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Abstract

Aims
Species interactions regulate the invasiveness of non-native species 
and as declines of native tree species escalate, exotic tree species 
that offer supplementary resources to animal seed-dispersers should 
expand their distributions as they fill ecological roles. Our primary 
objective was to forecast impacts from an imminent biological 
invasion (laurel wilt disease) by quantifying resources provided by 
native (threatened) and exotic fruits (disease-resistant) and associ-
ated bird foraging preferences.

Methods
In the southeastern USA, we tested for redundancy among the 
resources provided by native and exotic fruits to overwinter-
ing birds. Comparisons between abundant subcanopy species 
Persea borbonia (native) and Cinnamomum camphora (exotic) 
were paramount considering the widespread disease-induced 
decline of P. borbonia, and the biological and phylogenetic simi-
larities between these species. Across two winter survey periods, 
we quantified fruit removal and documented bird species using 
motion-activated cameras in the field. Physical and chemical fruit 
characteristics were also quantified.

Important Findings
Foraging bouts on both P. borbonia and C. camphora fruits were docu-
mented for four native bird species. There was no difference in selec-
tivity between fruit types during Year 1 of our survey, but there was 
a significant preference for C. camphora fruit in Year 2; the change 
in preference was correlated with significantly lower temperatures 
in Year 2. While the pulp/seed ratio and moisture content differed, 
the nutritional content of fruit pulp (g/100 g) was similar between fruit 
types. Given the apparent redundancy among these native and exotic 
fruit resources, we forecast increases in the consumption and disper-
sal of exotic propagules following the widespread laurel wilt disease-
induced decline of P. borbonia and other native fruit bearing members 
of Lauraceae. This empirically based prediction is among the first to 
document exotic forest pathogens as indirect threats to native bird–
plant interactions and potential facilitators of exotic plant invasion.
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INTRODUCTION
There are numerous examples of how exotic forest pests and 
pathogens have reduced the dominance of native tree spe-
cies and changed the composition of forested habitats; dra-
matic declines of the American chestnut, American elm and 
American beech are well documented (e.g. Anagnostakis 
1987; Dunn 1986; Houston et al. 1979). However, much less 
attention has been paid to higher trophic levels and the con-
sequences mediated by the disruption of plant–animal inter-
actions (Ellison et al. 2005; reviewed by Chupp and Battaglia 
2014; Chupp et al. 2015; Lovett et al. 2006). Declines of herbi-
vores, frugivores, and pollinators that depend on the resources 
provided by host tree species are a great concern. Disruptions 

of native plant–animal mutualisms can lead to coextinctions 
of native species and also create opportunities for exotic spe-
cies to form beneficial relationships with indigenous species 
(Aslan et al. 2013; Gandhi and Herms 2010).

The importance of bird–plant mutualisms is widely recog-
nized as the dispersal of plant propagules and the expansion 
of their distributions can depend entirely on their ability to 
attract frugivorous birds (reviewed by Richardson et al. 2000). 
Nearly 30% of invasive plants produce showy fruits (black, 
blue, or red) with propagules that are primarily bird-dispersed 
(Cronk and Fuller 1995; Richardson et al. 2000). Fruit pref-
erences of birds are tied to increased nutritional rewards 
(Schaefer et  al. 2003), dietary antioxidants (Schaefer et  al. 
2008) and fewer secondary compounds (Cipollini and Levey 
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1997). Recent evidence suggests that birds also prefer fruits 
rich in anthocyanins and polyphenols (antioxidants) during 
periods of oxidative stress (e.g. migration) (Bolser et al. 2013). 
In addition, birds preferentially forage on fruits according to 
sizes that are compatible with bill size and gape to facilitate 
shorter handling times; smaller fruits/seeds are consumed by 
a greater number of species (Jordano 1995).

Beyond the physical and chemical characteristics of fruits, 
birds may select their mutualistic partners in accordance with 
environmental parameters. Fruit removal is often correlated 
with the size of fruit crops and the identity and density of 
nearby fruit-bearing species (e.g. Carlo et  al. 2007; Murray 
1987; Ortiz-Pulido et  al. 2007; Prasad and Sukumar 2010; 
Sargent 1990; Smith and McWilliams 2014). For example 
consumption of exotic plant fruits is relatively low in areas 
where bird-dispersed native plants are also abundant and 
have similar fruit characteristics (physical and chemical) and 
fruiting phenology as those exotic plants (Smith et al. 2013). 
In these situations, exotic species may fail to become invasive 
despite an abundance of fruit-consuming birds (Debussche 
and Isenmann 1990). However, when native and exotic fruits 
represent substitutable resources (Whelan et  al. 1998), bio-
logical invasions that reduce the abundance of native fruits 
should encourage birds to subsidize more of their diet with 
exotic fruits. Knowledge of the resources provided by exotic 
and native fruits is vital for predicting shifts in bird prefer-
ences following the widespread mortality of a fruit-bearing 
species.

In the southeastern USA, an exotic ambrosia beetle 
(Xyleborus glabratus Eichoff) is vectoring a pathogenic fungus 
(Raffalea lauricola sp. nov. T.C. Harr. Fraedrich and Aghayeva), 

causing laurel wilt disease (LWD) in many native Lauraceae 
species (Fraedrich et al. 2008). Introduced to the USA in 2002 
near Savannah, Georgia, LWD and its beetle vector have 
spread rapidly across South Carolina, Georgia and Florida 
(Fig.  1). The disease has more recently emerged in several 
counties in North Carolina, Louisiana, Texas, Alabama and 
Mississippi (Bates et  al. 2015; Fig.  1). The fungus, which is 
introduced to host trees by the stem boring beetle, X. glabra-
tus, spreads quickly through the xylem tissue and mortality 
of main stems can occur within only a few months of initial 
infection (Fraedrich et al. 2008; Mayfield 2008).

Although LWD has been identified in several Lauraceae 
species, the primary target is redbay (Persea borbonia), an 
abundant fruit-bearing tree found in the understory and 
subcanopy of many Atlantic and Gulf Coastal Plain habitats 
(Fraedrich et  al. 2008; Van Deelen 1991); to date, it is esti-
mated that >90% of all LWD infected trees are P. borbonia (JJ 
Riggins personal communication). On the Atlantic Coastal 
Plain, mortality rates within P.  borbonia populations are as 
high as 97%, and the persistence of P. borbonia stump sprouts 
is doubtful as the fungal pathogen may be reintroduced by 
beetles and by dispersal through root systems (Evans et  al. 
2014; Fraedrich et  al. 2015; Spiegel and Leege 2013). This 
same rate of widespread P. borbonia mortality will soon per-
vade all of the southeastern Coastal Plain, leaving behind very 
few or no mature fruit-bearing trees. The focal area of the cur-
rent study (extreme southeast Mississippi) was not invaded 
by LWD at the time of study (2012 to 2014) but LWD infec-
tion rates and subsequent mortality of P. borbonia was increas-
ing rapidly by January 2016. We estimate that by 2020, LWD 
will have eradicated >95% of fruit bearing P. borbonia in this 

Figure 1:  distribution of laurel wilt disease by county and year of initial detection (from Bates et al. 2015).
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area. Conversely, the exotic Cinnamomum camphora, which 
is a closely related member of the Lauraceae (Chanderbali 
et al. 2001), has shown resistance to LWD. The few individu-
als which display signs of LWD infection show only minimal 
stem die-off (Smith et al. 2009a) whereas in other Lauraceae 
species, i.e. Sassafras albidum, the entire canopy succumbs to 
the disease (Smith et  al. 2009b). Results from single point 
inoculation trials in the field and laboratory failed to produce 
LWD symptoms in C. camphora despite systemic colonization 
by R. lauricola; multiple point inoculations caused only local-
ized branch dieback (Fraedrich et al. 2015).

Cinnamomum camphora is identified as an exotic invasive 
species in eight states of the southeastern USA, and its range 
is still expanding across this region. In Florida, C. camphora is 
naturalized in 27 counties but has been documented in nine 
others (USDA, NRCS 2014; Wunderlin and Hansen 2014). 
While it is often abundant in disturbed areas (e.g. roadsides 
and residential/commercial developments), including those 
of interest to the current study, large fruiting individuals 
are infrequently observed in relatively undisturbed forested 
habitats (A Chupp personal observation). Although pref-
erences for C.  camphora fruits have been observed in Asian 
and Australian bird species (Corlett 2005; Neilan et al. 2006), 
we found no documentation of North American bird prefer-
ences for the fruits of C. camphora or P. borbonia, only general 
accounts documenting the importance of P. borbonia fruits for 
wildlife (Brendemuehl 1990; Goodrum 1977).

In addition to C. camphora, P. borbonia also co-occurs with 
several other woody species including Myrica cerifera (native), 
and Triadica sebifera (exotic). All of these species have very 
similar fruiting phenologies and produce fruits that becomes 
ripe in late fall and are thus attractive to overwintering birds. 
However, similarities in fruit characteristics are greatest 
between P. borbonia and C. camphora which have similar size 
(5–10 mm), shape (round–oval), and color (dark blue–violet). 
In addition, individual trees of both species represent similar 
resource patches as equally sized trees produce a similar num-
ber of fruits (A Chupp personal observation). Based on these 
superficial characteristics, we hypothesized that the fruits of 
P. borbonia and C. camphora represent substitutable resources 
for overwintering birds. Cinnamomum camphora may be well-
positioned to fill an ecological niche made available by wide-
spread declines of P. borbonia.

Our primary objective was to compare interactions between 
frugivorous birds and native versus exotic plants prior to dis-
turbance by LWD. Although individual bird species will dif-
fer in their preferences, our overarching hypothesis was that 
fruits of P. borbonia and C. camphora represent nearly substitut-
able resources (based on morphology and chemistry) and that 
fruit removal rates of C.  camphora and P. borbonia by frugiv-
orous bird species will be equivalent. Such findings would 
indicate that imminent LWD-induced declines of P. borbonia 
at our study site will favor increased interactions between 
frugivorous birds and C.  camphora. Here, we report the first 
quantitative observations of bird frugivory on P. borbonia and 

C. camphora fruits in the southeastern USA and provide a fore-
cast for the indirect effects of LWD on the consumption of 
native and exotic fruits.

MATERIALS AND METHODS
Study site

Bird frugivory was observed at Grand Bay National Estuarine 
Research Reserve (GBNERR) in Jackson County, Mississippi, 
USA. The study site corresponded to an area that was within 
100 m of a 1.5 km stretch of Bayou Heron Road. The area 
included maritime forest, pine savanna and highly disturbed 
habitats (i.e. power line right-of-ways, parking lots and fire 
lanes). In this area, our focal species (P. borbonia and C. cam-
phora) were common understory/subcanopy species. Persea 
borbonia was distributed throughout all habitat types whereas 
C. camphora was most often found along roadsides and other 
disturbed areas; C.  camphora individuals were infrequently 
found in nonecotone zones of forested habitats. During tran-
sect surveys of the same forested habitats, C. camphora seed-
lings were rarely found, indicating that long distance dispersal 
is limited. Savannas consisted of a sparse slash pine overstory 
(Pinus elliottii Engelm.) and several native woody plants in the 
subcanopy and understory including P.  borbonia, M.  cerifera, 
Ilex glabra L., Ilex vomitoria Aiton, C. camphora and T. sebifera. 
We targeted bird species at GBNERR that are considered win-
ter or permanent residents (Woodrey and Walker 2009), so 
observations were made during winter months (December–
January). As such, we expected low day-to-day variability in 
local bird abundances relative to studies of birds along their 
fall migration route (Willson and Whelan 1993; Whelan and 
Willson 1994; Whelan et al. 1998).

Artificial displays

During two winter seasons (December 2012–January 2013 
and January 2014) we presented fruit of P. borbonia and C. cam-
phora to free ranging birds on artificial infructescences. Similar 
displays have been successfully used to assess fruit choices of 
both captive and free-ranging migratory birds (Thompson and 
Willson 1978; Whelan and Willson 1994; Whelan et al. 1998). 
Fruit was collected from trees found in similar habitats adjacent 
to our study site. Each artificial infructescence consisted of a 
1 cm diameter wooden dowel rod (30 cm in length) with 10 
pieces of 16-gauge black wire (~8 cm in length) inserted per-
pendicularly through holes in the dowel rod (~2 cm between 
each hole). Wire pieces were inserted such that an equal portion 
of wire extended from each side of the dowel rod. Fruits were 
impaled on both ends of all 10 wires (20 fruits per infructes-
cence). Fruits were only partially impaled so that they could be 
easily removed but also not fall off inadvertently. An artificial 
infructescence with fruits remaining is shown in Fig. 2.

Fruit analyses

We also collected fruits of both P.  borbonia and C.  camphora 
for chemical and morphological analyses; enough fruits were 
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collected to obtain at least 10 g of dried pulp from each spe-
cies. We used fruit from five individual trees for each species 
(~100–150 fruits per species) with at least 20 fruits collected 
from each tree. The pulp and seeds of these fruits were sepa-
rated and dried to a constant weight at 55°C. The fruit pulp 
of both species was separately milled and shipped to Alkemist 
labs in Costa Mesa, CA and Covance Laboratories in Madison, 
WI where it was analyzed for total polyphenols (as gallic acid 
UV-Vis spectrophotometry) and nutritional content (calories, 
fat, carbohydrate, protein and moisture). Each analysis was 
based on one composite sample per species of fruit, except for 
total polyphenols for which four subsamples were taken from 
our single composite and analyzed separately.

A composite sample approach was required because of the 
small size of fruits and the amount of pulp required to gener-
ate accurate measurements of chemical traits (i.e. we could 
not obtain enough fruits from individual trees to make those 
trees our sample units). As such, we are unable to report 
variation in nutritional content. Although interspecific and 
seasonal variation in the nutritional contents of fruits is well 
documented (e.g. Herrera 1982, 1987), we found no prior 
evidence of significant intraspecific variation in nutritional 
characteristics that could affect removal rates by frugivorous 
birds (but see Jordano 1989, Cipollini and Whigham 1994). 
In Edgewater, Maryland, USA, the mineral content of pulp 
and seeds of Lindera benzoin (closely related to P. borbonia and 
C. camphora) did not vary significantly and was not affected by 
experimental thinning. Fruit crops of Pistacia lentiscus (n = 6 
individual trees) in southwestern Spain showed minimal vari-
ation in pulp nutrient content which had no effect on removal 

rates by avian seed dispersers (Jordano 1989). Given these 
findings and the substantial number of fruits we used to form 
our samples, we are confident that the composite samples col-
lected for each species and results of subsequent analyses are 
good representations for the nutritional values of these fruits 
within the geographic area that was sampled.

Methods of nutritional analyses follow AOAC (2005) 
International official methods of analysis (ash, fat by acid 
hydrolysis, moisture and protein [2005]), the Code of 
Federal Regulations (calories and calories from fat), and 
the USDA (carbohydrates [1973]). Variability in estimates 
produced from these methods range from 3% to 5% rela-
tive standard deviation (Covance Laboratories personal 
communication). For a subset of fruits (51 P. borbonia fruits 
and 52 C. camphora fruits), the seed and pulp were weighed 
separately and the pulp:seed ratio was calculated for each 
species.

Selectivity experiment

Artificial infructescences were displayed on two different 
“background” species (M.  cerifera and T.  sebifera) that are 
very common at GBNERR. Both of these species produce 
waxy, lipid-rich fruits that are unlike the fleshy fruits of 
P.  borbonia and C.  camphora which likely contain much 
higher concentrations of carbohydrates (Place and Stiles 
1992; Baldwin et al. 2008). All ripen during winter months. 
In a previous study that used the same type of artificial 
infructescences, birds were more likely to select fruits 
when they were presented with a background of fruits that 
were nutritionally complementary (Whelan et  al. 1998). 
We used nutritional complementarity as one criterion for 
selecting the background tree species mentioned above. 
We also considered fruit color when selecting background 
trees. Birds have excellent color vision and although bird 
foraging patterns are regulated by several factors (described 
above), fruit color and conspicuousness are key signals 
used during the selection process (Schmidt et  al. 2004). 
Refinements of the cone and a system of oil droplets indi-
cate that bird eyes can distinguish more hues than what 
human eyes are capable of seeing (Vorobyev et al. 1998). 
These optical enhancements should allow birds to identify 
much greater differences in what we perceive as similarly 
colored fruit, such as those displayed during this study 
(P.  borbonia (blue hues) and C.  camphora (violet hues). It 
should also be noted that while these fruits have darker 
hues, the fruits of our background species (T.  sebifera and 
M. cerifera) have light gray-white colored fruits and should 
therefore increase the conspicuousness of displayed fruit to 
frugivorous birds. Across both years of our survey we used 
66 different background trees (M. cerifera, n = 32; T. sebifera, 
n = 34). These trees were dispersed throughout our survey 
area and each tree contained an abundant fruit crop. All 
background trees were >20 m apart. Trees of each species 
were selected so that no fruit-bearing individuals of the 
other species were within 20 m.

Figure 2:  motion-activated photo of Dumetella carolinensis just prior 
to its removal of a Cinnamomum camphora fruit from an artificial 
infructescence during the selectivity experiment.
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The artificial infructescences were displayed for 3–5 days 
at a time, after which new background trees were selected. 
Displays placed on different individual trees were consid-
ered replicates (one display per tree). During survey periods, 
we always had an equal number of replicates on each back-
ground species. We began deploying 10 replicate displays at 
a time but later increased the sample size to 12. Each display 
contained an equal number of P.  borbonia and C.  camphora 
fruits, which were kept separate on opposite sides of the dis-
play. Artificial infructescences were attached to background 
tree branches with rubber bands. Because accessibility can 
impact the removal of fruits by captive and free-ranging birds 
(e.g. Whelan and Willson 1994), we were careful to place dis-
plays in positions where perches were available for birds to 
easily access both sides of the display. Displays were checked 
each day at sunset or just after (17:00–18:00 h). At this time, 
we recorded the number of fruits taken of each species and 
replaced all removed fruits.

Fruit accessibility experiments

After determining the relative preferences of P. borbonia and 
C. camphora fruits when both are equally accessible, we used 
a behavioral titration approach to determine the strength 
of these preferences (after Moermond and Denslow 1983; 
Whelan and Willson 1994). In January 2014, we used a subset 
of background trees (M. cerifera and T. sebifera) that received 
high levels of bird activity during previous selectivity experi-
ments. We placed fruit of the more preferred species in less 
accessible positions. These less accessible displays were hung 
vertically from the bottom of a perpendicular branch such 
that no perches were within 20 cm of the fruit on display. At 
the same time, displays containing fruit of the less preferred 
species were hung in a highly accessible position as described 
above. Therefore, two displays, each containing 20 fruit of 
one species, were simultaneously placed on each background 
tree. Displays were left in this arrangement for 2–3 days. We 
then repeated these trials but with the accessibility of species 
switched. Displays were checked at sunset as described above.

Camera trapping

During 10  days of our survey in January 2014, we used a 
motion/heat activated camera to document fruit removal 
by bird species. The camera monitored displays during both 
selectivity and accessibility experiments. We chose to moni-
tor displays on background trees that received the highest 
rates of fruit removal. The camera (NatureView HD 119438, 
Bushnell, Kansas, USA) was mounted on a tripod and placed 
1–2 m from a display. We set the camera to take three pic-
tures in rapid succession (3 s) followed by a 2 s delay before 
more pictures could be triggered. The camera was active from 
sunrise to sunset. Photos were used (i) to verify visitation by 
specific species, (ii) to determine the relative frequency that 
each species visited displays, and (iii) to document patterns of 
fruit removal and selectivity during individual foraging bouts. 
We considered a foraging bout to be any continuous series of 

photographs (not separated by more than 2 minu) capturing 
the same species. Within a given foraging bout, the number 
of fruits removed was determined by examining the first and 
last images of the series. In cases where these details were 
indiscernible, fruit preferences could not be calculated for 
these foraging bouts and were therefore discarded. Because 
individuals could not be identified in photographs, it is possi-
ble that some individuals were represented in more than one 
foraging bout.

Statistical analyses

Relative preferences were quantified with Manly’s α (Manly 
et al. 1972) which can be adapted for situations where food 
is depleted over the course of daily foraging bouts (Chesson 
1983). Manly’s α ranges from 0 to 1; α = 0 when the food 
type is not represented in the diet and α = 1 when it is the 
only food type in the diet (Chesson 1983). Results from the 
same background tree during 3–5  day periods were pooled 
and α was calculated from these summed data. Because fruit 
removal rates may be affected by temperature (e.g. Kwit 
et  al. 2004), we examined winter temperatures across both 
years of our survey. Winter temperatures were calculated as 
mean daily temperature (average of daily high and low) for 
each day that our displays were active (obtained from NOAA 
NERR CDMO 2014). We compared mean daily temperatures 
between the 2 years of our selectivity experiments using an 
independent sample t-test.

Because α is calculated as a proportion of fruits removed, 
we performed arcsine square root transformations to meet 
assumptions of homoscedasticity and normality. For the 
results of our selectivity experiments, a two-way analysis 
of variance (ANOVA) was used to compare differences in 
α across years and types of background trees. One-sample 
t-tests were used to examine significant effects more closely; 
within each treatment we tested if α significantly differed 
from 0.5 (α = 0.5 = no preference). The direction of signifi-
cant differences indicated whether the fruits of P.  borbonia 
or C.  camphora were preferred (α  <  0.5  =  preference for 
C.  camphora, α > 0.5  =  preference for P.  borbonia). Results 
from Wilcoxon Signed Rank tests were used if departures 
from normality were still detected after the data were trans-
formed. A two-way ANOVA was also used to assess the effect 
of fruit accessibility and tree background on α. Again, any 
significant effects were further analyzed with one-sample 
t-tests.

Manly’s α was also calculated for individual forag-
ing bouts that were captured on camera. In many cases, 
birds removed only one species of fruit during an individ-
ual foraging bout. As such, α values were often either 0 
or 1 depending on whether the bird selected P. borbonia or 
C. camphora. In some cases, birds selected both types of fruit 
or did not remove any fruit at all. Contingency tables (2 × 3) 
and Pearson’s chi-squared tests were used to determine if 
the number of foraging bouts observed differed among the 
following foraging bout types: (i) no removal of either fruit, 
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(ii) removal of both fruit types, and (iii) removal of just 
one species of fruit. One contingency table was constructed 
for each of the three experimental treatment types (equal 
accessibility, P. borbonia less accessible, and C. camphora less 
accessible). A  Pearson’s chi-squared test was also used to 
determine if the frequency of foraging bouts observed dif-
fered between cases when just P. borbonia was removed ver-
sus those in which only C. camphora was removed. Within 
each experimental treatment, Wilcoxon Signed Rank tests 
were used to examine if α significantly deviated from 0.5 
for each species in which five or more foraging bouts were 
observed.

Differences in pulp and seed dry weight and pulp:seed ratio 
between species were examined using t-tests. Statistical dif-
ferences in total polyphenols between species were not exam-
ined because subsamples obtained from the same composite 
sample were not independent of one another. All statistical 
tests and data transformations were conducted using SAS 9.3 
statistical software (SAS Institute Inc. 2011).

RESULTS
Fruit analyses

Percent total polyphenol was more than three time higher for 
C. camphora than P. borbonia (Table 1). The pulp of individual 
C. camphora fruits was significantly heavier than that of P. bor-
bonia (t = 11.07, P < 0.001) whereas C. camphora seeds were 
significantly lighter (t = 13.03, P < 0.001). The pulp:seed ratio 
was higher for C.  camphora (0.995) compared to P.  borbonia 
(0.337) (t = 29.15, P < 0.001).

Selectivity experiments

In December and January of 2012/2013 (Year 1), 3480 P. bor-
bonia and C.  camphora fruits (1740 of each species) were 
presented on displays. Displays were hung in 50 different back-
ground trees (25 M. cerifera trees and 25 T. sebifera trees). Across 

16 days, birds removed 15.4% of fruits that were displayed, 249 
P. borbonia fruits and 286 C. camphora fruits (Table 2). In January 
of 2014 (Year 2), 2280 total fruits (1140 of each species) were 
displayed on 22 different background trees (11 of each species). 
Birds removed 29.1% of fruits that were displayed, 237 P. bor-
bonia and 427 C. camphora fruits (Table 2). Manly’s α differed 
between years (ANOVA: F1,43 = 5.95, P = 0.019) but did not 
differ between background tree species (ANOVA: F1,43 = 2.65, 
P = 0.112). Manly’s α did not significantly differ from 0.5 (i.e. 
no preference) in Year 1 of our survey (t = 0.18, P = 0.86) but 
it did differ from 0.5 in Year 2 (t = −4.42, P < 0.001), when 
more C. camphora fruits were consumed. Manly’s α calculated 
for P.  borbonia was 0.31 ± 0.04 (mean ± SE) and therefore 
C. camphora fruits were more preferred (α = 0.69 ± 0.04) in Year 
2.  During the periods in which selectivity experiments were 
active, mean daily temperature was significantly higher in 
Year 1 (13.1 ± 1.0°C) compared to Year 2 (6.7 ± 1.8°C) (t = 3.16, 
P = 0.006) (Fig. 3). The 30-year average (1981–2010) mean 
daily temperature for the same active days at this site (days of 
the month in which experiments were active) is 10.0 ± 0.2°C 
(NOAA NCEI 2015).

Fruit accessibility experiments

In January 2014, displays were placed in 10 different back-
ground trees (6 T. sebifera and 4 M. cerifera). Twenty different 
trials were conducted over a 14-day period: 10 trials where 
C. camphora fruits were highly accessible and P. borbonia fruits 
were less accessible, and 10 trials where fruit accessibility was 
switched. We presented a total of 860 fruits of each species, 
and birds removed 545 fruits of P. borbonia and 671 fruits of 
C. camphora (Table 2). Background tree type and fruit acces-
sibility had no effect on α (respectively, ANOVA: F1,16 = 2.87, 
P = 0.110; F1,16 = 0.02, P = 0.89). However, a t-test revealed 
that α (0.40 ± 0.04) significantly deviated from 0.5 (t = −2.32, 
P = 0.032), indicating a preference for C. camphora fruits dur-
ing these trials.

Camera trapping

During both selectivity and accessibility experiments, we 
recorded a total of 1139 photographs of the following bird 
species: gray catbird (Dumetella carolinensis), American robin 
(Turdus migratorius), hermit thrush (Catharus guttatus), brown 
thrasher (Toxostoma rufum L.), and eastern towhee (Pipilo 
erythrophthalmus L.). Turdus migratorius was represented in the 
greatest number of photos (44%), followed by D. carolinensis 
(36%) and C. guttatus (14%). From these photos, we identi-
fied a total of 59 individual foraging bouts that allowed for 
an accurate count of fruit removed. The number of foraging 
bouts was greatest for D. carolinensis (31) (shown in Fig. 2), 
followed by T. migratorius (18) and C. guttatus (9). No foraging 
bouts were recorded for P. erythrophthalmus (Table 3). During 
accessibility experiments, there were significantly more for-
aging bouts where only one fruit type was removed com-
pared to those in which both types of fruit were removed 
and cases where no fruit was removed. However, there was 

Table 1:  chemical properties of pulp and mass of Cinnamomum 
camphora and Persea borbonia fruits

  C. camphora P. borbonia

Calories (Cal/100 g) 476 566

Calories from fat (Cal/100 g) 239 340

Fat (g/100 g) 26.6 37.8

Carbohydrates (g/100 g) 52.8 49.8

Protein (g/100 g) 6.42 6.62

Moisture (g/100 g) 5.02 1.77

Total polyphenols (%) 1.76 ± 0.37 0.54 ± 0.08

Pulp dry weight (g) 0.114 ± 0.002a 0.074 ± 0.003b

Seed dry weight (g) 0.115 ± 0.002a 0.230 ± 0.009b

Pulp:seed ratio 0.995 ± 0.018a 0.337 ± 0.014b

Total polyphenols, dry weights, and pulp:seed ratio are shown as 
mean ± standard error. Significant differences between fruits of each 
species (P < 0.05) are indicated with different letters.
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no difference in the number of foraging bouts in which P. bor-
bonia or C. camphora were preferred (χ2 < 3.84, P > 0.05).

Across the three experimental types, there were five cases 
where five or more foraging bouts by the same species were 
captured in photos. The most foraging bouts were recorded for 
D. carolinensis, which had five or more bouts in each of the three 
experimental types. In the experiments in which P.  borbonia 
fruit was less accessible, photos also captured at least five bouts 
by T. migratorius and C. guttatus (Table 3). In each case where at 
least five bouts were recorded (n = 5), α values calculated from 
the individual foraging bouts did not significantly differ from 
0.5 (P > 0.05), indicating no evidence of fruit type preference.

DISCUSSION
Results from both field trials and laboratory analyses indicate 
that the fruits of P. borbonia (native) and C. camphora (exotic) 
represent nearly substitutable resources for over-wintering 

birds; we observed similar rates of removal in the field and 
similar fruit characteristics (physical and chemical) in the lab-
oratory. The results of our experiments represent the aggre-
gated preferences of at least four over-wintering bird species 
(D.  carolinensis, T.  migratorius, C.  guttatus and T.  rufum). One 
or more foraging bouts were photographed for each of these 
species. Photographs of D. carolinensis, T. migratorius and C. gut-
tatus documented removal of both P. borbonia and C. camphora 
fruits by each species across multiple foraging bouts. These 
generalist frugivores are known to forage on the fruit of many 
woody species including non-native species Lonicera maackii 
Rupr., Lonicera morrowii A. Gray and T. sebifera (Bartuszevige 
and Gorchov 2006; Gleditsch and Carlo 2011; Renne et  al. 
2002). Observations showed that these bird species removed 
and dispersed viable seeds thus increasing the invasiveness of 
these exotic plant species (Bartuszevige and Gorchov 2006; 
Gleditsch and Carlo 2011; McCay et  al. 2009; Renne et  al. 
2002). Here, our results suggest that the same native birds 
may also be aiding the long-distance dispersal of C. camphora. 
While studies from Asia and Australia show that birds may 
quickly regurgitate or defecate C. camphora seeds, experiments 
with South African bird species suggested long seed retention 
times (10–55 min) which did not significantly vary among 
species (Firth 1981; Jordaan et al. 2011; Li 2004). In addition, 
passage through guts of South African bird species removed 
pulp from C. camphora seeds and increased germination rates 
(Jordaan et al. 2011). The manual removal of pulp also dra-
matically increased germination rates in C. camphora (Jordaan 
et  al. 2011; Panetta 2001). The pulp of C.  camphora decom-
poses slowly and the majority of seeds lose viability prior to 
pulp decomposition (1% viable after 12 months), thus indi-
cating that frugivory is necessary for recruitment of this spe-
cies which may rely little on seedbanks (Panetta 2001). Based 
on the these observations, it is apparent that some generalist 
birds have formed mutualisms with the exotic C.  camphora, 
benefiting from the resources found in C. camphora fruit pulp 
and dispersing viable seeds. Although we lack the data to 
make a similar assertion on the Gulf Coastal Plain, the regular 
and consistent removal of C. camphora fruits by at least four 

Table 2:  results of selectivity and accessibility experiments

Selectivity experiments Accessibility experiments

Year 1 Year 2 Persea borbonia less accessible Cinnamomum camphora less accessible

Fruits presented

  P. borbonia 1740 1140 360 500

  C. camphora 1740 1140 360 500

Fruits removed

  P. borbonia 249 (14%) 237 (21%) 300 (83%) 245 (49%)

  C. camphora 286 (16%) 427 (37%) 348 (97%) 323 (65%)

Mean α 0.51 ± 0.06 0.31 ± 0.04** 0.41 ± 0.05* 0.40 ± 0.07*

Selectivity experiments were conducted in December 2012–January 2013 (Year 1) and January 2014 (Year 2). Accessibility experiments were 
completed in January 2014. No fruit preference occurred when α = 0.50; α < 0.50 indicated a preference for C. camphora fruit and α > 0.50 sug-
gested a preference for P. borbonia fruit. Significant preference indicated with *P < 0.05, **P < 0.001.

Figure  3:  Mean daily temperatures (°C) and Manly’s α as calcu-
lated from each day of the selectivity experiements. No fruit prefer-
ence occurred when α  =  0.50; α  <  0.50 indicates a preference for 
Cinnamomum camphora fruit and α > 0.50 suggests a preference for 
P. borbonia fruit. The first survey year (2012/2013) is shown on the 
left and the second year (2014) is on the right.
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native generalist birds during our surveys is indicative of simi-
lar relationships.

Despite the apparent redundancy in the characteristics 
of P.  borbonia and C.  camphora fruit, nutritional differences 
on a per fruit basis may affect preferences of energetically 
stressed birds and the relative dispersal rates of these spe-
cies. Exotic species that have relatively smaller seeds and 
offer more pulp sugar per fruit than indigenous species may 
have greater invasion potential (Gosper and Vivian-Smith 
2010). Although the removal rate of non-native C. camphora 
fruit was generally similar to that of indigenous P. borbonia 
fruit, removal rates of C. camphora fruits showed a significant 
increase during the second year of our selectivity experi-
ments. This experimental period, where these fruits were 
clearly preferred over those of P.  borbonia, coincided with 
significantly lower mean daily temperatures relative to the 
first year of our survey; compared to 30-year averages for 
the same dates, mean daily temperatures were on average 
3.1°C higher during the first year of our survey and 3.3°C 
lower during the second year. Because low temperatures 
increase the energy demands of birds (Calder and King 
1974) and reduce the abundance of insects upon which they 
feed (Thompson and Willson 1979), lower temperatures 
should increase dependence on fruit as a resource subsidy. 
A 9-year study of M. cerifera in South Carolina showed that 
mean time to fruit removal by birds was positively correlated 
with mean winter temperature (Kwit et al. 2004); likewise 
the percentage of fruit removed nearly doubled in the sec-
ond, colder year of our survey. Birds may choose those fruits 
with the highest nutritional rewards, especially in periods 
of extreme energetic demand (e.g. cold temperatures and/

or during migration). We suspect that the greater nutritional 
rewards offered by individual C. camphora fruits led to greater 
consumption during the coldest period of our survey. While 
fruits of each species contained similar nutritional contents 
per unit mass, individual C.  camphora fruits had consider-
ably larger pulp:seed ratios than P. borbonia fruits. On aver-
age, each C. camphora fruit contained 40 mg more dry pulp 
than P. borbonia fruits (Table 1). We also note that moisture 
content (per unit mass) was nearly three times higher in 
the pulp of C. camphora fruits and could also be an attractive 
quality during times when other sources of water are less 
available.

There are other chemical constituents of fruit that may 
increase preferences depending on metabolic demands. The 
fruit pulp of C.  camphora contained more than three times 
the amount of total polyphenols compared to P.  borbonia 
(Table  1). Studies have shown that temperate frugivorous 
birds prefer diets that are supplemented with polyphenols 
and other classes of antioxidant compounds such as anthocy-
anins, carotenoids and flavonoids (Bolser et al. 2013; Cantoni 
et al. 2008; Schaefer et al. 2008; Senar et al. 2010). In addition 
to polyphenols, it is likely that the fruits of C.  camphora are 
enriched with these and other antioxidant compounds. The 
oils produced in the tissues of C. camphora have been used as 
healing agents in Asian cultures for centuries (Lawless 2013). 
Recent work using the cells of mice and human lung tissue 
has provided scientific evidence of the anti-inflammatory and 
antioxidant effects of C. camphora extracts (Hu et al. 2011; Lee 
et al. 2006). Interestingly, the seed oil of C. camphora contains 
extremely high levels of medium-chain triacylglycerol, which 
is very stable to oxidative reduction (Hu et al. 2011). While 

Table 3:  observations collected from photos across three experimental types for each bird species

Species Photos Foraging bouts

Fruit removed

Persea borbonia Cinnamomum camphora Manly’s α

Selectivity experiment

  Turdus migratorius 23 2 2 1 0.50 ± 0.50

  Dumetella carolinensis 107 12 8 17 0.36 ± 0.13

  Catharus guttatus 41 1 1 0 1

Accessibility experiment (P. borbonia less accessible)

  T. migratorius 440 15 12 41 0.37 ± 0.12

  D. carolinensis 201 7 8 5 0.64 ± 0.18

  C. guttatus 105 5 7 3 0.69 ± 0.20

  Toxostoma rufum 53 1 0 1 0

Accessibility experiment (C. camphora less accessible)

  T. migratorius 26 1 1 0 1

  D. carolinensis 117 12 21 4 0.72 ± 0.13

  C. guttatus 19 3 1 6 0.03 ± 0.03

  T. rufum 4 0 0 0 NA

  Pipilo erythrophthalmus 3 0 0 0 NA

Total 1139 59 61 78 0.53 ± 0.11

Manly’s α was averaged (± standard error) across foraging bouts for each species within each experimental type.
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cellular level analyses have not been conducted on the tis-
sues of birds, we suspect that these chemical characteristics of 
C. camphora fruit make it an attractive dietary supplement for 
frugivorous birds, especially during periods of elevated oxida-
tive stress (e.g. during migration and extreme cold).

In some situations, frugivorous birds may become 
dependent on the resources provided by the fruits of C. cam-
phora and other exotic plant species. In northern New South 
Wales, Australia, the fruits of C.  camphora are the princi-
pal dietary component of several native bird species. Date 
et  al. (1996) concluded that the presence of C.  camphora 
was important for buffering these fauna against the effects 
of widespread habitat destruction. In Pennsylvania USA, 
greater local abundance of native bird species was due to 
the presence of exotic fruiting Lonicera spp. (Gleditsch and 
Carlo 2011). There are numerous studies that have shown 
how novel exotic plant species can provide beneficial eco-
logical functions for native birds (Jones and Bock 2005; 
Impey et  al. 2002). Examples such as these have ignited a 
growing interest and considerable debate over the value 
of non-native species and the novel interactions they form 
with native species (Hallett et  al. 2013). Despite concern 
over the proliferation of exotics and their effects on native 
species, there has been a shift toward thinking about the 
services exotic species provide, especially in cases where 
restoration is not economically feasible (Hobbs et al. 2009). 
In situations where a key or dominant native is inevitably 
in decline, understanding how exotic species may provide 
functional redundancy is especially important; resources 
provided by exotic species could prevent the co-extinction/
extirpation of other native species. We argue that while the 
decline of P. borbonia fruits due to LWD may not threaten the 
survival of generalist frugivorous, C. camphora fruits offer a 
substantial resource that may become increasingly necessary 
for maintaining healthy populations of overwintering birds. 
Increased consumption and dispersal of exotic C.  camphora 
fruits/seeds due to impacts from an exotic pathogen would 
be a novel example of exotic-exotic facilitation mediated by 
bird frugivory (e.g. Simberloff and VonHolle 1999).

The empirical observations reported here highlight the 
potential for invasive pests/pathogens to facilitate other bio-
logical invasions. We expect the initial biological invasion 
(LWD) to ultimately facilitate an increase in the invasion 
potential of an exotic plant (C. camphora) whose propagules 
are now being more readily consumed and dispersed. In addi-
tion to providing timely ecological data prior to the arrival of 
LWD, we have also provided the first quantitative accounts 
of interactions between several native bird species and both 
P. borbonia and C. camphora. While our results suggest that cur-
rent relationships between native bird species and C. camphora 
may cause increases in the dispersal of this exotic species and 
therefore competition with native plants, we encourage con-
sideration for the potential benefits these fruits are simultane-
ously providing to overwintering birds, especially as fruits of 
P. borbonia become increasingly scarce due to LWD. Finally, 

we urge conservation biologists/ecologists, land managers 
and administrators to consider the potential indirect effects 
of exotic forest pests and pathogens that are mediated by 
frugivory and seed dispersal.
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