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Abstract The ranges of species, including invasives,
are expected to shift poleward in response to climate
change. As their distributions expand, invasive species
will encounter different communities and the resulting
biotic interactions could affect invasive species range
expansion dynamics. Here, we assess whether biotic
interactions with natural enemies have the potential to
affect range expansion dynamics of three invasive
woody plants (Berberis thunbergii, Celastrus orbiculatus and Elaeagnus umbellata). To do so, we planted
them in two sites in a region where they are currently
abundant and in three sites in a northern region near
their range edge where they are expected to become
more common due to climate change. Two of the
species have not yet been observed within any of the
northern sites and one species is present within one of
the northern sites. All species experienced more foliar
herbivory in the higher latitude (northern) region and
the two species that are currently absent from the
northern sites experienced less foliar disease there.
However, the regional differences in biotic interactions had very minor effects on survival; the only
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statistically significant reduction in survival was from
foliar disease for B. thunbergii, and even that had only
a marginal effect on survival. This suggests that, at
least for these invasive species in this area, interactions with existing natural assemblages of natural
enemies will have only an exceedingly minor effect on
populations establishing near range edges.
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Introduction
Contemporary climate change is affecting the geographic distributions of native species as taxa track
changing temperatures and precipitation (Parmesan and
Yohe 2003; Hickling et al. 2006; Crimmins et al. 2011),
and it has been predicted that invasive species will
undergo similar range shifts (Kriticos et al. 2003;
Hellmann et al. 2008; Ibáñez et al. 2009b; Crossman
et al. 2011; Martin et al. 2015). As such, one of the most
important sources of new invasive species in an area
may be adjacent regions that have already been
colonized. Early knowledge of which invasive species
are likely to become problematic in the near future is
important for land managers, conservationists, and
policy makers, who could use this information to reduce
the ecological and economic damage likely to be
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caused by these new and presumably invasive species
(Mehta et al. 2007; Epanchin-Niell and Hastings 2010).
Such assessment will require the development of robust
predictions of how invasive species distributions will
shift in response to climate change over the coming
years and decades (Uden et al. 2015).
Species distribution models, which are used to
generate these predictions, seldom explicitly include
ecologically important biotic interactions (Van der
Putten et al. 2010; Zarnetske et al. 2012; Svenning et al.
2014) which are usually assumed to be either unimportant or entirely a function of climate. However,
during previous episodes of climate change, the distributions of long-lived plant species shifted slowly and
idiosyncratically (McLachlan et al. 2005; Williams and
Jackson 2007); this suggests that some faster moving
plant species will arrive in areas that are climatically
suitable but that largely retain their original plant
communities. Because plant community composition is
an important determinant of arthropod community
composition (Andrew and Hughes 2007; Schaffers
et al. 2008), early arriving plants are likely to encounter
different invertebrate herbivores assemblages as they
colonize areas at their range margin. Many human and
bird dispersed invasive plant species have already
demonstrated their capacity to rapidly colonize new
areas (Silander and Klepeis 1999; Lafleur et al. 2007;
Merow et al. 2011), and so could potentially be
relatively early arriving colonists. Similarly, range
expanding populations often escape from co-evolved
fungal, viral, and bacterial pathogens (Moorcroft et al.
2006; Alexander et al. 2007; Phillips et al. 2010).
Additionally, invasive plant species may exhibit range
expansion regardless of climate change due to ongoing
evolution of their niches (Clements and Ditommaso
2011; Matesanz et al. 2015), or their ranges could still
be in the process of expanding due to dispersal
limitation. Regardless of why an invasive plant species
distribution is expanding poleward, populations on the
expanding range edge are likely to encounter different
assemblages of natural enemies than are present within
their main invasive distribution.
For terrestrial plants, there is mounting evidence that
biotic interactions with natural enemies, competitors
and mutualists have the potential to influence range
expansion dynamics by systematically affecting the
performance of plants establishing at the edge of their
current distribution (Cairns and Moen 2004; Moorcroft
et al. 2006; Alexander et al. 2007; Morriën et al. 2010;
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Wisz et al. 2013; HilleRisLambers et al. 2013). Even if
differences in biotic interactions between range centers
and margins are transient (Moorcroft et al. 2006;
Phillips et al. 2010), they still must be understood in
order to predict the range expansion of species on time
scales of years to decades (Morriën et al. 2010; van der
Putten 2011). This has the potential to be very important
for invasive species; although there are many potential
explanations for invasion (Catford et al. 2009), success
or failure of new species has often been linked to either
the enemy release hypothesis (Keane and Crawley
2002; Heger and Jeschke 2014, but see Prior et al. 2015)
or biotic resistance (Elton 1958; Jeschke et al. 2012).
Even if enemy release or biotic resistance at range
margins is not a consistent phenomenon across species
(Wan and Bonser 2016), differences in damage could
still play an important role in range expansion dynamics
for individual species, or could potentially allow them
to invade new habitat types (Alexander and Edwards
2010; Matesanz et al. 2015). While some studies have
investigated how damage varies at and beyond range
edges (Lakeman-Fraser and Ewers 2013; Katz and
Ibáñez 2016b; Wan and Bonser 2016), the amount of
damage measured is only a poor proxy for the overall
effects of natural enemies on plant populations (Katz
2016), and so studies that investigate this topic must
also quantify how damage affects plant performance.
Here, we test whether invasive species experience
different biotic interactions with natural enemies
between the center and margin of their current exotic
distributions and assess whether this affects plant
performance. We use a seedling transplant experiment
with three invasive woody plant species to address two
questions: First, are invasive seedlings planted at their
range edge exposed to less herbivory and disease than
seedlings planted within their species central invasive
distributions? Second, do differences in herbivory and
disease have the potential to substantially affect plant
survival? Answers to these questions will help determine whether foliar herbivores and pathogens have the
potential to substantially affect colonization success
and therefore range expansion dynamics of the focal
invasive plant species.

Methods
We conducted a seedling transplant experiment from
2010 to 2014 in forests in a southern and northern
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region of Michigan, USA. The southern region was at
the University of Michigan E.S. George Reserve
(42.46, -84.01) and the northern region was 350 km
north of that at the University of Michigan Biological
Station (45.56, -84.68); within each region we
established study sites (Supporting Information A:
Study Sites) that were characterized by different
forest types common in the region in order to better
sample the range of potential biotic interactions.
Within each site we situated one plot in a high light
environment and one plot in a low light environment
(i.e., under a full canopy) because light availability
can be an important determinant of seedling survival
(Silander and Klepeis 1999), but the response to light
can vary across latitudinal gradients (Ibáñez et al.
2014) or across time (Matesanz et al. 2015). Thus
across our five sites, we established a total of ten
plots, in which we planted a total of 665 seedlings; a
total of 568 of these seedlings survived transplant
shock and are included in this study (Table 1).
Seedlings were planted in 2010 (n = 327), 2011
(n = 98), 2012 (89), and 2013 (n = 54). We worked
with three invasive species, including Celastrus
orbiculatus Thunb., oriental bittersweet, a woody
vine which was present in the southern sites and in
one of the northern sites (N2); reports of it beyond the
northern site’s latitude are rare (USDA Forest
Service Northern Research Station 2010; EDDMapS
2015; USDA NRCS 2016). The second species,
Elaeagnus umbellata Thunb., autumn olive, is a large
shrub that was abundant in the southern sites but
absent within the northern sites; this is corroborated
by reported sightings (USDA Forest Service Northern Research Station 2010; EDDMapS 2015; USDA
NRCS 2016). The third species, Berberis thunbergii

DC., Japanese barberry, is a small deciduous shrub
that can form dense patches, outcompete native
plants, and have other negative effects on ecosystem
services; it has been planted ornamentally in many
areas (Silander and Klepeis 1999) but it is now
considered a noxious weed in several states (Ward
et al. 2009). This species was present in the southern
sites and was not observed within the northern sites;
while there are reports of it beyond our northernmost
study sites, it is much more frequent and abundant in
the southern range of our latitudinal gradient (USDA
Forest Service Northern Research Station 2010;
EDDMapS 2015; USDA NRCS 2016). While there
are occasional populations of these species at
latitudes beyond the northern study sites, many of
those areas have higher temperatures than the northern study sites; climate in Michigan is determined in
part by proximity to the Great Lakes and temperatures and associated plant communities do not vary
monotonically with latitude (Barnes et al. 1998). All
three focal species produce fleshy fruits that are
commonly dispersed by birds, a trait that has been
linked to the rapid spread of C. orbiculatus in New
England (Merow et al. 2011). The current invasive
distributions of these species are well correlated with
climate and land use (Ibáñez et al. 2009b), and as
such are expected to become more important at
higher latitudes as temperatures warm.
Seedlings
Seeds were obtained from populations in Southeast
Michigan by seed collectors (Wildtype and New
Forest Services) and were germinated at the University of Michigan Matthaei Botanical Gardens (Ann

Table 1 Plant species used in transplant experiments and their residency status at each study region
Species

Species
code

Common name

Berberis thunbergii
Celastrus orbiculatus

Beth
Ceor

Elaeagnus umbellata

Elum

Total planted

South

North

S1

S2

N1

N2

N3

Japanese barberry
Oriental bittersweet

Present (38)
Present (35)

Present (32)
Present (29)

Absent (27)
Absent (33)

Absent (44)
Present (35)

Absent (27)
Absent (38)

Autumn olive

Present (43)

Present (33)

Absent (51)

Absent (48)

Absent (55)

210

358

The number of seedlings of each species planted in each region that survived transplant shock is also included in parentheses
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Arbor, MI) in potting soil (Metro-Mix 380; SunGro
Horticulture, Agawam, Massachusetts, USA). One
month after emergence, we measured the height of the
seedlings (defined as the distance from the soil to the
tip of the apical meristem) to account for maternal
effects (i.e., seed size). Bare root seedlings (albeit with
unwashed roots that retained traces of potting soil)
were then transplanted into the study plots with a
distance of 50 cm between seedlings; plot dimensions
were approximately 7.5 m by 5.5 m. Seedlings were
watered upon planting (125 ml/seedling) to decrease
transplant shock. Precautions taken to prevent the
inadvertent spread of invasive plants included harvesting all plants (which were pre-reproductive) at the
end of the experiment and additional monitoring in the
years after harvesting to ensure that no seedlings
resprouted from root fragments that were missed in the
initial harvest.
Seedling measurements
Seedlings censuses were conducted in early, mid and
late summer each year. Potentially fatal burial in leaf
litter (Patterson et al. 2011) could have been reduced
by measuring seedlings during censuses, but this
disturbance was consistent for all seedlings at all
sites. Seedling stem diameter (1 cm above the soil)
and height (defined as the distance from the soil to the
highest bud) were measured during the first and last
census of each year. Leaf damage was quantified by
visually surveying up to 25 leaves per seedling using
cover classes (\1, 1–5, 6–15, 16–25, 26–50,
51–75, [75 %) and then averaging leaf damage for
each seedling; visual estimates of leaf damage are
often the most efficient way to quantify foliar
herbivory (Johnson et al. 2015). For seedlings that
had more than 25 leaves, the 25 leaves surveyed were
selected at random. All surveys were conducted by
the same person (D. Katz) to ensure that visual
estimates were consistent; our visual estimation
approach corresponded well to digital estimation
(Supporting Information B: Visual assessment of
damage). Foliar damage was categorized as being
caused by herbivory, disease, physical damage, or
desiccation. Damage types counted as herbivory
included chewing (e.g., skeletonizing, window feeding, hole feeding), piercing-sucking (e.g., stippling;
regularly shaped small round discolorations in
leaves), leaf mining and galling. Damage was
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counted as disease if symptoms included abnormal
coloration, blackening of the leaf, dark spots with
necrosis, spots with discolorations surrounding them
and the presence of fungal fruiting bodies. Both noninfectious diseases (e.g., nutrient deficiencies) and
infectious (e.g., fungal, bacterial, and viral pathogens) are therefore included in the disease category
(Sinclair and Lyon 2005). At each census, we also
recorded whether seedlings exhibited stem damage
patterns typical of those caused by browsing by
mammals; this was recorded as a binary variable.
Information on vertebrate community composition at
the sites included in this study was also collected
using trail cameras (Katz and Ibáñez in review) but is
not presented here. Invertebrates encountered on odd
numbered seedlings were collected during several
censuses from 2012 to 2014, but the total number of
collection incidents (40) was too low to justify
analysis of that data in this paper. Even so, some of
the most commonly collected invertebrate herbivores
were in the families Aphididae, Cicadelidae, Curculionidae, and Geometridae (Katz unpublished
information).
Environmental data
We monitored several environmental variables that
are relevant to seedling survival, including soil
moisture, light availability, temperature and soil
nutrients; plot environmental characteristics are
reported in Supporting Information C: Plot Environmental Characteristics. Light availability was measured using hemispherical canopy photos that were
taken 1 m above seedlings using a Sigma SD14
camera (Sigma Corporation, Japan) with a sigma
4.5 mm circular fisheye lens (Sigma Corporation,
Japan). Five photos were taken per plot in midsummer when canopy closure was greatest. Photos
were taken when sky conditions were uniform (i.e.,
dawn, dusk, or uniformly cloudy days). The proportion of total possible sunlight reaching the forest floor,
the global site factor (GSF), was calculated using
Hemiview (Delta-T Devices, Cambridge, UK). The
average and standard deviation of GSF was calculated
across years within each plot.
Soil water (percent moisture by volume) was
measured at each site hourly with a HOBO Micro
Station Data Logger (Onset Computer Corporation,
Pocasset, MA). Volumetric soil water content in the
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top 7.5 cm of soil was measured with a FieldScout
TDR 300 Soil Moisture Meter (Spectrum Technologies, Plainfield, IL, USA) at nine points per plot
several times during the growing seasons of
2011–2014. The relationship between soil moisture
at the local and at the site level was quantified using
linear regressions (mean R2 = 0.58); these regressions were then used to predict soil moisture between
censuses (Supporting Information D: Soil moisture
conversion). For the spring census, soil moisture was
estimated from the beginning of the growing season,
which we defined as starting after the last day where
the minimum temperature fell below -3° C. For the
mid and late summer censuses, the soil moisture
values used in the analysis were the mean and
standard deviation of soil moisture between that and
the previous census. Soil moisture data at each site is
reported in Supporting Information E: Site soil
moisture measurements. Air temperature was measured at each site hourly with a HOBO Pro V2 U23
Temperature Data Logger (Onset Computer Corporation, Pocasset, MA) and is reported in Supporting
Information F: Site temperature measurements.
In 2013, soil nutrients were measured using resin
packs (Unibest International Corporation, Walla
Walla, WA, USA). In the southern region, resin
packs were deployed between 4/8/2013 and 10/30/
2013 and in the northern region resin packs were
deployed from 4/23/2013 and 10/23/2013. Four resin
packs were deployed per plot. After retrieval, resin
packs were refrigerated until they were shipped to
Unibest for analysis. Unibest extracted ions using
2mHCL and then analyzed them using inductively
coupled plasmaspectroscopy analysis (Perkin Elmer
3300 DV; Ca, Mg, Mn, P) and FIA Lab Flow
Injection (FIA 2500; NO3-, NH4?).
Statistical analysis
Differences in foliar herbivory and disease
To compare foliar disease and herbivory across sites,
we used ANOVA and conducted post hoc pairwise
comparisons using max-t tests through the multcomp
package in R (Hothorn et al. 2008). Max-t tests are
robust for comparisons of non-normal distributions,
unbalanced sample sizes, and heterogeneity of variances (Herberich et al. 2010).

Seedling survival
We analyzed how foliar herbivory, foliar disease, and
region affected seedling survival using a counting
process in a Cox survival model (Andersen and Gill
1982). We also took into account the following
variables: light, soil moisture, soil nutrients, seedling
maternal effects, the number of leaves, and mammal
browse. This type of model has been used for seedling
survival because it allows for the inclusions of both
fixed and random effects and for time dependent
covariates (McCarthy-Neumann and Ibáñez 2012).
We only included seedlings that had survived to their
second year in this analysis, to minimize any transplanting artifacts and to reduce the effects of seed
resources on survival. The likelihood for the model is:
Nit  Poissonðkit Þ
where N is whether seedling i was found dead at time t
and k is estimated as a function of the intrinsic rate of
mortality, or hazard h, and the extrinsic risk of
mortality, or risk l:
kit ¼ ht elit
Parameter estimation was conducted using a
Bayesian approach, which allowed us to incorporate
missing data (Gelman and Hill 2007). The hazard was
estimated at each time step, ht, from a gamma
distribution, ht * Gamma (1, 0.05). The hazard
reflects differences in mortality rates through the
course of the experiment that are not accounted for by
the risk (e.g., survival rates that are age dependent).
The risk, lit, was estimated as a function of the
covariates included in the analysis, lit ¼ Xit b, where
Xit is the matrix of covariates associated with each
seedling i at time t. b is the vector of fixed effect
coefficients associated with each covariate. We
explored several different models, including different
covariates and random effects (e.g., plot and year) and
selected the model with the lowest DIC (Deviance
Information Criterion; Spiegelhalter et al. 2002) that
allowed us to answer our questions (Supporting
Information G: Model DIC). The final model included
a fixed effect for region (South and North), random
effects for site and plot and the following covariates
(data ranges are described in parentheses): observed
proportion of leaf area affected by herbivory over the
previous year (continuous: 0–1), observed proportion
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of leaf area affected by disease over the previous year
(continuous: 0–1), whether or not the seedling was
browsed by a mammal since the previous census
(binary: 0, 1), seedling height at planting (continuous,
5–168 mm), the number of leaves in the previous
census (continuous, 0–575 leaves), the proportion of
available light that reached the seedling (continuous:
0–1), and volumetric soil moisture since the last
census (continuous: 0–1). We standardized seedling
height at time of transplant, the number of leaves, light
and soil moisture to improve comparisons between
variables. To account for differences between our
measurements and the actual conditions experienced
by the seedlings light and soil moisture were modeled
as latent variables characterized by their plot’s mean
and standard deviation for each inter-census time
period. Fixed effect coefficients were drawn from noninformative prior distributions: b * Normal (0,
1000). The random effects for sites and plots were
drawn from a normal distribution: random
effect * Normal (0, r2), where r * Uniform (0,
10). We predicted survival in each region, b
S region , at
average herbivory and disease levels in that region.
The proportion of seedlings surviving, b
S was predicted
over time (up to five years), under the following
conditions: average light, average soil moisture,
average transplant height, average number of leaves,
and no browsing.
 Ptime

b
S region  Power e t ht ; exBregion
We then simulated survival for seedlings across the
range of possible herbivory values but with no disease,
then vice versa, and then at the actual values of each
damage type at each region.
Survival of each species was modeled separately.
Posterior densities of the parameters were obtained by
Gibbs sampling (Geman and Geman 1984) using
JAGS 3.4 (Plummer 2003) via the rjags package in R
(Plummer 2014). Convergence occurred after
1000–10,000 iterations and chains were inspected
visually. Each species was run for 100,000 iterations
and posterior parameter values were based on iterations 50,000–100,000. Statistical model code is provided in Supporting Information H: Model Code.
Visualization was conducted using the ggplot2 package in R (Wickham 2009). All analyses were conducted using R (R Core Team 2013).
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Results
Differences in herbivory and disease
In all cases, herbivory tended to be higher at the
northern sites than at the southern sites (Fig. 1). The
most pronounced differences were for E. umbellata,
for which the southern sites had on average only
13.3 % as much herbivory as sites in the north; each
southern site had significantly less herbivory than
each northern site. Both B. thunbergii and C.
orbiculatus also tended to have higher herbivory in
the north than in the south, but pairwise site
comparisons of herbivory were not always significant. The two species that were common in the south
and not present within sites in the north, B. thunbergii
and E.umbellata, often had less disease in the
northern sites, although not all pairwise site comparisons were statistically significant (Fig. 1). Respectively, these species had 11.8 and 28.7 % as much
disease at the northern sites compared to at the
southern sites. In contrast, C. orbiculatus, which was
already present at a site in the north, did not have any
significant differences in disease between sites.
Overall, B. thunbergii had the highest average
proportion of leaf area lost to herbivory (mean and
SD: 0.07 ± 0.15), followed by E.umbellata
(0.04 ± 0.06), and C. orbiculatus (0.04 ± 0.07).
Seedling growth was higher in southern sites, but is
not analyzed here (Supporting Information I: Seedling growth).
Seedling survival
Foliar disease significantly decreased seedling survival for B. thunbergii (Fig. 2; Table 2), but the other
parameter estimates for the effects of herbivory and
disease were not significant. The parameter estimates
for the effects of foliar disease and herbivory on
seedling survival for B. thunbergii were: (mean and
SD for disease and herbivory) 6.13 ± 2.55 and
1.25 ± 1.67 and for C. orbiculatus they were
1.56 ± 1.85 and 2.49 ± 1.71. For E. umbellata there
was not a negative effect of foliar disease on survival,
but the standard deviation for that parameter was very
large: -4.57 ± 5.46 and 0.18 ± 2.42. Seedlings with
more leaves in the previous census had significantly
higher survival rates for all species and individuals
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Fig. 1 Boxplots of the proportion of leaf area affected by foliar
herbivory in midsummer for each species in the southern region
(S; light gray) and the northern region (N; dark gray). The box
consists of the first, second, and third quartiles, the whiskers

extend to the 10th and 90th percentiles, the mean is shown with a
circle, the sample size is shown below the boxplot for each site,
and different letters above the whiskers represent significant
differences in foliar herbivory between sites

that were larger at the time of planting were more
likely to survive, although this was only statistically
significant for C. orbiculatus (Table 2). Seedlings in
high light environments tended to have a higher risk of
dying, as did seedlings in dryer environments, but
these results were not statistically significant.
Simulated survival across various levels of foliar
damage shows that high levels of foliar herbivory and
disease have the potential to have strong effects on
seedling survival (as shown by the width of the gray
ribbons in Fig. 3). However, as shown by the dotted
and dashed lines in Fig. 3, the effects of herbivory and
disease were very low for all species at the observed
levels of damage found in each region. Other differences between regions, as incorporated by the region
fixed effects parameters, show only minor and statistically insignificant differences in survival across
regions (Fig. 4).

Discussion
Although natural enemy communities are unlikely to
be uniform across latitudinal gradients, it has not been
known whether this will affect invasive species
distribution shifts in response to climate change. Our
results show that there are in fact proportionately large
differences in foliar damage for B. thunbergii, E.
umbellata, and to a smaller extent for C. orbiculatus
between the southern sites that are in their central
distribution and the northern sites that are in their
range margin. However, the effects of damage on
seedling survival were small, in part because the total
amounts of foliar damage were also small. This
suggests that differences in biotic interactions are
unlikely to play a major role in range expansion of
these species in response to climate change within our
study area.
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Fig. 2 Effects of foliar
herbivory and foliar disease
on seedling survival
(estimates from the
mortality model are
multiplied by -1 to reflect
effect on survival [the
analysis models mortality]).
Parameter estimates below 0
indicate a negative effect on
survival; 95 % credible
intervals that cross zero are
not statistically significant

Table 2 Survival model parameter estimates (mean and standard deviation)
Species

Browse

Berberis
thunbergii

NA

Elaeagnus
umbellata

2.07 ± 1.38

Celastrus
orbiculatus

1.22 ± 0.70

Disease

Herbivory

Light

Number of
leaves

Planting height

1.25 ± 1.67

0.70 ± 1.34

21.84 – 0.54*

-0.41 ± 0.45

0.06 ± 3.69

-4.57 ± 5.46

0.18 ± 2.42

0.73 ± 0.72

22.44 – 0.43*

-0.45 ± 0.24

-1.55 ± 2.15

1.56 ± 1.85

2.49 ± 1.71

2.20 ± 1.12

21.34 – 0.39*

20.70 – 0.33*

-0.78 ± 3.50

6.13 – 2.55*

Soil moisture

Survival model parameters indicate effects on mortality (i.e., higher values indicate higher probability of death). Parameters for
which there were no data to inform estimates (browse for Berberis thunbergii) are labeled as NA. Parameter estimates that were
significantly different from zero (95 % CI does not include zero) are in bold and are denoted with an asterisk

Foliar herbivory across range edges
The differences in herbivory between regions may be
caused by differences in natural enemy community
composition. For example, B. thunbergii experienced
more herbivory by mollusks in northern sites (Katz,
unpublished data) and in a different experiment that was
conducted at the same sites, we also observed similar
patterns in foliar herbivory on native species at these
sites (Katz and Ibáñez in review). Moreover, there were
some inter-site differences in the community composition of invertebrates collected from tree seedlings at
these sites (Katz and Ibáñez unpublished data). While
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these patterns are consistent with the idea that biotic
interactions can systematically differ between the center
and edge of an invasive species distribution, sampling at
more sites would be needed to confirm this, and another
study that measured herbivory rates at the center and
edge of the distribution of four invasive species did not
find consistent inter-species patterns in herbivory or
defenses across their latitudinal gradient (Wan and
Bonser 2016). Additionally, several studies have investigated differences in herbivory rates and plant defenses
over latitudinal gradients, and in these studies, inter-site
variation has been more important than latitudinal
variation at the spatial scales we investigated (Adams

Biotic interactions with natural enemies

Fig. 3 Simulated seedling survival at foliar damage levels
ranging from 0 % (light) to 100 % (dark). Simulations assumed
average environmental conditions, planting height, and number
of leaves. Simulated survival at the levels of foliar damage
observed in the southern sites is indicated with a red dotted line;

simulated survival at the observed level of damage in the
northern sites is shown with a blue dashed line. Simulations
begin one year after planting. The simulations for Elaeagnus
umbellata are not shown for disease because there was not a
negative effect on survival

et al. 2008; Adams and Zhang 2009; Moles et al. 2011;
but see Lehndal and Agren 2015).

2013). The inter-region differences in disease for C.
orbiculatus were smaller, which may be because this
species has already colonized one of the northern study
sites. Overall, these results suggest that enemy release
from disease can be reset when invasive species
establish populations near current range edges, resulting in a temporary ‘‘denaturalization’’ phenomenon.

Foliar disease across range edges
The observed differences in disease between regions for
B. thunbergii and E. umbellata was consistent with
invasive species experiencing reduced disease at their
range margin where the nearest conspecifics are far
away. This suggests that these invasive species are in
fact leaving behind some foliar pathogens that infect
them; this is to be expected, given that for invasive
species pathogen loads accumulate in an area over time
(Mitchell et al. 2010; Diez et al. 2010; Flory and Clay

Effects of leaf damage on survival
We found only very small effects of leaf damage on
plant survival at the observed levels. This is in part
because foliar damage rates were generally low for
these invasive species, as is often the case for exotic
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Fig. 4 Modeled survival after five years for seedlings. Survival
estimates (mean and 95 % CI) include the variability associated
with the intercept for each treatment in each region and the
average effects of herbivory and disease in each region. Survival
is estimated at the average conditions for the following

covariates: initial seedling height, light availability, and soil
moisture. Different letters above different bars denote statistically significant differences and sample sizes (seedlings that
survived past one year) are listed below bars

species (Heger and Jeschke 2014). This highlights the
importance of not just measuring how much damage
invasive species receive but also quantifying its effects
on demography (Chun et al. 2010). Even so, it is
conceivable that the effects found would be stronger
on other demographic transition rates (e.g., growth or
seed production) or that they are more pronounced on
other life stages (e.g., reproductive adults, seeds); all
of these possibilities warrant further attention because
ultimately what matters are population growth rates
(Maron and Crone 2006), for which observed foliar
damage rates can be a poor proxy (Katz 2016). Still, it
is not likely that other biotic interactions (e.g., below
ground herbivory) are having a strong effect here,
given that there were few differences in the fixed
effects for region that were used to predict survival.

encounter during range expansion in this area will not
substantially affect their range expansion dynamics,
because the effects of damage on survival were so low.
This assuages one of the concerns about using SDMs
to predict climate change induced distribution shifts
for these three invasive species. However, this work is
limited to three species in two regions and must be
tested for other species and regions before generalizations can be made (Hargreaves et al. 2014); there is
considerable intra-specific and inter-specific variation
in the population level effects of natural enemies on
plant population growth rates (Katz 2016). These
SDMs will also need to take into account other factors
that are important determinants of invasive species
presence and abundance, such as human land use
(McDonald et al. 2008; Ibáñez et al. 2009a) and face
other challenges such as whether the focal species is in
equilibrium with its environment (Uden et al. 2015), or
how the invasive species is evolving and its niche is
changing (Clements and Ditommaso 2011; Matesanz
et al. 2015). These same findings may also be relevant
to predicting altitudinal range shifts, or for predicting

Implications for range shifts in response to climate
change
Our results suggest that the differences in natural
enemy communities that these three invasive species
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changes in species abundance or occurrence within a
particular region or site (e.g., Jones et al. 2010).

Data accessibilty
Seedling data (foliar damage, planting heights, vertebrate herbivory, etc.,) and environmental data (soil
moisture, light, temperature, soil nutrients, etc.,) are
available in a DRYAD repository, doi: 10.5061/dryad.
1b433 (Katz and Ibáñez 2016a).
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