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Abstract  Non-native insect pests can have signifi-
cant effects on forest ecosystems. Forest fruit-target-
ing non-native insect pests may cause extensive dam-
age to fruits, reducing food for fruit-tracking wildlife. 
Parasitism of forest fruits by spotted wing Drosophila 
(Drosophila suzukii, SWD) may put it in competi-
tion for fruits with fruit-consuming forest songbirds 
during their post-breeding and migration seasons. 
Our objective was to identify factors, primarily SWD 
abundance and fruit parasitism, influencing frugivo-
rous and non-frugivorous bird relative abundance 
and species richness in regenerating timber harvests 
invaded by SWD in western Pennsylvania during 
the post-breeding season and fall migration in 2019 

and 2020. Eastern towhee (Pipilo erythrophthalmus) 
relative abundance correlated negatively with SWD 
counts, while hooded warbler (Setophaga citrina) 
relative abundance correlated negatively with fruit 
parasitism. Most bird relative abundances correlated 
to vegetation structure or date, not SWD variables. 
Eastern towhee possibly viewed fly-covered fruits as 
less desirable for consumption or were deterred by 
SWD swarms disturbed while foraging on or near 
the ground. Based on modeling results of hooded 
warbler, SWD activity may have shifted arthropod 
community composition and impacted some arthro-
pod-consuming birds via trophic cascading effects: 
parasitism-induced fruit drop driving arthropod prey 
from foliage, deterring some foliage-gleaning birds 
(hooded warbler). Frugivorous birds either did not 
alter fruit consumption or masked relationships to 
SWD likely by altering diet and foraging behavior, 
demonstrating an apparent resilience to invasion com-
plemented by the importance of date. Investigating 
arthropod communities and consumption of fruits in 
habitats invaded by SWD are critical next steps to 
understanding ecological effects of SWD.
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Introduction

Globally invasive species play a critical role in deter-
mining the abundances of native species in invaded 
ecosystems (Roemer et  al. 2002; Grosholz et  al. 
2009). Non-native insect pests (NNIPs) compete with 
and displace native species for food resources, alter 
habitat structure and suitability for many native taxa, 
and disrupt trophic interactions through many mecha-
nisms: feeding on plant material, preying or para-
sitizing on native species, or pollinating native plants 
(Kenis et  al. 2009). Research on the effects of fruit 
consumption or parasitism by NNIPs shows exten-
sive damage to crops (Moschos 2006; Maistrello et al. 
2017), but NNIPs likely consume native, non-crop 
fruits in nearby alternative fruiting plants (Bakken 
et  al. 2015; Rodriguez-Saona et  al. 2018). Native to 
east Asia, spotted wing Drosophila (SWD, Drosoph-
ila suzukii) parasitizes many soft-skinned cultivated 
fruits in agricultural landscapes (Walsh et  al. 2011). 
Since its accidental introduction to California in 
2008, SWD has colonized forested ecosystems in the 
eastern U.S. and has been documented as parasitizing 
more than 100 different fruiting plant species, includ-
ing wild plants (Roche et al. 2021). Female SWD ovi-
posit into ripe and ripening fruits (Mitsui et al. 2006) 
and larvae consume the fruits, promoting microbial 
infection and premature drop of fruits from the par-
ent plant (Walsh et  al. 2011). While fruit parasitism 
and microbial infection by native insects reduces 
consumption by vertebrate consumers (Manzur and 
Courtney 1984; Sallabanks and Courtney 1992), 
there remains a critical knowledge gap in understand-
ing how fruit consumption or parasitism by NNIPs 
such as SWD affects native ecosystems, notably the 
response of vertebrate frugivores to SWD infestation 
of fruits.

Loss of fruit resources due to SWD parasitism in 
forested ecosystems has the potential to be especially 
harmful for migratory songbirds. Many songbirds are 
under intense energetic demands after the breeding 
season (i.e., post-breeding season and fall migration) 
to build and replenish fat deposits needed for success-
ful migration (Blem 1980; Cyr et  al. 2008). Many 
species, including those that are not usually frugivo-
rous, utilize abundant fruit resources during this time 
of year (Thompson and Willson 1979; Parrish 1997). 
Fruit-consuming bird use of early successional habi-
tat (e.g., regenerating timber harvests) is correlated 

with fruit abundance (Major and Desrochers 2012). 
However, whether fruit-consuming migratory forest 
bird abundances will be affected by the infestation of 
fruiting plants by a frugivorous NNIP in forested eco-
systems during post-breeding and migratory seasons 
remains unknown (Roche et al. 2021).

We investigated whether bird community species 
abundances are affected by SWD invasion in regener-
ating timber harvests during the post-breeding season 
and fall in western Pennsylvania, USA. Specifically, 
do fruit-consuming (frugivorous) birds decrease in 
relative abundance with greater SWD and fruit para-
sitism? Our objectives were to: 1) measure relative 
abundance and species richness of frugivorous and 
non-frugivorous birds in regenerating harvests dur-
ing the post-breeding season and fall migration; and 
2) determine what factors in regenerating harvests 
(i.e., SWD counts, fruit resources, fruit parasitism 
by SWD, and cover provided by vegetation structure) 
influence frugivore and non-frugivore relative abun-
dance and species richness. While frugivorous birds 
are flexible in their diets, consuming plant and ani-
mal foods to meet nutritional needs (McKinnon et al. 
2017), we hypothesized these birds would be most 
likely to demonstrate a response to SWD. For objec-
tive 2, we hypothesized that relative abundance and 
species richness of frugivores, but not non-frugivores, 
in regenerating harvests would be negatively associ-
ated with SWD counts and fruit parasitism. While 
there is no evidence of direct or indirect consump-
tion of SWD by migratory songbirds, native bird spe-
cies may consume NNIPs as a new food resource. 
Such possibilities offer an alternative hypothesis that 
birds who consume SWD increase with greater SWD 
abundance or fruit parasitism by SWD (Barber et al. 
2008). We also hypothesized that frugivores, but not 
non-frugivores, would be positively associated with 
fruit variables; both guilds would be positively asso-
ciated with vegetative cover variables representing 
more complex structure (Vitz and Rodewald 2007).

Methods

Study area

We conducted this study at the Allegheny National 
Forest (ANF; 41°40′N, 78°05′W), at Clear Creek 
State Forest (CCSF; 41°18’ N, 79°00’ W), and 
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on State Game Lands (SGL) 86 (41°43′31’’ N, 
079°21′29’’ W) in the Allegheny High Plateau of 
northwestern Pennsylvania. The US Forest Ser-
vice, Pennsylvania Department of Conservation 
and Natural Resources, and Pennsylvania Game 
Commission manage these properties, respectively. 
Dominant tree species include black cherry (Prunus 
serotina), red maple (Acer rubrum), sugar maple 
(Acer saccharum), American beech (Fagus gran-
difolia), yellow birch (Betula alleghaniensis), east-
ern hemlock (Tsuga canadensis), and multiple oak 
species (Quercus spp.), notably northern red oak 
(Quercus rubra; US Forest Service 2007). Timber 
harvests occur on each property, producing regener-
ating harvests of different ages. Regenerating timber 
harvests contain seedlings and saplings representa-
tive of adjacent forest communities and a variety of 
fruiting plants, including blackberry (Rubus spp.), 
pokeweed (Phytolacca americana), pin cherry 
(Prunus pennsylvanica), Aralia spp., Vaccinium 
spp., serviceberry (Amelanchier spp.), and Ameri-
can (Sambucus canadensis) and red elderberry (S. 
racemosa).

Study design

We conducted all sampling 18 July–25 September, 
2019 and 20 July–25 September, 2020. This timing 
coincides with post-breeding phenology (Jun–Aug: 
Stoleson 2013), onset of migration (mid-Aug–Nov) of 
locally occurring bird species (S. H. Stoleson, unpub-
lished data), and the observed emergence of SWD in 
previous years (Turcotte et  al. 2018). We randomly 
selected 21 sites within 3–8-year-old regenerating 
timber harvests that were spaced at least 2 km apart 
(Vitz and Rodewald 2006, 2007; Table  S1, Fig.  1). 
We covered each site with a grid of points placed 
100 m apart to minimize chance of recapture between 
mist nets. From this grid we randomly selected 5 
points, removing any points within 25  m of harvest 
boundaries to avoid edge effects. We used the Veg-
etation dataset from the Allegheny National Forest 
Geographic Information System (GIS) Dataset col-
lection (US Forest Service 2019) in ArcGIS Pro v. 
2.3.0 (ESRI, Redlands, CA, USA) to identify timber 
harvests for site selection and for placing sampling 
points. From 2019 to 2020, we sampled 105 points 
across 21 sites.

Avian sampling

We used constant-effort, passive mist netting (Dunn 
and Ralph 2004) to sample the bird communities in 
each regenerating harvest. Birds are less vocal during 
the post-breeding season, and regenerating harvests 
have low visibility for detection purposes due to dense 
vegetation (Pagen et  al. 2000), making point counts 
ineffective at detection and generating accurate esti-
mates of abundance than during the breeding season. 
By using ground mist nets, we had a greater probabil-
ity of capturing rare or secretive species. We placed 
a single net (12  m long, 2.6  m high, 30-mm mesh) 
at each of the 5 sampling points per site. Recaptures 
were low during our study (2.81% of all captures); 
thus, we considered nets to be independent sample 
units. We visited sites during both the post-breeding 
(mid-July to mid-August) and migration (mid-August 
to late September) period. During each period, we 
sampled sites 2 days in a row (McDermott and Wood 
2010), unless adverse weather required a delay of 
1–2 days between sampling, in each of 2 periods dur-
ing the season (mid-Jul to late Sep). Because net cap-
tures decline with each additional netting day (Karr 
1981), visits lasted 2  days to increase efficiency of 
detecting birds.

We opened nets 30  min before sunrise and kept 
nets open for 5 h (Ralph et al. 2004). We banded all 
birds captured (except Ruby-throated hummingbird 
[Archilochus colubris]) with a United States Geologi-
cal Survey (USGS) aluminum band. We grouped all 
captured birds into foraging guilds (non-frugivorous 
or frugivorous) using existing life history data (i.e., 
Birds of the World species account) and evidence of 
extensive frugivory from past mist-netting at the ANF 
(e.g., stains on bill or in fecal samples; S. H. Stoleson, 
unpublished data) (Tables S2 and S3).

Fruit sampling

To determine relative availability of fruit resources 
at each mist net, we conducted fruit surveys for 
Allegheny blackberry (R. allegheniensis), the domi-
nant fruiting plant at our sites, immediately after the 
first day of netting (McDermott and Wood 2010). 
At each net lane, we placed 2 parallel transects on 
a randomly selected side: one “inner” transect 1 m 
away and one “outer” transect 25  m away from 
the net (Fig.  2; modified from Vitz and Rodewald 
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2006). At 3  m, 6  m, and 9  m along each inner 
and outer transect, we randomly chose a side and 
counted the number of unripe (green, still growing) 
and ripening and ripe (full-size) R. allegheniensis 
fruits within a 0.5-m × 0.5-m quadrat, pooling each 
quadrat for a single count of unripe fruits and full-
size fruits along each transect. Only counting ripe 
fruits, especially for rapidly ripening plants such as 
Rubus spp., does not reflect the potential availability 
of fruits to birds (Blake et al. 1990). We also iden-
tified all species within each quadrat that produce 
fleshy fruits, even if not actively fruiting. Finally, 
we estimated fruiting species richness at each mist 
net.

Fruit parasitism sampling

We sampled ripening and ripe R. allegheniensis fruits 
along each transect and monitored for emergence of 
adult, pupal, and larval SWD (20 fruits from each 
transect, when possible). We weighed fruits within 
2 h of collection and stored them, separated by tran-
sect, at room temperature (approximately 20  °C) 
under ambient light in a sealed, vented 473 mL clear 
container (Webstaurant Store, Lancaster, PA, USA). 
We checked after a minimum of 2  weeks for adult, 
larval, and pupal SWD (Walsh et al. 2011). From con-
tainers, we pooled total SWD counts and fruit sample 
masses between transects to determine the infestation 

Fig. 1   Study area used 
for surveys of forest bird 
communities and spotted 
wing Drosophila (Dros-
ophila suzukii). Twenty-one 
sites were surveyed across 
Allegheny National Forest 
(ANF; 41°40′N, 78°05′W), 
Clear Creek State Forest 
(CCSF; 41°18′ N, 79°00′ 
W) due south, and State 
Game Lands (SGL) 86 
(41°43′31’’ N, 079°21′29’’ 
W) west of the ANF along 
the Allegheny River in 
northwestern Pennsylvania
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rate of R. allegheniensis, measured as the count of 
SWD per gram of fruit at each mist net (Kenis et al. 
2016).

SWD sampling

At the beginning of each site visit, we placed traps to 
sample for SWD using traps described by Pelton et al. 
(2016). We placed one trap at the end of each “inner” 
(1 m) and “outer” (25 m) transect (Fig.  2). We sus-
pended traps approximately 1  m off the ground and 
close to vegetation to minimize exposure to direct sun 
and increase likelihood of trap capture (Diepenbrock 
and Burrack 2017). We collected the contents of each 
trap following the closing of mist nets at the end of 
the 2-day site visit and counted all adult SWD in each 
trap. We pooled counts of SWD from both traps to 
determine a single count of SWD at each mist net. 
If a trap fell or was damaged such that the contents 
were lost, we discarded the trap and saved no sample. 

To address differences in 1) number of trap samples 
at each net, and 2) number of days traps were out at 
a site due to adverse weather delaying banding by 
1–2 days, we calculated the count of adult SWD cap-
tured per trap per day for each mist net.

Vegetation sampling

To determine vegetation structure at each mist net, 
we surveyed the vegetation along each “inner” and 
“outer” transect used for fruit surveys once each year 
(Fig. 2). At 3 m, 6 m, and 9 m along each transect, 
we measured vegetation height directly (m) and esti-
mated vertical cover from 2 to 2.5  m above ground 
using a vegetation profile board (Nudds 1977). 
The proportion of the board covered by vegetation 
received a single-digit cover score (1 = 0–20% cover, 
2 = 21–40%, 3 = 41–60%, 4 = 61–80%, 5 = 81–100%). 
An observer took measurements at the transect on 
either side by facing the board perpendicular to the 
transect from 15 m away. To obtain a single value at 
each mist net that captured the variation in vegetation 
height, we calculated the coefficient of variation (CV) 
using the 6 height values measured along both tran-
sects (3 per transect). We also calculated CV values 
for vertical cover at each mist net using the 12 ordinal 
values measured (6 per transect). We also measured 
dbh of any residual trees within 25  m of the center 
of each mist net lane to calculate a residual tree basal 
area at each mist net.

Data analysis

From bird capture data, we recorded rates of indi-
vidual species captures at each mist net during each 
sampling period. Total number of observations for 
analyses was 105 mist net locations multiplied by 2 
sampling periods (n = 210). We only included birds in 
analyses the first time they were captured during each 
2-day sampling period. Birds were rarely captured 
twice during the same sampling period (40 recap-
tures out of 2671 total captures). From the list of indi-
vidual species captured, we chose 6 focal frugivore 
species and 7 focal non-frugivore species for analy-
ses. For frugivorous birds, our focal species were: 
cedar waxwing (Bombycilla cedrorum), eastern tow-
hee (Pipilo erythrophthalmus), gray catbird (Dume-
tella carolinensis), ovenbird (Seiurus aurocapilla), 
red-eyed vireo (Vireo olivaceus), and song sparrow 

Fig. 2   Transect survey design used to place spotted wing 
Drosophila (Drosophila suzukii, SWD) traps, count fruit 
resources, and measure vegetation structure at mist nets. The 
side of the mist net each transect was placed and the side of the 
transect each SWD trap was placed were randomly chosen
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(Melospiza melodia; Table 1). We chose these 6 spe-
cies as our focal frugivorous species because they 
showed the highest capture numbers and, while life 
history accounts (i.e., Birds of the World) may sug-
gest different degrees of frugivory among these spe-
cies, they have shown frequent evidence of fruit 
consumption at the ANF previously (S. H. Stoleson, 
unpublished data). For non-frugivorous birds, our 
focal species were: American redstart (Setophaga 
ruticilla), black-capped chickadee (Poecile atricapil-
lus), black-throated green warbler (Setophaga virens), 
chestnut-sided warbler (Setophaga pensylvanica), 
common yellowthroat (Geothlypis trichas), hooded 
warbler (Setophaga citrina), and magnolia warbler 
(Setophaga magnolia; Table  1). From captures of 
all individual species, we derived total captures and 
species richness at the guild level (frugivore and 
non-frugivore).

Prior to analysis, we tested for collinearity 
among predictor variables and eliminated any vari-
ables with an absolute value of a correlation coef-
ficient ≥ 0.7 (Dormann et  al. 2013). For example, 
we pooled fruit counts from each quadrat from 
each transect (1 m and 25 m from the mist net) and 
SWD trap captures from each transect at each mist 
net. Fruit counts (as used in analyses) and both 
SWD variables (trap captures and fruit infestation 
rate) were not strongly correlated; thus, we consid-
ered them sufficiently independent to be included 

in the same analyses, and any relationships of bird 
abundances to SWD trap captures or fruit infesta-
tion rates would be independent of any relationship 
to fruit availability. We chose 9 final covariates for 
analyses (Tables  2 and 3). We included date as an 
additional covariate to account for the temporal 
component to sampling and for possible phenologi-
cal shifts in bird habitat use following the breeding 
season and during migration.

To model all bird capture variables (i.e., focal 
species captures, total guild captures, guild species 
richness), we fit generalized linear mixed models 
(GLMMs) using a Bayesian approach with Markov-
chain Monte-Carlo (MCMC) parameter estimation 
techniques. Because recapture rates were too low to 
utilize mark-recapture models (14 recaptures out of 
1233 total captures in period 2), we modeled counts 
of focal species, individuals within each dietary 
guild, and species richness of each dietary guild at 
mist net i during sampling period j (all denoted yi,j) 
as Poisson random variables:

We assumed expected counts ( �i,j ) were a log-
linear function of covariates, a random point (i.e., 
mist net) effect to account for repeated observations 
at the same mist net, and a random year effect to 
account for observations made in 2019 or 2020:

yi,j ∼ Pois
(

�i,j
)

,

Table 1   Captures and dietary guild identity of focal bird species captured. Sampling periods 1 and 2 correspond approximately to 
the post-breeding and fall migration periods, respectively

Common name Scientific name Family Guild Period 1 
captures

Period 2 
captures

Cedar waxwing Bombycilla cedrorum Bombycillidae Frugivore 99 12
Eastern towhee Pipilo erythrophthalmus Passerellidae Frugivore 32 26
Gray catbird Dumetella carolinensis Mimidae Frugivore 134 80
Ovenbird Seiurus aurocapilla Parulidae Frugivore 36 35
Red-eyed vireo Vireo olivaceus Vireonidae Frugivore 124 51
Song sparrow Melospiza melodia Passerellidae Frugivore 86 19
American redstart Setophaga ruticilla Parulidae Non-frugivore 42 19
Black-capped chickadee Poecile atricapillus Paridae Non-frugivore 9 60
Black-throated green warbler Setophaga virens Parulidae Non-frugivore 22 85
Chestnut-sided warbler Setophaga pensylvanica Parulidae Non-frugivore 346 129
Common yellowthroat Geothlypis trichas Parulidae Non-frugivore 87 110
Hooded warbler Setophaga citrina Parulidae Non-frugivore 35 38
Magnolia warbler Setophaga magnolia Parulidae Non-frugivore 34 107
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Table 2   Final covariates used to model bird captures at mist 
nets. Multiple measures were pooled for a single value of each 
covariate at each mist net and checked for collinearity (r ≥ 0.7). 

All covariates were included in a global model for each bird 
variable, which were then excluded from final models using a 
stepwise removal process

Covariate 
category

Covariate name Description

Date date Ordinal date of first bird banding day of each 2-day banding session
Fruit unripe Count of unripe Allegheny blackberry (Rubus allegheniensis) fruits at each mist net
Fruit ripen.ripe Count of ripening and ripe R. allegheniensis fruits at each mist net
Fruit max.richness Maximum count (over all sampling periods) of plant species at each mist net that produce fleshy fruits
SWD swd Count of spotted wing Drosophila (Drosophila suzukii, SWD) per trap per 24 h at each mist net
SWD infest Count of adult, larval, and pupal SWD per gram of R. allegheniensis fruit at each mist net
Veg BA Residual tree basal area within 25 m of each mist net (m2)
Veg height Coefficient of variation for vegetation height measurements (m) at each mist net
Veg cover Coefficient of variation for cover score values at 2–2.5 m at each mist net

Table 3   Summary of covariate data collected at mist nets. 
Data are separated into sampling period 1 (18 Jul–22 Aug 
2019 and 20 Jul–25 Aug 2020), sampling period 2 (24 Aug–25 

Sep 2019 and 27 Aug–25 Sep 2020), and both sampling peri-
ods combined. If values at each mist net did not differ from 
sampling period 1 to 2, values are only reported for period 1

a denotes a coefficient of variation (CV)

Covariate Period 1 Period 2 Periods 1 and 2

Mean (SE) Median Range Mean (SE) Median Range Mean (SE) Median Range

Unripe Alle-
gheny black-
berry (Rubus 
allegheniensis) 
fruits

66.22 (6.88) 45 0–386 0.52 (0.14) 0 0–7 33.37 (4.12) 0.5 0–386

Ripening and 
ripe R. allegh-
eniensis fruits

40.57 (5.05) 26 0–325 2.54 (0.60) 0 0–37 21.56 (2.86) 2.5 0–325

Fruiting species 
richness

2.53 (0.11) 2 1–5

Spotted wing 
Drosophila 
(SWD) trap 
captures per 
trap per day

67.67 (9.97) 23 1–569.5 327.79 (44.47) 153 1.5–2338.5 197.73 (24.45) 61.25 1–2338.5

Infestation rates 
(SWD per gram 
of fruit)

4.04 (0.42) 3.03 0–18.89 0.67 (0.16) 0 0–7.05 2.36 (0.25) 0 0–18.89

Residual tree 
basal area (m2)

0.40 (0.05) 0.27 0–2.51

Vegetation height 
CVa

37.35 (1.55) 35.39 11.22–94.11

Vertical cover 
CVa

39.30 (1.98) 38.38 0–87.09
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where �i is the random intercept associated with mist 
net i, X is the design matrix, β is the vector of slope 
coefficients, and �k is the random error associated 
with year k. To assess the goodness-of-fit (GOF) of 
individual models, we calculated a Bayesian p value 
using the sum of squared Pearson residuals (Gel-
man et al. 2004). If a model variable failed this GOF 
test (p value less than 0.1 or greater than 0.90), we 
treated that response variable as a negative binomial 
(NB) random variable and re-ran the model using NB 
regression:

where r is the dispersion parameter, �i,j is the 
expected count, and we use moment matching to 
translate expected counts and the dispersion param-
eter into parameters into the NB success probability 
parameter pi,j (Hooten and Hobbs 2015).

To determine which covariates to conduct final 
inference on, we performed stepwise regression on 
each response variable. First, we ran a global model 
for each response variable containing all 9 covariates 
and performed the GOF test to determine which dis-
tribution to use (Poisson or NB). Second, we removed 
all covariates with a marginal posterior estimate for 
a slope coefficient (β) that had a 90% credible inter-
val (CI) overlapping 0. We ran the reduced model 
and performed the GOF test, using the same criterion 
to remove covariates. We repeated this process until 
all remaining covariates had a 90% CI that did not 
overlap 0. We conducted covariate removal and final 
inference using 90% CIs to identify potentially weak 
but ecologically meaningful effects, given our rela-
tively small sample size. We conducted all stepwise 
regression for each response variable using the same 
distribution as the global model (Poisson or NB). All 
reduced models passed the GOF test regardless of 
distribution used for the response variable.

We ran all models using software JAGS version 
4.3.0 (Plummer 2003) called from R version 4.0.3 

log
(

�i,j
)

= �i + X� + �k,

yi,j ∼ NB
(

pi,j, r
)

,

pi,j =
r

r + �i,j
,

log
(

�i,j
)

= �i + X� + �k,

(R Core Team 2021) using communicator package 
jagsUI version 1.5.2 (Kellner 2019). We drew ran-
dom intercepts ( �i ) and random errors ( �k ) from a 
Normal distribution with mean � and precision �� 
(1/variance):

We specified Normal priors for the population-level 
intercept mean ( �):

where 0 is the mean and 0.01 is the precision. We 
derived precision �� from a standard deviation with a 
uniform prior:

We assumed Normal priors for slope coefficients 
with mean 0 and precision 0.01:

For NB models, we used a uniform prior for the dis-
persion parameter, r, with a large upper bound:

We ran 3 MCMC chains for each model. We used 
traceplots to determine an appropriate burn-in for each 
model, and we ran each model for enough iterations to 
achieve convergence. We confirmed convergence of 
models by checking that the Gelman–Rubin diagnostic 
(Rhat) values for all model parameters were < 1.1 (Gel-
man et al. 2004). Burn-in lengths and number of itera-
tions necessary for convergence of all models ranged 
from 10,000 to 35,000 and 20,000 to 70,000, respec-
tively. We thinned iterations by 2 to help reduce auto-
correlation between posterior draws.

�i ∼ N
(

�, ��
)

,

�k ∼ N
(

�, ��
)

.

� ∼ N(0, 0.01),

�� =
1

�2
�

,

�� ∼ Unif(0, 10).

�covs ∼ N(0, 0.01).

r ∼ Unif(0, 50).
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Results

Bird captures

We captured 2630 birds of 80 species throughout 
the study for inclusion in guild richness and total 
abundance modeling. Of these, 951 were from 27 
species defined as frugivorous, and 1679 were from 
53 species defined as non-frugivorous. Captures 
were dominated by catbirds (Family: Mimidae, 
23%), vireos (Family: Vireonidae, 21%), sparrows 
(Family: Passerellidae, 17%), and waxwings (Fam-
ily: Bombycillidae, 12%) for frugivores, and war-
blers (Family: Parulidae, 86%) for non-frugivores 
(Tables S2 and S3). Captures of the 13 focal species 
accounted for most captures under each guild defini-
tion (Tables S2 and S3). Several of the 13 focal spe-
cies chosen for modeling showed large differences 
in captures from sampling period 1 to 2 (Table 1).

Model results

Final models for all guild-level variables (total abun-
dance and species richness) did not include SWD trap 
capture or SWD infestation rate (Table 4). Final mod-
els for 5 of 6 focal frugivore species and all non-frugi-
vore species lacked SWD trap captures, while all final 
models for frugivore species and 6 of 7 non-frugivore 
species lacked SWD infestation rate (Table 4). Only 
eastern towhee and hooded warbler relative abun-
dances were negatively correlated to SWD trap cap-
tures and infestation rates, respectively (Table 4).

Remaining frugivore species relative abundance 
was correlated to different combinations of date, fruit, 
and vegetation variables, which differed for relative 
guild abundance, guild richness, and among species 
(Table  4). As a guild, frugivore and 3 focal species 
relative abundances (cedar waxwing, red-eyed vireo, 
song sparrow) exhibited greatest relative abundances 
early in the season. Gray catbird relative abundance 

Table 4   Final regression models for bird captures by spe-
cies and guild. Each final model was created with a stepwise 
removal process of covariates from a global model containing 

all 9 covariates. Posterior estimates and 90% credible intervals 
(CIs) are given for each covariate’s slope coefficient

Response variable Distribution Covariate (Estimate [90% CI])

Frugivore guild level
Total frugivores Negative binomial date (− 0.277 [− 0.372, − 0.181])
Frugivore species richness Poisson none
Frugivore species
Cedar waxwing Poisson date (− 1.085 [− 1.334, − 0.847])
Eastern towhee Poisson swd (− 0.317 [− 0.647, − 0.028]); cover (0.383 [0.138, 0.616])
Gray catbird Poisson max.richness (0.263 [0.088, 0.441])
Ovenbird Poisson max.richness (− 0.392 [− 0.672, − 0.123])
Red-eyed vireo Negative binomial date (− 0.435 [− 0.646, − 0.225]); cover (− 0.306 [− 0.548, − 0.062])
Song sparrow Poisson date (− 0.805 [− 1.005, − 0.610]); BA (− 0.471 [− 0.747, − 0.210]); 

cover (0.350 [0.155, 0.553])
Non-frugivore guild level
Total non-frugivores Negative binomial unripe (0.109 [0.025, 0.192]); ripen. ripe (− 0.127 [− 0.220, − 0.035])
Non-frugivore species richness Poisson date (0.098 [0.042, 0.155])
Non-frugivore species
American redstart Poisson date (− 0.432 [− 0.666, − 0.195]); cover (− 0.391 [− 0.730, − 0.072])
Black-capped chickadee Poisson date (1.359 [0.917, 1.856]); unripe (0.514 [0.035, 0.991]); height 

(− 0.506 [− 0.992, − 0.048])
Black-throated green warbler Poisson date (0.809 [0.602, 1.028])
Chestnut-sided warbler Negative binomial date (− 0.638 [− 0.764, − 0.516])
Common yellowthroat Poisson cover (0.376 [0.210, 0.545])
Hooded warbler Poisson infest (− 0.376 [− 0.682, − 0.105])
Magnolia warbler Poisson date (0.677 [0.509, 0.851]); cover (− 0.274 [− 0.488, − 0.056])
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was positively correlated to fruiting species richness, 
while ovenbird was negatively correlated. Three focal 
species (eastern towhee, red-eyed vireo, and song 
sparrow) relative abundances were correlated to veg-
etation variables (Table 4). No other relationships to 
date, fruit, or vegetation variables were apparent.

Non-frugivores also showed varying relationships 
to date, fruit, and vegetation variables. Species rich-
ness and 3 focal species (black-capped chickadee, 
black-throated green warbler, and magnolia warbler) 
exhibited greatest relative abundances late in the sea-
son, while 2 species (American redstart and chestnut-
sided warbler) exhibited greatest relative abundance 
early in the season. Total non-frugivore captures were 
correlated to fruit counts, as was one focal species 
(black-capped chickadee). Four species (American 
redstart, black-capped chickadee, common yellow-
throat, and magnolia warbler) responded to vegeta-
tion variables (Table  4). No other relationships to 
date, fruit, or vegetation variables were apparent.

Discussion

Of our guilds and 14 individual species abundances, 
2 species showed strong, correlative relationships to 
SWD and not uniformly in the ways we predicted. 
Relative abundance of eastern towhee, a frugivore, 
correlated negatively to SWD trap captures but not 
parasitism of R. allegheniensis fruits. Hooded war-
bler, a non-frugivore, correlated negatively with infes-
tation rates of R. allegheniensis fruits but not SWD 
trap captures, despite a diet primarily comprised of 
invertebrates (Chiver et  al. 2020). These relation-
ships are of heightened importance, as both species 
are listed in Pennsylvania’s 2015–2025 State Wildlife 
Action Plan (SWAP; PGC-PFBS 2015). We did not 
investigate the ecological mechanisms by which these 
species correlated to SWD, but these relationships 
persisted throughout our models.

Different mechanisms may be at work on east-
ern towhee and hooded warbler. Adult SWD visibly 
swarmed in dense undergrowth of plants where birds 
foraged for fruits, (D. P. Roche, personal observation), 
a previously nonexistent phenomenon at the ANF 
(S. H. Stoleson, personal observation). Parasitism 
by SWD increases fruit drop from the parent plant 
(Walsh et al. 2011) and SWD will exploit fruit on the 
ground (Bal et al. 2017). As a ground forager, eastern 

towhee would have disrupted SWD while leaf-tossing 
in search of food (Greenlaw 2020). Resulting swarms 
of SWD could have multiple effects on eastern tow-
hee: annoy and deter birds by covering their eyes and 
heads while foraging on the ground (Forster 1979) 
or make fruits undesirable for consumption by cov-
ering them on the plant or among leaf litter where 
towhee forage. Meanwhile, hooded warbler may have 
been linked to declines of arthropod food resources 
in response to invasion by SWD (Adkins and Rieske 
2013; Jennings et  al. 2017). Invertebrates occur in 
greater abundances in early successional habitat com-
pared to mature forest (Keller et al. 2003) and are an 
important food source for birds after the breeding 
season (Tietz and Johnson 2007; Diggs et al. 2011), 
affecting abundances (Buler et  al. 2007; McDermott 
and Wood 2010). We did not assess fruit drop under 
R. allegheniensis plants, but any loss of fruits from 
plants may have reduced frugivorous and predatory 
foliage-dwelling arthropods (Sallabanks and Court-
ney 1992). Indeed, hooded warbler associate posi-
tively with invertebrate communities and, as a foli-
age-gleaning forager (Chiver et  al. 2020), would be 
expected to decline in this scenario (McDermott and 
Wood 2010; Streby et  al. 2011). Initial research has 
identified differences in invertebrate community com-
position in areas invaded by SWD (Bühlmann and 
Gossner 2022). Investigation into the direct and indi-
rect impacts of SWD on invertebrate prey communi-
ties and why other species did not respond similarly 
to eastern towhee and hooded warbler is warranted.

Other than these two species, the songbird com-
munity in our regenerating timber harvests—as we 
defined frugivorous and non-frugivorous guilds, and 
the individual species within these guilds—showed 
no relationships to SWD. Despite this, it is clear SWD 
is present in large numbers and extensively parasitizes 
fruits of R. allegheniensis, one of the most common 
fruiting species and one of high value to vertebrate 
consumers (Martin et al. 1951). However, other vari-
ables were more important for predicting abundances 
of songbirds, notably cover and date (Table 4). Veg-
etation structure is often the most important habitat 
feature for predicting bird abundances following the 
breeding season (Vitz and Rodewald 2007; McDer-
mott and Wood 2010). Our observed temporal rela-
tionships to date and large differences in captures of 
focal species between sampling rounds 1 and 2 reflect 
phenological patterns for many species in the region: 
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early migrants and timber harvest breeders declined, 
while later migrants and mature forest breeders accu-
mulated over time. This suggests migration timing 
was the primary factor predicting most abundances. 
Many birds use a time-minimization strategy to 
reach overwintering grounds as quickly as possible 
(Hedenström 2008). Our lack of many recaptures sug-
gests birds were using our sites for short amounts of 
time, which could have been insufficient to develop 
responses to SWD. As such, it may be more impor-
tant to investigate year-round residents rather than 
migratory species.

Our results demonstrate an apparent resilience of 
the bird community to SWD. Invasive species can 
enter an existing ecosystem with little to no nega-
tive outcomes for that system (Sax et  al. 2002). In 
this case, the next step is determining mechanistically 
how this community is resilient against SWD activ-
ity. Because we did not investigate fruit consumption 
or foraging by birds at our study sites, there is a need 
for direct observations of whether birds consume 
SWD-infested fruits. Parasitism does not guarantee 
fruit rejection by vertebrate consumers (Piper 1986; 
Valburg 1992a, b). Even if fruit parasitism by SWD 
reduces likelihood of fruit consumption, limitations in 
some food sources are often insufficient to alter habi-
tat use (Alatalo 1980; Martin 1987). Birds are highly 
flexible in their diets, utilizing both fruit and non-fruit 
resources and altering foraging behaviors to meet 
energetic needs of migration (Loria and Moore 1990; 
Aamidor et  al. 2011; McKinnon et  al. 2017). Our 
observed lack of relationships to SWD may reflect 
plasticity of our birds to procure food resources, even 
if SWD altered fruit resources in regenerating timber 
harvests. This complements the relationships to date 
if plasticity allowed birds to reduce search time for 
suitable sites and utilize sites with different levels of 
resources, assuming foods were in enough supply to 
acquire necessary energy (Champlin et al. 2009).

However, presence alone does not always indicate 
habitat quality (Van Horne 1983). A lack of relation-
ships of bird abundances to SWD could mask other 
possible responses to SWD. For example, multiple 
mechanisms—loss of fruit resources, direct consump-
tion of SWD, indirect consumption through para-
sitized fruit, or alterations to invertebrate communi-
ties—may not affect abundances but instead reduce or 
provide new sources of nutrition (Piper 1986; Drew 
1988), influencing energy expenditure while foraging, 

body condition, and ultimately migration success. 
Indirect techniques of diet analysis (e.g., metabarcod-
ing) may help to elucidate this question of whether 
birds are consuming SWD.

Implementing studies of ecological consequences 
of SWD in natural systems will be challenging, espe-
cially those aimed at monitoring wildlife communi-
ties. Because SWD has been present in most of North 
America for a decade and is capable of rapid disper-
sal (Rota-Stabelli et  al. 2013), locating uninvaded 
areas may be impossible without artificial exclusion. 
Comparing habitats across larger spatial extents will 
introduce more confounding factors. If monitoring in 
ecosystems has been ongoing, a temporally compara-
tive study pre- and post-invasion may be possible. If 
wildlife are still developing responses to SWD due to 
the relatively recent introduction of SWD to the east-
ern United States (Watts et al. 2020), continued moni-
toring of SWD activity and wildlife communities now 
may provide opportunities to track responses to SWD 
invasion before more dramatic alterations to ecosys-
tems occur. Internationally, SWD is still expanding its 
invaded range (Bieńkowski and Orlova-Bienkowskaja 
2020; Kwadha et  al. 2021). Opportunities exist out-
side the U.S. to study impacts of invasion of SWD on 
native wildlife and a variety of processes in ecosys-
tems worldwide (Roche et al. 2021).

Acknowledgements  We thank the editor and two anonymous 
reviewers for comments that helped improve the quality of this 
manuscript. We thank K. Geissler, E. Rosales, C. Beck, J. Elias, 
P. Caylor, B. Jett, and many volunteers for assistance and data 
collection in the field and lab. We thank L. Swoger and Penn-
sylvania Department of Conservation and Natural Resources 
(DCNR) for field site access. We thank R. Turcotte and A. 
Hille at U.S. Forest Service (USFS) and T. Tomon at DCNR 
for logistical support, guidance, and advocacy. We thank the 
Allegheny Forest Health Cooperative and Pennsylvania Game 
Commission for offers of logistical support, including access 
to field sites. This project was supported by the National Insti-
tute of Food and Agriculture, McIntire-Stennis through West 
Virginia University, accession #1011563, and the U.S. Forest 
Service Emerging Pest Program #19-CA-11420000-100.

Author contributions  All authors contributed to the study 
conception and design. Material preparation, data collection 
and analysis were performed by Daniel Roche, Scott Stoleson, 
Christopher Rota, and Christopher Lituma. The first draft of 
the manuscript was written by Daniel Roche and Christopher 
Lituma and all authors commented on previous versions of the 
manuscript. All authors read and approved the final manuscript.

Funding  This project was supported by the National Insti-
tute of Food and Agriculture, McIntire-Stennis through West 



	 D. P. Roche et al.

1 3
Vol:. (1234567890)

Virginia University, accession (#1011563), and the U.S. Forest 
Service Emerging Pest Program (#19-CA-11420000-100).

Data availability  All data used in this study are available 
from the corresponding author on reasonable request.

Code availability  All code used in this study are available 
from the corresponding author on reasonable request.

Declarations 

Conflict of interests  The authors have no relevant financial or 
non-financial interests to disclose.

Ethical approval  Capture and handling of birds described in 
this study was approved by the West Virginia University Animal 
Care and Use Committee under protocol 1904023217.

Consent to participate  All authors expressed their consent to 
participate in the paper.

Consent for publication  All authors agree with the paper 
contents and with its publication in Biological Invasions.

References

Aamidor SE, Bauchinger U, Mizrahy O, McWilliams SR, 
Pinshow B (2011) During stopover, migrating black-
caps adjust behavior and intake of food depending on 
the content of protein in their diets. Integr Comp Biol 
51:385–393. https://​doi.​org/​10.​1093/​icb/​icr054

Adkins JK, Rieske LK (2013) Loss of a foundation for-
est species due to an exotic invader impacts terrestrial 
arthropod communities. For Ecol Manage 295:126–135. 
https://​doi.​org/​10.​1016/j.​foreco.​2013.​01.​012

Alatalo RV (1980) Seasonal dynamics of resource partition-
ing among foliage-gleaning passerines in northern Fin-
land. Oecologia 45:190–196. https://​doi.​org/​10.​1007/​
BF003​46459

Bakken AJ, Schoof SC, Bickerton M et al (2015) Occurrence 
of brown marmorated stink bug (Hemiptera: Pentato-
midae) on wild hosts in nonmanaged woodlands and 
soybean fields in North Carolina and Virginia. Environ 
Entomol 44:1011–1021. https://​doi.​org/​10.​1093/​ee/​
nvv092

Bal HK, Adams C, Grieshop M (2017) Evaluation of off-sea-
son potential breeding sources for spotted wing drosoph-
ila (Drosophila suzukii Matsumura) in Michigan. J Econ 
Entomol 110:2466–2470. https://​doi.​org/​10.​1093/​jee/​
tox252

Barber NA, Marquis RJ, Tori WP (2008) Invasive prey impacts 
the abundance and distribution of native predators. Ecol-
ogy 89:2678–2683. https://​doi.​org/​10.​1890/​08-​0395.1

Bieńkowski AO, Orlova-Bienkowskaja MJ (2020) Invasive 
agricultural pest Drosophila suzukii (Diptera, Drosophi-
lidae) appeared in the Russian Caucasus. Insects 11:826. 
https://​doi.​org/​10.​3390/​insec​ts111​10826

Blake JG, Moermond T, Levey DJ (1990) Quantifying abun-
dance of fruits for birds in tropical habitats. Stud Avian 
Biol 13:73–79

Blem CR (1980) The energetics of migration. In: Gauthreaux 
SA Jr (ed) Animal migration, orientation, and navigation. 
Academic Press, New York, pp 175–224. https://​doi.​org/​
10.​1016/​B978-0-​08-​091833-​4.​50008-0

Bühlmann I, Gossner MM (2022) Invasive Drosophila suzukii 
outnumbers native controphics and causes substantial 
damage to fruits of forest plants. NeoBiota 77:39–77. 
https://​doi.​org/​10.​3897/​neobi​ota.​77.​87319

Buler JJ, Moore FR, Woltmann S (2007) A multi-scale exami-
nation of stopover habitat use by birds. Ecology 88:1789–
1802. https://​doi.​org/​10.​1890/​06-​1871.1

Champlin TB, Kilgo JC, Moorman CE (2009) Food abundance 
does not determine bird use of early-successional habitat. 
Ecology 90:1586–1594. https://​doi.​org/​10.​1890/​08-​1190.1

Chiver I, Evans Ogden LJ, Stutchbury BJ (2020) Hooded 
warbler (Setophaga citrina), version 1.0. In: Rodewald 
PG (ed) Birds of the world. Cornell Lab of Ornithology, 
Ithaca. https://​doi.​org/​10.​2173/​bow.​hoowar.​01. Accessed 
04 Dec 2021

Cyr NE, Wikelski M, Romero LM (2008) Increased energy 
expenditure but decreased stress responsiveness during 
moult. Physiol Biochem Zool 81:452–462. https://​doi.​org/​
10.​1086/​589547

Diepenbrock LM, Burrack HJ (2017) Variation of within-crop 
microhabitat use by Drosophila suzukii (Diptera: Droso-
philidae) in blackberry. J Appl Entomol 141:1–7. https://​
doi.​org/​10.​1111/​jen.​12335

Diggs NE, Marra PP, Cooper RJ (2011) Resource limitation 
drives patterns of habitat occupancy during the nonbreed-
ing season for an omnivorous songbird. Condor 113:646–
654. https://​doi.​org/​10.​1525/​cond.​2011.​090201

Dormann CF, Elith J, Bacher S et  al (2013) Collinearity: a 
review of methods to deal with it and a simulation study 
evaluating their performance. Ecography 36:027–046. 
https://​doi.​org/​10.​1111/j.​1600-​0587.​2012.​07348.x

Drew RAI (1988) Amino acid increases in fruit infested by 
fruit flies of the family Tephritidae. Zool J Linn Soc 
93:107–112. https://​doi.​org/​10.​1111/j.​1096-​3642.​1988.​
tb015​29.x

Dunn EH, Ralph CJ (2004) Use of mist nets as a tool for bird 
population monitoring. Stud Avian Biol 29:1–6

Forster GH (1979) Birds and insect swarms. Br Birds 
72:392–392

Gelman A, Carlin JB, Stern HS, Rubin DB (2004) Bayesian 
data analysis, 2nd edn. Chapman and Hall CRC, New 
York. https://​doi.​org/​10.​1201/​97804​29258​480

Greenlaw, JS (2020) Eastern towhee (Pipilo erythrophthal-
mus), version 1.0. In: Rodewald PG (ed) Birds of the 
world. Cornell Lab of Ornithology, Ithaca. https://​doi.​org/​
10.​2173/​bow.​eastow.​01. Accessed 01 Jan 2023

Grosholz ED, Levin LA, Tyler AC, Niera C (2009) Changes 
in community structure and ecosystem function follow-
ing Spartina alterniflora invasion of Pacific estuaries. In: 
Silliman BR, Bertness MD, Grosholz ED (eds) Human 
impacts on salt marshes: a global perspective. University 
of California Press, Berkeley, pp 23–40

Hedenström A (2008) Adaptations to migration in birds: 
behavioural strategies, morphology and scaling effects. 

https://doi.org/10.1093/icb/icr054
https://doi.org/10.1016/j.foreco.2013.01.012
https://doi.org/10.1007/BF00346459
https://doi.org/10.1007/BF00346459
https://doi.org/10.1093/ee/nvv092
https://doi.org/10.1093/ee/nvv092
https://doi.org/10.1093/jee/tox252
https://doi.org/10.1093/jee/tox252
https://doi.org/10.1890/08-0395.1
https://doi.org/10.3390/insects11110826
https://doi.org/10.1016/B978-0-08-091833-4.50008-0
https://doi.org/10.1016/B978-0-08-091833-4.50008-0
https://doi.org/10.3897/neobiota.77.87319
https://doi.org/10.1890/06-1871.1
https://doi.org/10.1890/08-1190.1
https://doi.org/10.2173/bow.hoowar.01
https://doi.org/10.1086/589547
https://doi.org/10.1086/589547
https://doi.org/10.1111/jen.12335
https://doi.org/10.1111/jen.12335
https://doi.org/10.1525/cond.2011.090201
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.1096-3642.1988.tb01529.x
https://doi.org/10.1111/j.1096-3642.1988.tb01529.x
https://doi.org/10.1201/9780429258480
https://doi.org/10.2173/bow.eastow.01
https://doi.org/10.2173/bow.eastow.01


Fruit parasitism and abundance of a non‑native insect pest affects abundances of some songbirds﻿	

1 3
Vol.: (0123456789)

Philos Trans R Soc Lond B Biol Sci 363:287–299. 
https://​doi.​org/​10.​1098/​rstb.​2007.​2140

Hooten MB, Hobbs NT (2015) A guide to Bayesian model 
selection for ecologists. Ecol Monogr 85:3–28. https://​
doi.​org/​10.​1890/​14-​0661.1

Jennings DE, Duan JJ, Bean D, Rice KA, Williams GL, Bell 
SK, Shurtleff AS, Shrewsbury PM (2017) Effects of the 
emerald ash borer invasion on the community composi-
tion of arthropods associated with ash tree boles in Mar-
yland, USA. Agric for Entomol 19:122–129. https://​doi.​
org/​10.​1111/​afe.​12186

Karr JR (1981) Surveying birds with mist nets. Stud Avian 
Biol 6:62–67

Keller JK, Richmond ME, Smith CR (2003) An explanation 
of patterns of breeding bird species richness and den-
sity following clearcutting in northeastern USA forests. 
For Ecol Manag 174:541–564. https://​doi.​org/​10.​1016/​
S0378-​1127(02)​00074-9

Kellner K (2019) jagsUI: a wrapper around “rjags” to 
streamline “JAGS” analyses (R package version 1.5.1). 
https://​cran.​case.​edu/​web/​packa​ges/​jagsUI/​jagsUI.​pdf. 
Accessed 10 Jan 2021

Kenis M, Auger-Rozenberg MA, Roques A, Timms L, Péré 
C, Cock MJW, Settele J, Augustin S, Lopez-Vaamonde 
C (2009) Ecological effects of invasive alien insects. 
Biol Invasions 11:21–45. https://​doi.​org/​10.​1007/​
s10530-​008-​9318-y

Kenis M, Tonina L, Eschen R, van der Sluis B, Sancassani 
M, Mori N, Haye T, Helsen H (2016) Non-crop plants 
used as hosts by Drosophila suzukii in Europe. J Pest Sci 
89:735–748. https://​doi.​org/​10.​1007/​s10340-​016-​0755-6

Kwadha CA, Okwaro LA, Kleman I et  al (2021) Detection 
of the spotted wing drosophila, Drosophila suzukii, in 
continental sub-Saharan Africa. J Pest Sci 94:251–259. 
https://​doi.​org/​10.​1007/​s10340-​021-​01330-1

Loria DE, Moore FR (1990) Energy demands of migration on 
red-eyed vireos, Vireo olivaceus. Behav Ecol 1:24–35. 
https://​doi.​org/​10.​1093/​beheco/​1.1.​24

Maistrello L, Vaccari G, Caruso S et al (2017) Monitoring of 
the invasive Halyomorpha halys, a new key pest of fruit 
orchards in northern Italy. J Pest Sci 90:1231–1244. 
https://​doi.​org/​10.​1007/​s10340-​017-​0896-2

Major M, Desrochers A (2012) Avian use of early-successional 
boreal forests in the postbreeding period. Auk 129:419–
426. https://​doi.​org/​10.​1525/​auk.​2012.​11184

Manzur MI, Courtney SP (1984) Influence of insect damage 
in fruits of hawthorn on bird foraging and seed dispersal. 
Oikos 43:265–270. https://​doi.​org/​10.​2307/​35441​42

Martin T (1987) Food as a limit on breeding birds: a life-his-
tory perspective. Annu Rev Ecol Syst 18:453–487. https://​
doi.​org/​10.​1146/​annur​ev.​es.​18.​110187.​002321

Martin AC, Zim HS, Nelson AL (1951) American wildlife and 
plants: a guide to wildlife food habits. Courier Corpora-
tion, Dover, New York

McDermott ME, Wood PB (2010) Influence of cover and food 
resource variation on post-breeding bird use of timber 
harvests with residual canopy trees. Wilson J Ornithol 
122:545–555. https://​doi.​org/​10.​1676/​09-​050.1

McKinnon EA, Kurt Kyser T, Stutchbury BJM (2017) Does the 
proportion of arthropods versus fruit in the diet influence 

overwintering condition of an omnivorous songbird? J F 
Ornithol 88:65–79. https://​doi.​org/​10.​1111/​jofo.​12187

Mitsui H, Takahashi KH, Kimura MT (2006) Spatial distribu-
tions and clutch sizes of Drosophila species ovipositing 
on cherry fruits of different stages. Popul Ecol 48:233–
237. https://​doi.​org/​10.​1007/​s10144-​006-​0260-5

Moschos T (2006) Yield loss quantification and economic 
injury level estimation for the carpophagous generations 
of the European grapevine moth Lobesia botrana Den. 
et Schiff. (Lepidoptera: Tortricidae). Int J Pest Manag 
52:141–147. https://​doi.​org/​10.​1080/​09670​87060​06391​79

Nudds TD (1977) Quantifying the vegetative structure of wild-
life cover. Wildl Soc Bull 5:113–117

Pagen RW, Thompson FR III, Burhans DE (2000) Breeding 
and post-breeding habitat use by forest migrant songbirds 
in the Missouri Ozarks. Condor 102:738–747. https://​doi.​
org/​10.​2307/​13703​01

Parrish JD (1997) Patterns of frugivory and energetic condition 
in Nearctic landbirds during autumn migration. Condor 
99:681–697. https://​doi.​org/​10.​2307/​13704​80

Pelton E, Gratton C, Isaacs R, Van Timmeren S, Blanton A, 
Guédot C (2016) Earlier activity of Drosophila suzukii in 
high woodland landscapes but relative abundance is unaf-
fected. J Pest Sci 89:725–733. https://​doi.​org/​10.​1007/​
s10340-​016-​0733-z

PGC-PFBS (Pennsylvania Game Commission and Pennsylva-
nia Fish & Boat Commission) (2015) Pennsylvania Wild-
life Action Plan 2015–2025, Species of Greatest Conser-
vation Need Species Accounts, Appendix  1.4A-Birds. 
Harrisburg. https://​www.​pgc.​pa.​gov/​Wildl​ife/​Wildl​ifeAc​
tionP​lan/​Pages/​defau​lt.​aspx. Accessed 12 Feb 2019

Piper JK (1986) Seasonality of fruit characters and seed 
removal by birds. Oikos 46:303–310. https://​doi.​org/​10.​
2307/​35658​27

Plummer M (2003) JAGS: a program for analysis of Bayesian 
graphical models using Gibbs Sampling. In: Proceedings 
of the 3rd international workshop on distributed statistical 
computing. 124: 1–10

R Core Team (2021) R: a language and environment for statis-
tical computing. R Foundation for Statistical Computing, 
Vienna

Ralph CJ, Dunn EH, Peach WJ, Handel CM (2004) Recom-
mendations for the use of mist nets for inventory and mon-
itoring of bird populations. Stud Avian Biol 29:187–196

Roche DP, Stoleson SH, Lituma CM (2021) Invasion of eastern 
deciduous forests by the spotted wing Drosophila: impacts 
and knowledge gaps. Wildl Soc Bull 45:711–718. https://​
doi.​org/​10.​1002/​wsb.​1234

Rodriguez-Saona CR, Polk D, Oudemans PV, Holdcraft R, 
Zaman FU, Isaacs R, Cariveau DP (2018) Landscape fea-
tures determining the occurrence of Rhagoletis mendax 
(Diptera: Tephritidae) flies in blueberries. Agric Ecosyst 
Environ 258:113–120. https://​doi.​org/​10.​1016/j.​agee.​
2018.​02.​001

Roemer GW, Donlan CJ, Courchamp F (2002) Golden eagles, 
feral pigs, and insular carnivores: how exotic species 
turn native predators into prey. Proc Natl Acad Sci USA 
99:791–796. https://​doi.​org/​10.​1073/​pnas.​01242​2499

Rota-Stabelli O, Blaxter M, Anfora G (2013) Drosophila 
suzukii. Curr Biol 23:R8–R9. https://​doi.​org/​10.​1016/j.​
cub.​2012.​11.​021

https://doi.org/10.1098/rstb.2007.2140
https://doi.org/10.1890/14-0661.1
https://doi.org/10.1890/14-0661.1
https://doi.org/10.1111/afe.12186
https://doi.org/10.1111/afe.12186
https://doi.org/10.1016/S0378-1127(02)00074-9
https://doi.org/10.1016/S0378-1127(02)00074-9
https://cran.case.edu/web/packages/jagsUI/jagsUI.pdf
https://doi.org/10.1007/s10530-008-9318-y
https://doi.org/10.1007/s10530-008-9318-y
https://doi.org/10.1007/s10340-016-0755-6
https://doi.org/10.1007/s10340-021-01330-1
https://doi.org/10.1093/beheco/1.1.24
https://doi.org/10.1007/s10340-017-0896-2
https://doi.org/10.1525/auk.2012.11184
https://doi.org/10.2307/3544142
https://doi.org/10.1146/annurev.es.18.110187.002321
https://doi.org/10.1146/annurev.es.18.110187.002321
https://doi.org/10.1676/09-050.1
https://doi.org/10.1111/jofo.12187
https://doi.org/10.1007/s10144-006-0260-5
https://doi.org/10.1080/09670870600639179
https://doi.org/10.2307/1370301
https://doi.org/10.2307/1370301
https://doi.org/10.2307/1370480
https://doi.org/10.1007/s10340-016-0733-z
https://doi.org/10.1007/s10340-016-0733-z
https://www.pgc.pa.gov/Wildlife/WildlifeActionPlan/Pages/default.aspx
https://www.pgc.pa.gov/Wildlife/WildlifeActionPlan/Pages/default.aspx
https://doi.org/10.2307/3565827
https://doi.org/10.2307/3565827
https://doi.org/10.1002/wsb.1234
https://doi.org/10.1002/wsb.1234
https://doi.org/10.1016/j.agee.2018.02.001
https://doi.org/10.1016/j.agee.2018.02.001
https://doi.org/10.1073/pnas.012422499
https://doi.org/10.1016/j.cub.2012.11.021
https://doi.org/10.1016/j.cub.2012.11.021


	 D. P. Roche et al.

1 3
Vol:. (1234567890)

Sallabanks R, Courtney SP (1992) Frugivory, seed preda-
tion, and insect-vertebrate interactions. Annu Rev Ento-
mol 37:377–400. https://​doi.​org/​10.​1146/​annur​ev.​en.​37.​
010192.​002113

Sax DF, Gaines SD, Brown JH (2002) Species invasions 
exceed extinctions on islands worldwide: a comparative 
study of plants and birds. Am Nat 160:766–783. https://​
doi.​org/​10.​1086/​343877

Stoleson SH (2013) Condition varies with habitat choice in 
postbreeding forest birds. The Auk 130:417–428. https://​
doi.​org/​10.​1525/​auk.​2013.​12214

Streby HM, Peterson SM, Andersen DE (2011) Invertebrate 
availability and vegetation characteristics explain use of 
nonnesting cover types by mature-forest songbirds during 
the postfledging period. J F Ornithol 82:406–414. https://​
doi.​org/​10.​1111/j.​1557-​9263.​2011.​00343.x

Thompson JN, Willson MF (1979) Evolution of temperate 
fruit/bird interactions: phenological strategies. Evolution 
33:973–982. https://​doi.​org/​10.​2307/​24076​60

Tietz JR, Johnson MD (2007) Stopover ecology and habi-
tat selection of juvenile Swainson’s thrushes during fall 
migration along the northern California coast. Condor 
109:795–807. https://​doi.​org/​10.​1093/​condor/​109.4.​795

Turcotte RM, Larcenaire C, Long R, Martin DKH, Barringer L 
(2018) The spotted wing Drosophila, Drosophila suzukii 
(Diptera: Drosophilidae): a new pest of concern for black 
cherry, Prunus serotina, on the High Allegheny Plateau 
in Pennsylvania. Entomol News 127:390–399. https://​doi.​
org/​10.​3157/​021.​127.​0412

US Forest Service (2007) Allegheny National Forest record 
of decision for final environmental impact statement and 
the land and resource management plan. Warren. https://​
www.​fs.​usda.​gov/​Inter​net/​FSE_​DOCUM​ENTS/​stelp​
rdb50​44088.​pdf? Accessed 09 Mar 2019

US Forest Service (2019) Allegheny National Forest GIS data-
sets. https://​www.​fs.​usda.​gov/​main/​alleg​heny/​landm​anage​
ment/​gis. Accessed 30 Apr 2020

Valburg LK (1992a) Eating infested fruits: interactions in a 
plant-disperser-pest triad. Oikos 65:25–28. https://​doi.​org/​
10.​2307/​35448​83

Valburg LK (1992b) Feeding preferences of common bush-
tanagers for insect-infested fruits: avoidance or attraction? 
Oikos 65:29–33. https://​doi.​org/​10.​2307/​35448​84

Van Horne B (1983) Density as a misleading indicator of habi-
tat quality. J Wildl Manag 47:893–901. https://​doi.​org/​10.​
2307/​38081​48

Vitz AC, Rodewald AD (2006) Can regenerating clearcuts 
benefit mature-forest songbirds? An examination of post-
breeding ecology. Biol Conserv 127:477–486. https://​doi.​
org/​10.​1016/j.​biocon.​2005.​09.​011

Vitz AC, Rodewald AD (2007) Vegetative and fruit resources 
as determinants of habitat use by mature-forest birds 
during the postbreeding period. The Auk 124:494–507. 
https://​doi.​org/​10.​1093/​auk/​124.2.​494

Walsh DB, Bolda MP, Goodhue RE, Dreves AJ, Lee J, Bruck 
DJ, Walton VM, O’Neal SD, Zalom FG (2011) Drosoph-
ila suzukii (Diptera: Drosophilidae): invasive pest of rip-
ening soft fruit expanding its geographic range and dam-
age potential. J Integr Pest Manag 2:G1–G7. https://​doi.​
org/​10.​1603/​IPM10​010

Watts K, Whytock RC, Park KJ, Fuentes-Montemayor E, 
Macgregor NA, Duffield S, McGowan PJK (2020) Eco-
logical time lags and the journey towards conservation 
success. Nat Ecol Evol 4:304–311. https://​doi.​org/​10.​
1038/​s41559-​019-​1087-8

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing 
agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement 
and applicable law.

https://doi.org/10.1146/annurev.en.37.010192.002113
https://doi.org/10.1146/annurev.en.37.010192.002113
https://doi.org/10.1086/343877
https://doi.org/10.1086/343877
https://doi.org/10.1525/auk.2013.12214
https://doi.org/10.1525/auk.2013.12214
https://doi.org/10.1111/j.1557-9263.2011.00343.x
https://doi.org/10.1111/j.1557-9263.2011.00343.x
https://doi.org/10.2307/2407660
https://doi.org/10.1093/condor/109.4.795
https://doi.org/10.3157/021.127.0412
https://doi.org/10.3157/021.127.0412
https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb5044088.pdf
https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb5044088.pdf
https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb5044088.pdf
https://www.fs.usda.gov/main/allegheny/landmanagement/gis
https://www.fs.usda.gov/main/allegheny/landmanagement/gis
https://doi.org/10.2307/3544883
https://doi.org/10.2307/3544883
https://doi.org/10.2307/3544884
https://doi.org/10.2307/3808148
https://doi.org/10.2307/3808148
https://doi.org/10.1016/j.biocon.2005.09.011
https://doi.org/10.1016/j.biocon.2005.09.011
https://doi.org/10.1093/auk/124.2.494
https://doi.org/10.1603/IPM10010
https://doi.org/10.1603/IPM10010
https://doi.org/10.1038/s41559-019-1087-8
https://doi.org/10.1038/s41559-019-1087-8

	Fruit parasitism and abundance of a non-native insect pest affects abundances of some songbirds
	Abstract 
	Introduction
	Methods
	Study area
	Study design
	Avian sampling
	Fruit sampling
	Fruit parasitism sampling
	SWD sampling
	Vegetation sampling
	Data analysis

	Results
	Bird captures
	Model results

	Discussion
	Acknowledgements 
	References


