressive, but rather related to overall abundance: apparent sta-
bility of the avian communities of both treatments, as measured by

Table 1
Average count (SE) of singing males per point on control (C) and herbicide treatment (T) plots, for species detected on P20% of point countsa, based on 3 point counts per season
per plot. Species order follows AOU (1998).

Species Guildb Treat Pre-treatment Pre-cutc Fenced

1992 1994 1995 1996 1998 2000 2003 2004

Yellow-bellied Sapsucker H, S C 0.13 (0.23) 0.57 (0.32) 0.60 (0.52) 1.02 (0.57) 0.20 (0.23) 0.53 (0.32) 0.33 (0.38) 0.37 (0.33)
Sphyrapicus varius T 0.00 � 0.92 (0.79) 0.27 (0.31) 0.73 (0.77) 0.30 (0.33) 0.53 (0.48) 0.60 (0.41) 0.20 (0.23)

Downy Woodpecker H, R C 0.00 � 0.17 (0.28) 0.17 (0.18) 0.23 (0.22) 0.17 (0.24) 0.27 (0.26) 0.13 (0.17) 0.00 �
Picoides pubescens T 0.00 � 0.07 (0.13) 0.13 (0.23) 0.32 (0.30) 0.23 (0.42) 0.30 (0.37) 0.10 (0.16) 0.10 (0.16)

Eastern Wood-Pewee C, N C 0.00 � 0.30 (0.33) 0.07 (0.14) 0.09 (0.15) 0.03 (0.11) 0.20 (0.42) 0.03 (0.10) 0.07 (0.14)
Contopus virens T 0.00 � 0.30 (0.55) 0.07 (0.14) 0.22 (0.29) 0.23 (0.39) 0.17 (0.18) 0.02 (0.23) 0.30 (0.37)

Least Flycatcher C, N C 0.08 (0.24) 1.37 (1.44) 0.30 (0.43) 0.20 (0.36) 0.17 (0.28) 0.03 (0.11) 0.07 (0.14) 0.03 (0.11)
Empidonax minimus T 0.21 (0.55) 1.96 (1.70) 0.43 (0.61) 0.33 (0.77) 0.27 (0.52) 0.03 (0.11) 0.33 (0.22) 0.10 (0.22)

Blue-headed Vireo C, SN C 0.00 � 0.27 (0.41) 0.33 (0.47) 0.30 (0.53) 0.13 (0.32) 0.20 (0.32) 0.17 (0.32) 0.17 (0.28)
Vireo solitarius T 0.14 (0.25) 0.38 (0.43) 0.39 (0.27) 0.40 (0.49) 0.20 (0.36) 0.20 (0.36) 0.13 (0.32) 0.10 (0.22)

Red-eyed Vireo C, N C 1.72 (0.59) 5.33 (1.34) 2.77 (0.67) 1.74 (0.99) 1.83 (0.91) 2.37 (0.43) 1.63 (0.62) 1.37 (0.43)
Vireo olivaceus T 1.53 (0.64) 4.23 (1.17) 2.03 (0.79) 1.03 (0.61) 1.13 (0.92) 1.20 (0.65) 0.93 (0.34) 1.30 (0.50)

Black-capped Chickadee H, R C 0.13 (0.23) 0.37 (0.40) 0.20 (0.28) 0.37 (0.40) 0.43 (0.42) 0.70 (0.64) 0.23 (0.27) 0.30 (0.33)
Poecile atricapillus T 0.03 (0.11) 0.58 (0.52) 0.52 (0.47) 0.50 (0.42) 0.77 (0.79) 0.43 (0.31) 0.23 (0.22) 0.17 (0.24)

White-breasted Nuthatch H, R C 0.10 (0.22) 0.43 (0.52) 0.37 (0.33) 0.17 (0.24) 0.30 (0.43) 0.10 (0.16) 0.10 (0.22) 0.10 (0.16)
Sitta carolinensis T 0.07 (0.14) 0.66 (0.55) 0.29 (0.19) 0.29 (0.25) 0.63 (0.82) 0.10 (0.16) 0.07 (0.14) 0.10 (0.22)

Brown Creeper H, S C 0.03 (0.11) 0.43 (0.32) 0.47 (0.59) 0.43 (0.48) 0.43 (0.45) 0.43 (0.80) 0.20 (0.28) 0.03 (0.11)
Certhia americana T 0.07 (0.21) 0.58 (0.56) 0.26 (0.34) 0.59 (0.31) 0.70 (0.48) 0.37 (0.25) 0.10 (0.16) 0.03 (0.11)

Hermit Thrush G, S C 0.10 (0.22) 0.97 (0.40) 0.90 (0.52) 0.58 (0.41) 0.83 (0.69) 0.87 (0.55) 0.73 (0.31) 0.77 (0.35)
Catharus guttatus T 0.06 (0.12) 1.44 (0.84) 0.59 (0.65) 0.36 (0.29) 0.37 (0.33) 0.50 (0.39) 0.40 (0.56) 0.47 (0.50)

Magnolia Warbler C, N C 0.13 (0.23) 2.40 (0.99) 1.20 (0.85) 1.42 (1.30) 0.83 (1.30) 1.07 (1.11) 0.30 (0.48) 0.17 (0.32)
Dendroica magnolia T 0.20 (0.36) 2.14 (1.22) 0.86 (0.75) 0.18 (0.34) 0.50 (0.63) 0.87 (1.09) 0.27 (0.41) 0.33 (0.42)

Black-throated Blue Warbler S, N C 0.40 (0.47) 1.13 (1.46) 0.33 (0.27) 1.09 (0.63) 1.30 (0.89) 1.70 (0.79) 0.47 (0.39) 0.43 (0.32)
Dendroica caerulescens T 0.23 (0.45) 1.48 (1.95) 0.37 (0.64) 0.21 (0.19) 0.00 � 0.07 (0.14) 0.00 � 0.00 �

Black-throated Green Warbler C, N C 0.74 (0.62) 3.30 (1.17) 2.50 (0.72) 2.12 (0.60) 2.63 (0.79) 2.87 (0.63) 1.03 (0.46) 1.13 (0.63)
Dendroica virens T 0.93 (0.54) 4.63 (1.98) 1.61 (0.86) 0.81 (0.69) 1.10 (0.86) 1.83 (0.92) 0.53 (0.48) 1.03 (0.53)

Blackburnian Warbler C, N C 0.20 (0.28) 1.10 (1.35) 0.53 (0.42) 0.37 (0.55) 0.30 (0.67) 0.50 (0.67) 0.30 (0.43) 0.10 (0.22)
Dendroica fusca T 0.43 (0.75) 1.30 (1.45) 0.53 (0.50) 0.18 (0.25) 0.13 (0.32) 0.60 (0.73) 0.13 (0.17) 0.07 (0.21)

American Redstart C, N C 0.32 (0.62) 1.90 (2.33) 0.63 (0.74) 0.85 (0.56) 1.83 (1.36) 1.17 (0.97) 1.20 (0.61) 1.47 (0.39)
Sertophaga ruticilla T 0.49 (0.48) 1.43 (1.53) 0.95 (1.24) 0.38 (0.46) 0.94 (0.89) 1.17 (0.72) 0.80 (0.50) 1.20 (0.57)

Ovenbird G, N C 0.24 (0.33) 2.03 (1.09) 1.50 (0.77) 1.18 (0.66) 1.27 (0.87) 1.33 (0.86) 0.70 (0.25) 0.77 (0.39)
Seiurus aurocapillus T 0.45 (0.59) 3.48 (0.90) 1.18 (0.89) 0.60 (0.49) 0.60 (0.66) 0.90 (0.67) 0.40 (0.49) 0.40 (0.41)

Common Yellowthroat G, S C 0.13 (0.28) 0.67 (1.65) 0.20 (0.32) 0.20 (0.63) 0.23 (0.63) 0.27 (0.58) 0.17 (0.42) 0.20 (0.52)
Geothlypis trichas T 0.17 (0.32) 0.40 (0.94) 0.07 (0.21) 0.00 � 0.13 (0.32) 0.10 (0.32) 0.23 (0.52) 0.23 (0.52)

Hooded Warbler S, N C 0.10 (0.22) 0.37 (0.62) 0.17 (0.42) 0.68 (0.78) 0.47 (0.57) 0.40 (0.38) 0.67 (0.57) 0.70 (0.40)
Wilsonia citrina T 0.17 (0.24) 1.08 (1.41) 0.17 (0.32) 0.05 (0.16) 0.07 (0.14) 0.00 � 0.17 (0.32) 0.10 (0.22)

Scarlet Tanager C, N C 0.13 (0.16) 0.70 (0.60) 0.37 (0.43) 0.65 (0.47) 0.73 (0.47) 0.63 (0.58) 0.30 (0.25) 0.37 (0.43)
Piranga olivacea T 0.07 (0.14) 1.70 (1.62) 0.36 (0.37) 0.39 (0.41) 0.30 (0.43) 0.33 (0.44) 0.37 (0.37) 0.23 (0.46)

Eastern Towhee S, S C 0.03 (0.11) 0.50 (0.55) 0.07 (0.14) 0.25 (0.33) 0.27 (0.58) 0.00 � 0.03 (0.11) 0.10 (0.16)
Pipilo erythrophthalmus T 0.07 (0.21) 0.23 (0.51) 0.17 (0.36) 0.06 (0.12) 0.20 (0.36) 0.17 (0.32) 0.27 (0.54) 0.30 (0.48)

Chipping Sparrow C, S C 0.07 (0.21) 0.50 (0.76) 0.07 (0.14) 0.20 (0.36) 0.07 (0.21) 0.20 (0.42) 0.37 (0.37) 0.20 (0.23)
Spizella passerina T 0.00 � 0.17 (0.36) 0.07 (0.14) 0.46 (0.55) 0.57 (0.61) 0.73 (0.90) 0.73 (0.60) 0.53 (0.32)

Dark-eyed Junco G, S C 0.07 (0.21) 1.70 (1.00) 1.17 (0.83) 0.58 (0.68) 0.87 (0.67) 0.90 (0.65) 0.17 (0.24) 0.30 (0.19)
Junco hyemalis T 0.20 (0.32) 1.97 (1.96) 0.70 (0.55) 0.80 (0.80) 1.43 (1.01) 0.70 (0.60) 0.27 (0.31) 0.10 (0.22)

Rose-breasted Grosbeak C, N C 0.10 (0.22) 0.67 (0.98) 0.43 (0.35) 0.60 (0.44) 0.60 (0.49) 0.50 (0.39) 0.90 (0.32) 0.53 (0.23)
Pheucticus ludovicianus T 0.03 (0.11) 0.53 (0.61) 0.13 (0.32) 0.24 (0.29) 0.43 (0.47) 0.10 (0.22) 0.47 (0.42) 0.27 (0.31)

a Species recorded on <20% of counts: Ruffed Grouse Bonasa umbellus (G, R); Red-shouldered Hawk Buteo lineatus, (C, S); Black-billed Cuckoo Coccyzus erythropthalmus (S,
N); Chimney Swift Chaetura pelagica (H, N); Hairy Woodpecker Picoides villosus (H, R); Pileated Woodpecker Drycopus pileatus (H, R); Northern Flicker Colaptes auratus (H, S);
Acadian Flycatcher Empidonax virescens (C, N); Eastern Phoebe Sayornis phoebe (G, S); Blue Jay Cyanocitta cristata (C, S); American Crow Corvus brachyrhynchos (C, R); Common
Raven Corvus corax (G, R); Tufted Titmouse Baeolophus bicolor (H, R); Red-breasted Nuthatch Sitta canadensis (H, R); House Wren Troglodytes aedon (H, S); Winter Wren
Troglodytes troglodytes (G, S); Veery Catharus fuscescens (S, N); Swainson’s Thrush Catharus ustulatus (C, N); Wood Thrush Hylocichla mustelina (S, N); American Robin Turdus
migratorius (C, S); Cedar Waxwing Bombycilla cedrorum (C, S); Chestnut-sided Warbler Dendroica pensylvanica (S, N); Black-and-white Warbler Mniotilta varia (G, N);
Mourning Warbler Oporornis philadelphia (S, N); Canada Warbler Wilsonia canadensis (G, N); Song Sparrow Melospiza melodia (S, S); Indigo Bunting Passerina cyanea (S, N);
Brown-headed Cowbird Molothrus ater (N/A, S); Purple Finch Carpodacus purpureus (C, R); American Goldfinch Carduelis tristis (C, S).

b Nesting guild indicates primary forest stratum used for nesting in the Allegheny Plateau region: H, hole; G, ground; S, shrub; C, canopy; migratory guild: R, resident; S,
short-distance migrant; N, neotropical migrant.

c Pre-cut for half of sites; the other five were shelterwood-cut between 1984 and 1988.
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the three similarity indices, increased significantly with overall
bird abundance, even for the abundance-free Jaccard Index
(R2 = 0.653, P < 0.001). The similarity between post-treatment and
pre-treatment plots was greatest in years of high bird abundance
regardless of how many years had elapsed since treatment: a mul-
tiple regression of time since treatment and bird abundance on Jac-
card value showed no significant effect of time (F1, 118 = 87.5,
P = 0.33).

4. Discussion

4.1. Did herbicide–shelterwood treatment significantly affect avian
community structure?

The application of a tank mix of glyphosate and sulfometuron
methyl produced the desired reduction in the density of interfering
understory vegetation in our study plots. That reduction in under-
story density in turn produced short-term declines in the
abundance of birds of the ground, shrub and canopy-nesting
guilds. Almost all of the birds that showed responses were Neo-

tropical migrants (Table 1), many of which raise only a single brood
per year, so they are less able to compensate for any problems
encountered during breeding and thus tend to be more sensitive
to environmental perturbations than are resident or short-distance
migrant birds (Askins et al., 1990; Faaborg, 2002; O’Connor, 1992).

As we predicted, shrub-nesting species exhibited a pronounced
response to treatment in this study. As the intent of the treatment
was to remove interfering woody and herbaceous understory veg-
etation, the decline in shrub birds is hardly surprising as the under-
story provides essential nesting and foraging habitat for this guild.
A short-term decline in shrub birds has been reported frequently in
studies of wildlife impacts of forestry herbicides (Lautenschlager,
1993), although most such studies involved treatment of clearcuts
(e.g., Morrison and Meslow, 1984; Santillo et al., 1989). In several
of these studies the declines in shrub birds were offset by gains
in those species that prefer open grassy areas or conifers, such that
no significant effect on overall abundance or diversity was de-
tected (Sullivan and Sullivan, 2003). We found no significant de-
crease in shrub birds on treated plots in the first year
post-treatment. This phenomenon, also noted elsewhere
(Lautenschlager and Sullivan, 2004), likely results from site-fidelity

Table 2
Results of generalized linear mixed models for the effects of herbicide (TREAT), cutting sequence (SEQ), and year on measures of avian diversity. Models used restricted maximum
likelihood estimation with either a beta distribution with logit link (Evenness) or a Gaussian error distribution and an identity link (others). Significant effects are in boldface
(P < 0.05).

TREAT SEQ YEAR TREAT � YEAR SEQ � YEAR

F d.f. P F d.f. P F d.f. P F d.f. P F d.f. P

Sp. richness 5.54 1, 41.1 0.024 1.60 1, 8.2 0.240 38.53 7, 44.4 <0.001 0.40 7, 44.4 0.899 1.50 7, 44.4 0.192
Shannon H0 4.88 1, 43.76 0.032 0.05 1, 18.93 0.823 20.17 7, 45.15 <0.001 0.33 7, 45.15 0.938 1.46 7, 45.15 0.205
Evenness J0 0.21 1, 24.89 0.654 3.42 1, 24.89 0.076 21.60 7, 48.11 <0.001 1.32 7, 48.11 0.261 1.96 7, 48.11 0.081
Berger–Parker 4.96 1, 60.94 0.030 0.16 1, 60.94 0.686 9.96 7, 109.2 <0.001 0.35 7, 109.2 0.930 1.72 7, 109.2 0.111
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Fig. 2. Species richness (A), Shannon Diversity (B), Shannon Evenness (C), and Berger–Parker Index (D) of avian communities on study plots, by treatment (dotted
line = control, solid = herbicide treated, dashed line in A = average number of species in common between treatments within a site). H indicates the year herbicide was
applied, X the year cutting was done on herbicide–shelterwood sites, and F the year deer fences were erected.

1210 S.H. Stoleson et al. / Forest Ecology and Management 262 (2011) 1205–1214



of breeding males. In contrast, females tend to abandon treatment-
altered sites; thus the impacts of treatment may be greater than
might be inferred by counting only males (Lautenschlager and
Sullivan, 2004).

What is noteworthy in our results is that shrub birds did not re-
cover until our study plots were fenced, which enabled browse-
stunted regenerating woody plants to escape heavy browsing by
deer, as indicated in Fig. 1. Shrub birds appeared to decline some-

what on control plots after fencing (Fig. 3D), which was probably a
result of replacement of Rubus by woody stems and growth of
existing woody stems beyond the height favored by shrub birds.
Other herbicide studies typically report rapid recovery of vegeta-
tion cover within one to three years after treatment (Sullivan and
Sullivan, 2003). The impacts of herbicide were confounded with
the impacts of deer in the first six years after treatment in this
study. Heavy browsing by deer has been shown to have cascading
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Fig. 3. Mean (±SE) abundance of (A) all singing male birds, (B) singing male Neotropical migrants, (C) ground nesters, (D) shrub nesters, (E) canopy nesters, and (F) cavity
nesters, on study plots by treatment (dotted line = control, solid = herbicide treated). H indicates the year herbicide was applied, X the year cutting was done on herbicide–
shelterwood sites, and F the year deer fences were erected. Asterisks indicate significant (P < 0.05) within-year differences between treatments.

Table 3
Results of generalized linear mixed models for the effects of herbicide (TREAT), cutting sequence (SEQ), and year on overall avian abundance, and on abundance by migratory and
nesting guilds. Models used restricted maximum likelihood estimation with a Poisson error distribution and a log link. Significant effects are in boldface (P < 0.05).

TREAT SEQ YEAR TREAT � YEAR SEQ � YEAR

F d.f. P F d.f. P F d.f. P F d.f. P F d.f. P

Overall abund. 28.50 1, 48.0 <0.001 2.49 1, 8.3 0.132 115.56 7, 42.0 <0.001 4.91 7, 42.0 <0.001 1.50 7, 41.8 0.193

Migratory guilds
Neotropical 36.06 1, 30.4 <0.001 2.72 1, 9.0 0.134 116.03 7, 43.3 <0.001 6.74 7, 43.3 <0.001 1.50 7, 43.4 0.193
Short-distance 0.16 1, 37.4 0.689 0.40 1, 45.7 0.558 20.68 7, 40.6 <0.001 1.65 7, 40.6 0.149 0.90 7, 40.6 0.516
Resident 0.00 1, 43.0 0.999 0.21 1, 14.2 0.654 8.00 7, 44.2 <0.001 0.78 7, 44.3 0.610 2.56 7, 44.2 0.026

Nesting guilds
Ground 12.44 1, 46.4 0.001 6.35 1, 8.32 0.035 29.14 7, 42.8 <0.001 3.00 7, 42.8 0.019 0.89 7, 42.8 0.519
Shrub 5.24 1, 26.0 0.031 0.09 1, 10.2 0.767 7.51 7, 44.3 <0.001 4.71 7, 44.4 0.005 2.22 7, 44.1 0.051
Canopy 17.19 1, 29.3 0.003 1.07 1, 8.0 0.332 92.81 7, 42.5 <0.001 3.44 7, 42.5 0.005 2.20 7, 42. 5 0.054
Cavity 0.25 1, 19.1 0.622 0.11 1, 10.7 0.751 15.61 7, 38.6 <0.001 1.02 7, 38.7 0.430 1.30 7, 38.7 0.277
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effects on forest bird populations, especially understory species
(Côté et al., 2004; deCalesta, 1994; DeGraaf et al., 1991; McShea
and Rappole, 1997; Nuttle et al., 2011).

Ground-nesting species also showed slight but significant de-
clines on treated plots. Since the abundance of ground birds corre-
lated somewhat with fern cover, their numbers dropped slightly
after treatment when ferns were effectively eliminated from trea-
ted plots. However, ground bird numbers did not rebound when
fern cover did, but rather remained low, perhaps because the con-
current increase in low woody vegetation made the understory less
suitable for those species that prefer herbaceous vegetation.

The brief decline in the abundance of the canopy-nesting guild
may appear to be an unexpected response to an understory treat-
ment. However, we defined canopy-nesters as those species that
regularly nest above 3 m. Herbicide was sprayed up to 4.5 m
above the ground, potentially affecting several species within
the guild that normally nest in the lower canopy (e.g., blue-
headed vireo, American redstart). Also, many canopy-nesting
birds utilize all forest strata for foraging, so they depend on more
than simply the canopy layer (Anderson and Shugart, 1974;
George, 2009). For those species, the herbicide temporarily re-
moved a portion of their available foraging substrate, and proba-
bly therefore the carrying capacity of the habitat. In contrast, we
observed no effect of treatment on cavity-nesting birds. Since
species of this guild generally forage by bark gleaning, herbicide
did not reduce their foraging substrate nor did it affect the avail-
ability of suitable nest sites.

Unlike the herbicide treatment, cutting sequence had little
detectable influence on avian communities. In 1994, but no other
year, resident species (mostly cavity nesters and corvids) were
more abundant on plots that had received a shelterwood cut in
the 1980s than in plots not yet cut; this result may be spurious.

4.2. Did the avian community show resilience to herbicide-induced
changes?

The resilience of an ecological community refers to its capac-
ity to recover after disturbance, or as the amount of disturbance
it can withstand before changing state (Carpenter et al., 2001;
Gunderson, 2000; Holling, 1973). While resilience can be as-
sessed relatively easily in the context of a community returning
to an equilibrium state, defining and assessing resilience can be
more difficult for dynamic systems not at equilibrium, such as
those that change due to natural processes such as succession
(Gunderson, 2000). Clearly ours was a dynamic system, because
of both natural stochasticity and rapid successional changes
resulting from our silvicultural treatments. Populations of all
bird species showed a marked spike in 1994, the final year of
an elm spanworm infestation. It appears that most species re-
sponded to this temporary superabundance of prey by increasing
densities above normal levels. In a nearby old growth site, Haney
(1999) documented increases in overall bird abundance of 22–
33% over uninfested areas, with canopy-gleaning warblers show-
ing the greatest fluctuations. In our study, the overall abundance
of birds in 1994 was 87% higher than the mean abundance on
control plots over the course of the study. The magnitude of ob-
served changes in abundance due to the herbicide treatments
was smaller than the natural fluctuations due to this insect
infestation both for overall abundance (21.3% decrease) and spe-
cifically for shrub-nesters, the most heavily impacted guild (62%
decrease). The observed changes in avian assemblages due to
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Fig. 4. Mean (±SE) similarity of avian assemblages in control and treated plots, by
year, based on Jaccard, Chao–Jaccard, and Morisita–Horn indices. Years labeled with
the same letter are not significantly different from each other at P < 0.05. H
indicates the year herbicide was applied, X the year cutting was done on herbicide–
shelterwood sites, and F the year deer fences were erected.

Table 4
Dissimilarity between avian communities in herbicide-treated plots and control plots over time (below diagonal), and dissimilarity of avian communities from pre-treatment
levels over time in control and herbicide-treated plots (top two rows), as measured by Clarke’s R. Within-year comparisons between treated and control communities are
indicated by the diagonal. Pairs that differ significantly (P < 0.05 based on ANOSIM analyses using Morisita–Horn similarity values and 10,000 randomizations) are in boldface.

Control

Pre-treatment 1995 1996 1998 2000 2003 2004

Treated Within controls � 0.0531 0.1076 0.1913 0.2376 0.3037 0.3473
Within treated � 0.0769 0.2800 0.1953 0.2518 0.3149 0.4193
Pre-treat. �0.1284
1995 0.1299 0.0078
1996 0.2709 0.2264 0.1431
1998 0.1904 0.1120 0.2302 0.2129
2000 0.2504 0.1021 0.1602 0.2920 0.2516
2003 0.2724 0.4069 0.3260 0.4433 0.4487 0.2360
2004 0.3580 0.4744 0.4624 0.4496 0.4733 0.1392 0.2764
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herbicide treatment were generally of no greater magnitude than
changes within control plots resulting from natural turnover or
sampling error; indeed, the bird community on control plots in
2004 was more similar to that on treated plots than to that of
controls pre-treatment. Most other studies of herbicide impacts
on wildlife also have found any changes in songbird abundance
due to herbicide treatments to be within the range of natural
population fluctuations (Sullivan and Sullivan, 2003).

The dynamism in this system also resulted from the initiation of
understory succession by our silvicultural treatments. The progres-
sive changes in avian community structure noted in control plots,
relative to pre-treatment conditions, reflect the rapid successional
changes in the understory that followed overstory opening in our
shelterwood treatment (Yanai et al., 1998). Vegetation in both
treatments changed through the course of this study, but followed
different successional trajectories. Control plots continued to be
dominated by ferns and the few woody species classified as inter-
fering vegetation, while herbicide treatment caused treated plots
to have their successional trajectory reset to promote a diverse
mix of seedlings of overstory trees and Rubus canes. These different
trajectories likely account for much of the differences in avian
communities between treatments. MacKinnon and Freedman
(1993) used detrended correspondence analysis to show that
post-cutting succession had greater effects on avian community
structure than did herbicide application.

The difficulty inherent in trying to assess the resilience of bird
communities in this dynamic system was exacerbated by the spa-
tial scale we employed. As is standard for studies of the effects of
silvicultural practices on wildlife, we conducted ours on forest
stands of a size typical for timber operations in this region, averag-
ing 8 ha. By using a split-plot design we reduced our average sam-
pling unit to 4 ha. Several lines of evidence suggest that avian
communities in this region should be considered and monitored
at a much larger spatial scale (watershed or landscape), and as a
consequence, much of the variation in species assemblages we de-
tected was at least partly due to sampling error. First, even though
54 species were recorded through the course of this study, the
maximum found on any single 4 ha plot was 26, and the average
was 8. Second, plots within a site shared, on average, only 65% of
their species (5.2 out of 8.0). Both results are because many species
occurred at low densities across the landscape (see bottom of Table
1), such that their likelihood of being detected in any particular
4 ha plot was low. Third, control plots had high apparent turnover
from year to year: the average year-to-year species overlap within
control plots never exceeded 59%. The abundance-based Chao–Jac-
card and Morisita–Horn indices showed higher year-to-year simi-
larity values, presumably due to the strong influence of the
handful of common species. This sampling issue explains why
the similarity between pre- and post-treatment communities was
influenced more by overall abundance than by time, as higher den-
sities of birds probably increased the likelihood of encountering
rare species, resulting in an apparently more homogeneous com-
munity composition among sites.

Despite these issues of a dynamic system and sampling scale,
we conclude that the avian community was quite resilient to this
particular herbicide treatment. No common species disappeared
completely from treated plots (although some sparsely distributed
species were missed in some years, probably due to sampling er-
ror). In addition, no significant differences occurred between treat-
ments in the final year of the study, i.e. 10 years post-treatment.
The lack of recovery before plots were fenced illustrates the prob-
lem of multiple stressors on populations (Folke et al., 2004; Hames
et al., 2006): while the avian communities we monitored proved to
be resilient to the single perturbation of herbicide application, that
resilience did not become apparent until the additional stressor of
heavy deer browsing was removed by fencing.

4.3. Management implications

This study assessed responses of the avian community based
solely on abundance and diversity within study plots. Abundance
can be a misleading indicator of habitat quality or population
health (Van Horne, 1983), although in many cases it is not (Bock
and Jones, 2004; Pérot and Villard, 2009). We detected no differ-
ences due to treatment with any of the standard diversity mea-
sures we used, despite a clear temporary decline in the entire
shrub-nesting bird guild. This lack of discriminatory power sug-
gests these diversity measures may serve poorly as metrics to
assess anthropogenic impacts to communities; their problems
and limitations have been discussed extensively in the literature
(e.g., Hurlbert, 1971; Purvis and Hector, 2000).

A more informative assessment of the effects of herbicide treat-
ment on birds would be to measure responses in demographic
traits such as nesting success, proportion of males with mates, sur-
vivorship, or some other metric closely linked to fitness
(Lautenschlager and Sullivan, 2004). Marshall and Vandruff
(2002) reported no effects of selective herbicide treatment for
maintaining rights-of-way on nest success and density of shrub-
nesting birds. Selective application of herbicide would be expected
to have a lesser impact than would broadcast application, but no
other study has assessed demographic responses. Another
approach would be to quantify changes in availability of food re-
sources, either by directly assessing insect abundance or by moni-
toring nestling provisioning rates.

We recommend that future assessments regarding the effects of
herbicide application on forest birds, or any other silvicultural
treatment, be conducted at an appropriate spatial scale to repre-
sent fully the avian community. From the management perspec-
tive, any effects of herbicide detected at the stand level, such as
the short-term declines noted in this study, are likely to be buf-
fered by conditions affecting the avian community at larger spatial
scales. Therefore, limiting the proportion of the landscape to be
treated in any one year – already standard practice – should miti-
gate impacts of herbicide. We note that alternatives to herbicide,
such as fire, brush cutting or grazing by domestic herbivores, can
have negative impacts on non-target organisms of similar or great-
er severity than those from herbicide (Lautenschlager and Sullivan,
2004; Wigley et al., 2002; Woodcock et al., 1997). Moreover, the
careful use of herbicides can be cheaper, more effective, and safer
for users than alternatives (Fortier and Messier, 2006). Our conclu-
sions may not pertain to herbicides and adjuvants other than those
used in this experiment, especially those considered to have slight
to high toxicity by the US Environmental Protection Agency (e.g.,
paraquat, pyriclor). Neither do our results pertain to effects on
aquatic or non-avian terrestrial communities. Given their wide-
spread use for forestry and control of invasives, there continues
to be a need for a better understanding of the long-term effects
of operational herbicide treatments on birds, amphibians, and
other non-target organisms.
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