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Abstract The emerald ash borer (EAB) Agrilus
planipennis, first detected in 2002 in the vicinity of
Detroit, Michigan, USA, is one of the most recent in a
long list of introduced insect pests that have caused
serious damage to North American forest trees, in this
case ash trees in the genus Fraxinus. We used data
from Project FeederWatch, a citizen science program
focused on winter bird populations, to quantify the
effects of EAB invasion on four species of resident,
insectivorous birds known or likely to be EAB
predators: three woodpecker species and the white-
breasted nuthatch (Sitta canadensis). We compared
relative numbers of birds within 50 km of the epicenter
of the region where EAB was first detected, an area
known to have suffered high ash tree mortality by
2008, to numbers 50-100 km from the epicenter and to
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control sites within 50 km of five comparable Mid-
western cities where damage due to EAB has yet to be
severe. We found evidence for significant effects on all
four of the species in response to the EAB invasion in
the highly impacted region, with red-bellied wood-
peckers (Melanerpes carolinus) and white-breasted
nuthatches showing numerical increases while downy
woodpeckers (Picoides pubescens) and hairy wood-
peckers (Picoides villosus) initially declined but
exhibited at least temporary increases several years
later. Temporal correlation analyses failed to provide
support for immigration being a major cause of the
elevated numbers in the highly impacted area, and thus
these results are consistent with the hypothesis that
increases were due to enhanced survival and/or repro-
duction associated with the EAB invasion within the
highly impacted area. Results suggest that the contin-
uing invasion of EAB into new areas is likely to
significantly alter avian communities, although not
always in ways that will be easy to predict.

Keywords Citizen science - Emerald ash borer -
Forest pests - Invasive species - Nuthatch -
Woodpeckers

Introduction

Biological invasions can have profound ecological

effects, including alteration of food-web structure
(Baxter et al. 2004), modification of nutrient cycles
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(Ehrenfeld 2003), and changes to ecosystem processes
such as fire regimes (D’ Antonio and Vitousek 1992).
The most commonly reported trophic impacts, how-
ever, are adverse effects on prey availability either
directly or via interspecific competition. For example,
invasions by both generalist and specialist predators
often result in greatly diminished numbers of prey
species (Beisner et al. 2003; Blackburn et al. 2004).
Similarly, considerable attention has been given to the
adverse effects of herbivore invasions on host plant
species (Liebhold and Elkinton 1991; Husheer et al.
2003), and for some species of introduced herbivores,
negative population-level effects have been demon-
strated on native species competing with invasives for
the same resource (Strayer and Malcom 2007).

Despite the focus given to invasions by herbivore
consumers, relatively little is known about the ecolog-
ical consequences of such invasions on higher trophic
levels. Invasions may benefit some predators if inva-
sive prey represent a new and abundant food supply.
Alternatively, because the increased food supply
provided by an invasive species may negatively affect
native prey species via apparent competition, invasives
have the potential to adversely influence species at
higher trophic levels (Bonsall and Hassell 1997; Settle
and Wilson 1990; Meiners 2007).

The recent invasion of the emerald ash borer (EAB)
Agrilus planipennis, an herbivore species that has
exhibited explosive growth in North America, pro-
vides an opportunity to document the effects of an
invasive consumer on populations of vertebrate pre-
dators. EAB is a phloem-feeding beetle native to
northern China, Korea, Japan, and eastern Russia, that
was determined to be the cause of widespread
mortality of ash trees (Fraxinus sp.) in the Detroit,
Michigan and nearby Windsor, Ontario areas in 2002,
although it is believed that the species probably
arrived 10-20 years previously (Poland and McCul-
lough 2006). In its native range, populations of EAB
are generally sparse and damage to hosts is uncom-
mon. In North America, however, native ash species
do not possess effective defenses against EAB and
feeding damage is extensive, causing crown dieback
and eventually tree death. Since its discovery in 2002,
populations of EAB have increased and spread to nine
additional states and to Quebec (Poland and McCul-
lough 2006; Kovacs et al. 2010) (Fig. 1a).

In areas where the species has been established
for several years, populations typically become very
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abundant and kill most ash trees present. Pugh et al.
(2011) analyzed regional forest inventory data from
Michigan and found that between 2004 and 2009, the
density of ash live wood volume decreased from 12.7
to 3.2 m> ha™' in forest stands within 50 km of the
EAB invasion epicenter, a decrease of 75 %. Based on
an aerial survey conducted in 2007, Smith et al. (2009)
estimated that EAB had killed 54 million trees in
Michigan, Ohio, and Indiana. While many of the trees
attacked by EAB are in naturally regenerating forests,
many are also in urban settings where ash has been
widely planted as a street tree (MacFarlane and Meyer
2005; Kovacs et al. 2010).

As many as 60,000 or more EAB individuals may
develop from a single tree (McCullough and Siegert
2007). Thus, the massive numbers of EAB-infested
trees represents a large resource for predators. Indeed,
one of the most common sources of mortality for EAB
larvae and pupae are avian generalist predators,
including several species of woodpeckers (Picidae),
that have been found to depredate up to 95 %
(mean = 44 %) of emerging EAB from sites in
southeastern Michigan (Cappaert et al. 2005b; Lindell
et al. 2008; Duan et al. 2010). This finding led these
authors to conclude that although the EAB invasion is
a catastrophe for ash trees, it may be providing a ‘feast
for woodpeckers’ (Cappaert et al. 2005a). Thus, in
addition to the massive impact of EAB on lower
trophic levels (i.e., millions of dead trees), it may be
affecting species of native birds in a variety of ways
either negatively (by adverse effects on habitat or
native prey populations) or positively (by providing a
‘trophic subsidy’ positively influencing their repro-
duction and survivorship; Branch and Steffani 2004;
Rodriguez 2006). In addition, the large pulse of
resources provided by EAB could potentially attract
immigrants from surrounding regions. Thus, impacts
of EAB on birds may extend beyond the areas directly
infested, and the resulting population increases of
subsidized bird species in the affected areas could
have cascading effects on the other species competing
for cavities and food supplies. Testing for a trophic
subsidy is a first step toward understanding the
potential widespread impacts of the EAB on avian
populations.

We investigated the effects of the recent EAB
invasion on abundance of four species of resident,
insectivorous birds. Species considered were the downy
woodpecker (Picoides pubescens), hairy woodpecker
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(Picoides villosus), and red-bellied woodpecker (Mel-
anerpes carolinus), three species that are known to
forage on ash trees infested by EAB (Lindell et al. 2008),
and the white-breasted nuthatch (Sitta canadensis), a
common bark-gleaning species that is also a potential
predator of EAB. All are species that might be expected
to reap a substantial nutritional benefit and experience
relatively high reproductive success in areas where EAB
are common. Several species of woodpeckers have been
shown to respond to local increases in prey abundance
(e.g., Murphy and Lehnhausen 1998), making larger-
scale responses likely. Furthermore, all four species are
cavity-nesters, and thus might be expected to benefit
from an increase in nest substrate as trees are killed by
EAB (Cockle et al. 2011). This would be particularly
true for downy woodpeckers and red-bellied wood-
peckers, which regularly nest in dead limbs or snags
(Shackelford et al. 2000; Jackson and Ouellet 2002), and
for white-breasted nuthatches, which often use old
woodpecker cavities as nest sites (Grubb and Prav-
osudov 2008).

km
0 125 250 500 750 1,000

Our primary goal was to quantify the numerical
changes in populations of these avian predators since the
EAB invasion in 2002, the prediction being that all four
species were likely to exhibit increases either due the
increased food supply offered by EAB or the increased
availability of nesting substrate as a consequence of
elevated tree mortality in highly-impacted sites. Sec-
ondarily, we attempted to detect whether birds were
being attracted to areas where tree mortality due to EAB
was particularly severe or whether increases were likely
to be due to increased reproduction and survival within
the impacted areas. We approached this problem using
data collected as part of a citizen science program
(FeederWatch.org) uniquely suited to measuring year-
to-year population changes over the geographic and
temporal scale of interest.

Methods

Siegertet al. (2009) estimated the location of the presumed
initial EAB introduction using dendrochronological
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methods to reconstruct EAB’s historical spread. Based on
their estimates of tree mortality across a five-county
region, they concluded that EAB was first established in
the early to mid-1990s in the vicinity of Westland-Garden
City, Michigan, approximately 25 km west of downtown
Detroit. By 2008, EAB had killed >50 % of ash trees
within 50 km of this epicenter (Pugh et al. 2011). Thus, we
considered sites within 50 km of the epicenter, basically
the city of Detroit and its suburbs, to have been most
highly impacted by EAB, and refer to them as ‘highly-
impacted’ (or ‘HIMP’) sites (Fig. 1b). For comparison, we
determined numerical abundance of the bird species
in two sets of sites where the impact of EAB has not yet
been severe. First, we used sites 50-100 km from the EAB
epicenter where tree mortality due to the insects, although
detectable, was considerably less than nearer the epicenter
(Pugh et al. 2011). We refer to these as ‘lesser impacted’
(or ‘LIMP’) sites. Second, we used sites <50 km from five
large Midwestern cities of more or less comparable size:
Cincinnati, Cleveland, and Columbus (all in Ohio),
Indianapolis (Indiana), and Pittsburgh (Pennsylvania).
All five cities were sites where EAB had not yet caused
major damage, although EAB had in some cases been
reported (Fig. 1a). We refer to these five cities as ‘control’
sites. A summary of the major characteristics of sites used

Table 1 Cities included in the analyses

in the analyses is provided in Table 1. Although there
are differences, the three sets of sites (using the average of
the five control cities) contained reasonably comparable
proportions of developed (2542 %) and forested/wetland
(12-27 %) habitat.

A primary difference between the LIMP and
control sites was that the former, being adjacent to
the highly impacted area, was potentially a source for
immigrants attracted to the highly-impacted region or,
alternatively, a sink for birds emigrating from the
highly-impacted region. Otherwise, because of habitat
differences (Table 1), we did not make any a priori
predictions about how the LIMP and control sites
might differ.

All four bird species considered commonly visit
backyard bird feeders. This made it possible for us to
use data from Project FeederWatch (PFW), a program
in which volunteer observers record the maximum
observed number of individuals of each species at
backyard feeders over a 2-day period at weekly
intervals during the winter (Bonter and Hochachka
2009). FeederWatch data have been found in prior
studies to both match patterns derived from the more
commonly used Audubon Christmas Bird Counts
(Cooper et al. 2007) and reflect real variation in

City Latitude Longitude Population® (2010) Population density % Developed Habitat summaryb

Detroit, MI 42.33° 83.34° 713,777
(high-impact sites)

Detroit, MI - - -
(low-impact sites)

Mean of 5 control cities — - -

Control cities

Cincinnati, OH 39.11° 84.50° 296,943

Cleveland, OH 41.48° 81.67° 396,815

Columbus, OH 39.96° 83.00° 787,033

Indianapolis, IN 39.77° 86.17° 820,445

Pittsburgh, PA 40.44° 80.00° 305,704

in 2000 (km™?)
% Forest % Open
and wetlands water
13,245 42 12 38
- 32 15 42
- 25 27 8
9,868 23 39 2
13,227 30 20 37
9,386 21 14 1
5,879 24 11 1
14,299 28 51 1

Coordinates for Detroit are based on the estimated epicenter of the emerald ash borer introduction (Siegert et al. 2009), while those
for the control cities are based on city centers; all sites include observations <50 km from the center, with the exception of the low-
impact Detroit sites, which were 50-100 km from the EAB epicenter

* Population data from: http://en.wikipedia.org/wiki/List_of United_States_cities_by_population (15 July 2011)

° Habitat estimates are based on data encompassing the entire site extracted from the 2006 National Land Cover Database (Fry et al.

2011)
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resident bird populations (Wells et al. 1998; Lepage
and Francis 2002). Prior studies have indicated that the
availability of wild foods can reduce the reliance of
birds on feeders (Chamberlain et al. 2007); to the
extent that this might be occurring in our study due to
the availability of overwintering EAB larvae (Wang
et al. 2010), it might potentially reduce numbers of
birds at feeders in the highly impacted area and render
results conservative.

Observations from the public are reviewed for
accuracy using automated filters (Bonter and Cooper
2012). All observations reporting more individuals of a
species than were reported by 99 % of all checklists
were eliminated, since prior work has indicated that a
large proportion of such extraordinarily large counts are
erroneous (States et al. 2009). This limited the data we
considered to sites with a maximum of five downy
woodpeckers, three hairy woodpeckers, two red-bellied
woodpeckers, and four white-breasted nuthatches.
Each winter spanning two calendar years is referred
to as a ‘season’ (i.e., winter 2001-2002 is referred to as
the 2001 season). Analyses were conducted through the
2011 season (winter 2011-2012).

We analyzed data for each of the four bird species
using Generalized Linear Mixed Models (GLMMs)
with Poisson errors. The maximum number of birds
observed per site was the dependent factor, ‘site’ was a
random effect, and the fixed effects were (1) the
number of half-days of effort expended (1-4 as a
categorical variable); (2) date (both linear and
quadratic terms as days since 1 Oct.); (3) season (as
a categorical variable with 2001-2003 averaged
together and used as an estimate of pre-EAB invasion
densities, along with the 2004-2011 seasons treated as
separate units); (4) dataset (HIMP sites, LIMP sites, or
control sites); and (5) the ‘season x dataset’ interac-
tion. Statistical significance of these interactions (one
for each season post-EAB invasion) indicated differ-
ences in numbers of birds in the highly impacted area
compared to the non-highly impacted sites. The
number of different sites used in these analyses was
167 of which 29 were in the HIMP area, 21 were in the
LIMP area, and 117 were in the five control cities. The
number of total observations (i.e., site x date combi-
nations) ranged from 22,737 to 22,963 per season.
On average, individual participants reported data in
3.1 &+ 2.7 (mean =+ standard deviation) of the nine
seasons and maintained an average of 6.2 £ 3.1
feeders per site.

In order to gain insight into the mechanism behind
the changes observed in the analyses, we performed
temporal correlations across years between the mean
number of birds in the HIMP sites compared to those
in the adjacent LIMP sites. Correlations were done for
each species and for each of three temporal combina-
tions, which involved correlating the mean number of
birds in the HIMP sites in year 7, versus (1) LIMP sites
in year t,_; (lag—1), (2) LIMP sites in year ¢, (lag—0),
and (3) LIMP sites in year f,., (lag + 1). Our
predictions were as follows: if high numbers of young
birds produced in surrounding areas were attracted to
and tended to immigrate into the highly-impacted
areas the following year, there should be strong
positive correlations between LIMP sites in year ¢, _;
and HIMP sites the following year (year t,,). If second-
year and older birds were attracted to HIMP sites from
nearby surrounding areas due to the relatively high
availability of food, there should be negative correla-
tions between LIMP sites in year ¢, and HIMP sites the
same year. Finally, if high productivity due to resource
availability in highly-impacted areas resulted in
subsequent dispersal of birds to surrounding areas,
there should be strong positive correlations between
HIMP sites in year #, and LIMP sites the following
year (year t,,.1). As controls for these tests, we
performed the same cross-correlations between HIMP
and the control sites, which were sufficiently far away
(>200 km) that we would not predict the above
relationships to hold given that these species are
unlikely to commonly disperse such large distances.

All analyses were performed in R 2.10.1 (R
Development Core Team 2009); the GLMMs were
performed using the ‘lme4’ library (procedure ‘Imer’).

Results

There were significant changes in abundance of all
four species in the HIMP sites relative to LIMP and/or
control sites based on the GLMM:s (Fig. 2). Increases
were particularly evident for red-bellied woodpeckers
starting in the 2006 season and white-breasted
nuthatches starting in the 2005 season and continued
through the end of the study in winter 2011-2012. In
contrast, both downy woodpeckers and hairy wood-
peckers exhibited significant declines in the highly
impacted area one to three years following the initial
discovery of EAB. Numbers then generally recovered
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Fig. 2 Estimates of the

Downy Woodpecker

Hairy Woodpecker

relative numbers of the four
species of birds in sites
highly impacted by EAB
(sites <50 km from EAB
epicenter; N = 29 sites)
compared to the sites in
lesser impacted areas (sites
50-100 km from the
epicenter; N = 21) and sites
<50 km from five
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Midwestern control cities
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sizes are indicated by the
straight dotted line. Values
and significance (as
indicated by the different
colors) are based on the
‘year x site’ interaction
terms

Estimate for EAB epicenter

2003 2005

(with the exception of hairy woodpeckers in 2010),
with significantly elevated numbers relative to the
control sites during one of the latter years of the
study (2009 for downy woodpeckers; 2011 for hairy
woodpeckers).

We tested for evidence of immigration into or
emigration out of the highly-impacted region by
means of temporal correlations (Table 2). lag—1
correlations between LIMP sites and HIMP sites were
generally low or negative for all four species (mean
r = —0.05), failing to support the hypothesis that
young birds in surrounding areas were attracted to and
immigrated into HIMP sites the following year. In
contrast, lag—0 correlations between LIMP sites and
HIMP sites were generally positive and high (mean
r = 0.46) and were in all cases greater than the lag—1
correlations, failing to support the pattern predicted if
older birds from surrounding areas were attracted to
and immigrated into HIMP sites from LIMP sites.
Finally, the evidence suggesting that birds from HIMP
sites were dispersing out into surrounding LIMP sites
was equivocal at best. The lag+1 correlations between
HIMP sites and LIMP sites were fairly high (mean
r = 0.39), but this was primarily due to high corre-
lations for downy and hairy woodpeckers, the two
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species that did not exhibit clear increases in response
to the EAB invasion (Fig. 2). More compellingly, the
mean lag+1 correlations between the HIMP and LIMP
sites were generally much greater than the corre-
sponding lag+1 correlations between HIMP sites and
the considerably more distant control sites (mean
r = 0.04). However, this was not true of the white-
breasted nuthatch, one of the two species exhibiting a
clear increase due to EAB in the GLMMs.

Discussion

These results support the hypothesis that the invasion
and subsequent spread of EAB has had significant
impacts on populations of the four insectivorous,
resident bird species considered in this study. Relative
abundance of red-bellied woodpeckers and white-
breasted nuthatches clearly increased in the highly
impacted area following the detection of EAB around
2002 and have not returned to baseline levels as of
the 2011 season. Populations of downy and hairy
woodpeckers initially declined significantly and have
subsequently switched back and forth but were at
significantly elevated levels relative to control sites
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Table 2 Pearson correlations across years between the mean number of birds in the highly impacted area compared to the lesser

impacted and control areas

Species Highly impacted sites in year ¢, versus

Lesser-impacted sites in year Control sites in year

Iy (lag—1) 1, (lag—0) tnt1 (lag+1) ty—1 (lag—1) 1y (lag—0) tat1 (lag+1)
Downy woodpecker 0.32 0.57 0.73 0.27 0.51 —0.02
Hairy woodpecker —0.64 0.02 0.65 —0.08 0.56 0.10
Red-bellied woodpecker —0.06 0.61 0.30 —0.36 0.63 —0.45
White-breasted nuthatch 0.16 0.63 —0.13 0.07 0.54 0.54
Species means —0.05 0.46 0.39 —0.03 0.56 0.04

All values are based on N = 6 years; none are statistically significant at the P < 0.05 level. “Species means” are the average of the

values for the four species

during the 2009 (downy woodpecker) and 2011 (hairy
woodpecker) season. Thus, the response of these four
species to the EAB invasion was surprising to the
extent that only two of the species exhibited clear
increases while the other two apparently suffered
decreases, at least initially. Such variability is perhaps
to be expected given the many routes, both direct and
indirect, that an invasive such as EAB can influence
predator populations. Similarly variable and unex-
pected population responses were detected in a recent
analysis of the effects of gypsy moth (Lymantria
dispar) outbreaks on populations of seven species of
North American woodpeckers (Koenig et al. 2011).

Secondarily, we attempted to detect evidence for
immigration into and out of the highly-impacted sites
using temporal cross-correlation analysis. Results
failed to support the hypothesis that increases in HIMP
sites were due to birds from surrounding regions, either
young produced the prior year or adults the same year,
immigrating into the area. We found some evidence to
support the hypothesis that birds in HIMP sites were
emigrating out into nearby, lesser-impacted surround-
ing areas, but the evidence was equivocal in being most
influenced by the two species for which we observed no
clear increases in response to the EAB invasion. We
conclude that the increase in numbers of birds in the
HIMP sites is primarily due to increased reproductive
success and survivorship resulting from the increased
abundance of resources—either food and/or nesting
substrate—resulting from the EAB invasion. Demo-
graphic data, preferrably on marked individuals, would
be necessary to confirm this conclusion.

It remains to be seen how EAB invasion will affect
long-term trends in abundance of these bird species.

It is possible that the observed elevation in abundance
in red-bellied woodpeckers and white-breasted nut-
hatches may be short-lived, since EAB populations are
likely to eventually decline, followed by declines in
the birds, once most of the ash trees in the region have
died. Such a result would be consistent with popula-
tion cycles of the black-backed woodpecker (Picoides
arcticus), which tracks short-term bursts of food
following forest fires (Murphy and Lehnhausen
1998; Nappi et al. 2010). In contrast, the effects of
availability of dead trees providing nesting sites may
persist longer, particularly to the extent that this
resource limits avian population growth.

Predation by birds has been reported as the largest
source of EAB mortality in outbreak populations
(Duan et al. 2010). As such, the numerical response
documented here involving species known to depre-
date EAB may contribute to regulatory pressure on
the EAB populations. Such pressure is apparently not
strong enough to prevent the explosive growth of
invading EAB populations but it does suggest that EAB
spread might be faster were it not for the numerical
increase of insectivorous birds resulting from the
invasion. It is also possible that elevated predator
densities associated with the EAB invasion may act
negatively on native prey insects via apparent compe-
tition (Holt 1977; Bonsall and Hassell 1997), an effect
that could then negatively influence other predators.
Thus, it is perhaps not surprising that an invasive
species such as EAB effects predators in different
ways, some positive (such as was observed in red-
bellied woodpeckers and white-breasted nuthatches)
and some negative (as seen in downy and hairy
woodpeckers, at least initially). Careful monitoring of
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abundance and demography of other prey species, as
well as on avian predators themselves, in EAB invaded
areas would clearly be of interest.

The concept of predators responding numerically to
host densities is not new. As mentioned above, several
species of birds, including woodpeckers and others,
are known to respond positively to increases in food
abundance, most dramatically after fires (Murphy and
Lehnhausen 1998; Covert-Bratland et al. 2006; Nappi
et al. 2010), but also in response to regional insect
outbreaks of gypsy moths (Barber et al. 2008; Koenig
et al. 2011) and periodical cicadas Magicicada sp.
(Koenig and Liebhold 2005). The results presented
here contribute new information, however, about how
insectivorous bird populations can respond to large-
scale eruptions of insect populations, and is unique in
allowing us to falsify, at least circumstantially, the
hypothesis that these responses are being driven by
immigration of birds into regions of abundant food.
Hence, our data indicate that numerical responses of at
least some avian predators will be observed across the
expanding area impacted by EAB. Similar effects have
been suggested for red-headed woodpeckers (Mela-
nerpes erythrocephalus), whose densities increased in
the mid-twentieth century apparently in response to
widespread mortality of American chestnuts (Casta-
nea dentata) and American elms (Ulmus americana)
resulting from introduced pathogenic fungi (Smith
et al. 2000).

Our use of citizen science data to document regional
ecological changes associated with a pest invasion also
illustrates the potential that these data have as tools
for investigating landscape-level ecological changes
(Dickinson et al. 2010). Such changes can be detected
in ‘real time’ using appropriate citizen science data,
even when the geographic range of the expected effects
is far greater than can otherwise be covered by one or
even a coordinated group of researchers.
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