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Abstract The popularly cited enemy release hypoth-

esis, which states that non-native species are released

from population control by their enemies, has not been

adequately tested in plants. Many empirical studies

have compared damage to native versus non-native

invaders only in the invaded range, which can lead to

erroneous conclusions regarding enemy release. Bio-

geographical studies that have compared natural

enemies in native and introduced ranges have typically

focused on a small area of the plants’ distributions in

each range, only one plant species, and/or only one

guild of natural enemies. To test enemy release, we

first surveyed both pathogens and herbivores in

multiple populations in both the native and naturalized

ranges of three commonly co-occurring perennial

bunchgrasses introduced to the United States from

Europe. We then compared our field results to the

number of fungal pathogens that have been docu-

mented on each species from published host-pathogen

data compilations. Consistent with enemy release, our

field survey showed less herbivory and denser popu-

lations in the naturalized range, but there was no

evidence of release from pathogens. In contrast, the

published host-pathogen data compilations produced

evidence of enemy release from pathogens. The

difference in results produced by the two approaches

highlights the need for multiple approaches to testing

mechanisms of invasions by introduced species, which

can enable well supported theory to inform sound

management practices.
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Introduction

The popularly cited enemy release hypothesis (Cola-

utti et al. 2004; Keane and Crawley 2002) proposes

that introduced plants flourish because they are

‘‘released’’ from pathogens and herbivores that exist

only in their native range. With fewer enemies, these

introduced plants have a competitive advantage over

native plants and become invasive. A consensus on
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whether enemy release adequately explains invasions

by introduced plants is lacking. Existing studies have

yielded conflicting results, potentially because they

used small geographic areas, considered only one

plant species, surveyed limited taxa of natural ene-

mies, or used widely differing approaches. Because

popular biological control practices are based on the

principle of enemy release, a clear understanding of

enemy release is needed. Here, we present, compare,

and contrast the results of two very different

approaches that we used to test enemy release of three

commonly co-occurring perennial bunchgrasses

across a wide geographic area in their native and

naturalized ranges.

To test for evidence of enemy release, some studies

have measured differences in natural enemy attack

between closely related native and introduced species, or

between co-occurring native and introduced species, on

the premise that the introduced species, if indeed

released from natural enemies, would have less enemy

attack than their native congeners or neighbors (Agrawal

et al. 2005; Carpenter and Cappuccino 2005; Dietz et al.

2004; Han et al. 2008; Vilà et al. 2005), with mixed

results. However, comparing native and introduced

plants in a single geographic area could lead to erroneous

conclusions about enemy release. This potential shortfall

is highlighted by Vermeij et al. (2009), who found that

comparison of herbivory on native and introduced algae

in the naturalized range showed more herbivory on the

introduced algae, yet a biogeographical comparison of

the introduced algae in its native versus naturalized

ranges showed reduced herbivory in its naturalized range

relative to its native range.

A few studies have tested enemy release by

comparing natural enemy attack on plant species

between their native and naturalized ranges (Adams

et al. 2009; Cripps et al. 2011; Genton et al. 2005;

Halbritter et al. 2012; Roy et al. 2011; Vermeij et al.

2009), and have found fairly consistent support for

enemy release from herbivores and pathogens. The

majority of these biogeographical studies surveyed a

small geographic area in the native and naturalized

ranges of their study species; some studies included

just one site to represent each range, while others

included multiple sites in just one US state or

comparably sized country to represent an entire range,

(but see Adams et al. 2009). Most studies focused only

on one particular plant species (but see Vermeij et al.

2009, who included only herbivores).

Another approach very different from field studies

is to mine existing published information by compar-

ing species richness of already documented natural

enemies on plant species in their native and natural-

ized ranges. This approach of measuring species

richness of natural enemies per plant species assumes

that greater amounts of attack are associated with

greater numbers of enemy species, which may not

always be accurate. Mitchell and Power (2003) used

this approach, compiling data from existing published

sources of viral and fungal pathogens on 471 plant

species native in Europe and naturalized in the United

States, and generally found higher numbers of viruses

and fungal pathogens on plant species in Europe than

in the United States. Also in support of enemy release,

Mitchell and Power (2003) found that plants’ nox-

iousness and invasiveness were greater for plants with

greater pathogen release. However, diseases are

generally better documented in Europe than in the

United States (Mitchell and Power 2003). Van

Kleunen and Fischer (2009) used a correction for this

literature bias, and found that the trend of enemy

release, though reduced in magnitude, still held.

Furthermore, these authors compiled information on

fungal pathogens of 140 plant species native in North

America and naturalized in Europe, and found a

similar but weaker trend of enemy release, as shown

by fewer species of fungal pathogens per host species

in the plants’ naturalized range than in the native

range. Van Kleunen and Fischer (2009) also examined

the correlation of pathogen species richness per host

species with geographic expansion of each host

species in their naturalized range, and, contrary to

the prediction of enemy release, found that release

from foliar pathogens was negatively correlated with

the geographic expansion of the plant species in their

naturalized range.

To test the enemy release hypothesis, we used a

combination of two approaches. First, using a biogeo-

graphical field study, we surveyed herbivore and

pathogen attack on individual plants in populations of

three commonly co-occurring perennial bunchgrasses,

native in Europe and naturalized in North America.

Multiple populations across several states or countries

in both the native and naturalized ranges were

surveyed. We measured both percent leaf area dam-

aged by herbivores and pathogens, and, as a proxy for

enemy species richness, number of types of herbivore

and pathogen symptoms per plant. To address the
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potential pitfall that environmental variables may

influence natural enemy attack and therefore could

confound measurable effects of enemy release, we

measured variables at the plant level, such as shoot

biomass, senescence, (Cornelissen et al. 2008; Price

1991) and nitrogen content (Gilliam 2006), and site

variables, such as latitude, elevation, biomass of the

community (Alexander 1992; Borer et al. 2006) in

which each focal species was embedded, and density

of each focal species (Antonovics et al. 1995; Burdon

et al. 2006). Then, for a comparison of field results to

compilations of published data, we compared our

findings from our field survey to the data compiled by

Mitchell and Power (2003) for each of the three plant

species we surveyed.

Methods

We surveyed three species of perennial bunchgrasses,

Anthoxanthum odoratum L. (‘‘sweet vernal grass’’),

Holcus lanatus L. (‘‘common velvetgrass’’), and

Schedonorus arundinaceus (Schreb.) Dumort (‘‘tall

fescue’’) (synonym: Festuca arundinacea; Flora of

North America Editorial Committee 1993), which are

native to Europe and naturalized in the United States.

We selected these species because all are found widely

across both Europe and the United States, and

commonly co-occur in both their native and natural-

ized ranges. All three species are used as pasture

grasses in Europe. Grasslands in the United States

have been degraded due to invasion by introduced

grass species (e.g., Beckstead et al. 2010; Borer et al.

2007; Malmstrom et al. 2005). Some invaders, such as

S. arundinaceus, are commonly used in the United

States, while others, including A. odoratum and H.

lanatus, are not widely used there. Grasses tend to

become exceptionally weedy in their introduced range

(Lonsdale 1994).

Populations were selected from as wide an area as

logistically possible within each range, and were

found using Nature Conservancy species lists, prior

knowledge of populations by the authors and col-

leagues, and surveys of areas likely to have one or

more of the three grass species. Sampling in the United

States occurred in May, June, and August 2008.

Sampling in Europe occurred in July 2008. All

populations that were found and could be surveyed

during the 2008 growing season were sampled, which

resulted in unequal replication. In the United States,

populations were sampled in New York, North

Carolina, Oregon, Washington, and Wisconsin, with

seven populations of A. odoratum, eight of H. lanatus,

and six of S. arundinaceus (Fig. 1, Online Resource 1:

Table S1). In Europe, populations were sampled in

Austria, Germany, the Netherlands, and Switzerland,

with eight populations each of A. odoratum and H.

lanatus, and three of S. arundinaceus.

For sampling at each location, a 30 m transect was

laid through the population. Relative density of each

of the three grass species was estimated at three 1 m

sections of the transect (4–5 m, 10–11 m, and

25–26 m): at each 1 m space, the number of stems

of each plant touching the transect tape was counted

(Burnham et al. 1980; McIntyre 1953). To estimate

overall plant community productivity, three 20 cm2

quadrats of total above-ground community biomass

were collected from 50 cm away from the transect

tape at 5, 15, and 25 m. The collected community

biomass was oven-dried at 60 �C for at least 72 h and

weighed. At each site, ten plants of each plant species

present were collected and surveyed for attack by

natural enemies at each population. For this sampling,

the nearest plant to the meter mark was taken every

three meters along the transect. Percent arthropod

herbivore and fungal pathogen damage were estimated

visually (Nita et al. 2003) for one randomly selected

mature leaf from each plant. Additionally, the entire

plant was examined for number of types of visibly

distinct herbivore and pathogen symptoms, and

percent total damage to the plant was estimated

visually. Some examples of observed herbivore

symptoms are mollusk damage and distinct arthropod

damage such as leaf mining or chewing. Some

examples of pathogen damage are rust pustules and

mildew. Furthermore, for each plant chlorophyll

content as an estimate of nitrogen status was measured

using a hand held portable SPAD-502 chlorophyll

meter (Spectrum Technologies, Inc., Plainfield, Illi-

nois, USA) (Gáborčı́k 2003), and percent total senes-

cence was recorded.

All analyses were performed in JMP version 10. All

percentage data were arcsine square root transformed,

count data were square root transformed, and shoot

biomass data were log transformed to better fit a

normal distribution for the residuals. All data were

back-transformed for presentation. The mean for each

population was calculated, and each population of
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each plant species was used as one replicate in

analyses of natural enemy attack. Using a general

linear mixed model, the two ranges, Europe and the

United States, were compared as a fixed factor. Grass

species was included as a fixed factor, and the

interaction between species and range was included

in the model. Population nested within range was

included as a random factor. Using this model, we

tested for differences between ranges in potentially

confounding variables for each site: date of sampling,

latitude, elevation, community biomass, senescence,

chlorophyll content, whole plant biomass, and relative

density of each plant species. When a significant

difference between ranges was found, the effects of the

potentially confounding variable on both percent

herbivory and pathogen damage per leaf were tested

using ANCOVA, including range, the possible con-

founding variable, and their interaction.

Based on the analyses above, we created our model

for detecting an effect of range to include site nested

within range as a random factor, and the fixed factors

range, species, and sampling date, and all possible

interactions. We used this model to test the effect of

range on the following variables: percent herbivore

damage per leaf, percent pathogen damage per leaf,

and total percent damage per plant. We also used a

similar model, excluding species and the related

interaction terms, to compare the relative density of

each plant species between the two ranges. A Bonfer-

roni correction was applied to the three related

analyses concerning percent damage (herbivory/leaf,

pathogen/leaf, and whole plant). Similarly, another

Bonferroni correction was applied to the three anal-

yses comparing relative stem densities of each species

between the two ranges. The statistical model that we

used is conservative because site is treated as a random

Fig. 1 Populations of three

commonly co-occurring

species were sampled across

a wide geographic range in

both the native range

(Europe) and the naturalized

range (United States) in

2008. Each grey dot

represents a location

sampled. The letters at each

location correspond to

which of the three plant

species were sampled at that

location: A Anthoxanthum

odoratum, H Holcus

lanatus, S Schedonorus

arundinaceus
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variable, and, especially in the case of S. arundinac-

eus, our low replication of sites led to relatively weak

statistical power. Similar biogeographic studies have

used a Student’s t test (Wolfe 2002), treating popu-

lation as a fixed variable, to compare natural enemy

attack between ranges. More recently, Adams et al.

(2009) and Roy et al. (2011) have employed a

statistical model similar to what we used in this study.

To compare the field and published data compila-

tion approaches to each other, we compared our field

observations to data compiled from published infor-

mation about pathogen attack on the three grass species

(Mitchell and Power 2003). Including species, range,

and their interaction as fixed factors, and site nested

within range as a random factor, we compared number

of types of herbivore damage per plant and number of

types of pathogen damage per plant between the two

ranges. We decided to use number of types of

symptoms per plant for multiple reasons. First, this

approach would remove bias that may be caused by the

presence of rare symptoms in a given population.

Second, the appearance of pathogen symptoms can

vary substantially depending on numerous conditions;

using number of symptoms per plant reduces the risk of

one pathogen being erroneously counted more than

once in a population or range. Number of types of

herbivore and pathogen symptoms found in each

population ranged from one to eleven, and are reported

in Online Resource 1 (Table S1). Mitchell and Power

shared their data on Schedonorus arundinaceus and

Holcus lanatus with us. Additionally, we followed

their compilation protocol to collect similar data for A.

odoratum. For A. odoratum, in addition to compiling

data for rusts, smuts, and mildews as done by Mitchell

and Power, we also compiled data for all other fungal

pathogens documented in the same published sources

used by them (Farr and Rossman 2010; Gäumann

1959; Gleason and Cronquist 1991; Hickman 1993;

Wilson and Henderson 1966).

Results

Of the potentially confounding variables that we

measured, latitude, elevation, sampling date, and

senescence differed between the two ranges (Online

Resource 1: Table S2). Additionally, relative stem

densities of A. odoratum and H. lanatus were higher in

the United States than in Europe. Community

biomass, chlorophyll content, whole plant biomass,

and density of S. arundinaceus did not significantly

differ between ranges. The variables that differed

between the two ranges were tested for an effect on

percent pathogen and percent herbivore damage.

Neither pathogen nor herbivore damage varied with

elevation, senescence, or density of A. odoratum

(Online Resource 1: Table S3). Sites were located in

higher latitudes in Europe than in the US, and percent

herbivory was found to be higher at lower latitudes.

This may have diminished our ability to detect release

from herbivores. Density of H. lanatus was higher in

the US than in Europe, and pathogen damage

increased with higher densities of H. lanatus. This

relationship could have obscured our ability to detect

release from pathogens. Both herbivory and pathogen

damage were affected by sampling date, increasing as

the season progressed. Therefore sampling date was

included in the statistical model testing the effects of

range on percent herbivore and pathogen damage and

whole plant percent damage.

Consistent with enemy release, plants had signif-

icantly more percent herbivore damage per leaf in the

native than in the naturalized range (Fig. 2a, Online

Resource 1: Table S4). However, percent pathogen

damage per leaf did not significantly differ between

the two ranges. Consistent with the assumption that

introduced species are more vigorous in their intro-

duced range, stem densities of A. odoratum and H.

lanatus were higher in the introduced range than the

native range, while the density of S. arundinaceus did

not differ significantly between ranges (Fig. 3, Online

Resource 1:Table S2, Bonferroni adjusted value for

statistical significance: P \ 0.017).

We found that percent herbivore damage was

positively associated with number of types of herbi-

vore symptoms (F1,39 = 39.43, P \ 0.0001,

r2 = 0.51). Number of types of pathogen symptoms

also had a modest positive association with percent

pathogen damage (F1,39 = 21.01, P \ 0.0001,

r2 = 0.36), providing limited support that species

richness of pathogens, as used by Mitchell and Power

(2003) and van Kleunen and Fischer (2009), may be a

useful predictor of degree of damage caused. Trends in

percent damage and number of types of symptoms

followed similar patterns between the native and

introduced ranges, although with weaker statistical

significance for number of symptom types (Online

Resource 1: Table S5).
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In our field survey, number of types of herbivore

damage per plant trended toward being higher in the

native than the introduced range (Fig. 4a), although the

effect was nonsignificant after Bonferroni correction

(Online Resource 1: Table S5). This finding was

generally consistent with our results based on percent

damage. Also consistent with our estimates based on

percent pathogen damage per leaf, we found no

significant difference in number of types of pathogen

attack between the native and naturalized ranges

(Fig. 4a), indicating no evidence of enemy release with

respect to pathogens. In contrast, Mitchell and Power’s

data compilation (2003), which included only mildews,

rusts, and smuts, found that H. lanatus had a net release

from fungal pathogens, as indicated by lower species

richness of pathogens on each plant species in the

naturalized than in the native range, but there was no

difference between the two ranges for S. arundinaceus

(Fig. 4b). Following Mitchell and Power’s protocol, we

also found a strong net release of A. odoratum from

mildews, rusts, and smuts combined. However, for other

fungal pathogens that we compiled from the same

published sources, we found 13 other pathogen species

in Europe versus 19 other pathogens in the United

States, indicating the reverse trend expected by enemy

release for these other pathogens not considered by

Mitchell and Power’s compilation.

Discussion

We found a general trend of reduced enemy attack and

increased plant density in the naturalized range versus

the native range that is consistent with enemy release,

especially from herbivores, of the three grasses that we

Fig. 2 a Percent herbivore damage per leaf, b percent pathogen

damage per leaf, and c percent whole plant combined herbivore

and pathogen damage (Mean ± Standard Error) on three plant

species (Anthoxanthum odoratum, Holcus lataus, Schedonorus

arundinaceus), native in Europe and naturalized in the United

States. * = statistically significant difference between ranges

(after Bonferroni correction) P \ 0.05, ns = no significant

difference between ranges

Fig. 3 Mean stem density (±Standard Error) in the naturalized

and native ranges on Anthoxanthum odoratum, Holcus lataus,

and Schedonorus arundinaceus. * = statistically significant

difference between ranges (after Bonferroni correction)

P \ 0.05, ns = no significant difference between ranges
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studied. We did not experimentally test a causal

relationship between enemy attack and plant density

or other measures of plant populations. The overall

amount of damage that we found in our survey was

relatively low, but consistent with findings of other

studies that included grasses (Corcket et al. 2003; Han

et al. 2008; Morrison et al. 2007; Roy et al. 2011;

Wilson et al. in press). Furthermore, some of these

studies found an effect of natural enemies on grasses

(Corcket et al. 2003; Roy et al. 2011). We found no

evidence that foliar pathogen attack on any of the three

grass species differed between the two ranges.

Our finding of less herbivore damage in the plants’

naturalized range may be due to various contributing

factors. Loss of one or more specialist herbivores in

the plants’ native range upon introduction, which is an

assumption of enemy release, could explain this

pattern. Generalist herbivores already present in the

naturalized range would account for the remaining

herbivore attack. Another possible explanation, which

we did not test, is that associations between the grasses

and beneficial mutualists may differ between the two

ranges. For example, Schedonorus arundinaceus is

commonly infected with endophytes in the genus

Neotyphodium, which could deter herbivores (Belesky

and Bacon 2009; Pedersen et al. 1990; Saikkonen et al.

1999). In some cases novel endophytic associations

have been used to increase vigor of S. arundinaceus

(Bouton et al. 2002; Burns et al. 2006; Gunter and

Beck 2004; Nihsen et al. 2004). Furthermore, because

of heavy use of S. arundinaceus in the United States,

artificial selection could have led to more vigorous

plants (e.g., Steen et al. 1979). Finally, our findings

could potentially be due to dilution (Keesing et al.

2006; Power 1987) of enemy attack by the novel plant

community encountered in the naturalized range

relative to that in the native range. Blaisdell (2011)

found evidence of dilution of natural enemy attack on

both H. lanatus and S. arundinaceus by co-occurring

native grass species. More studies are needed that

simultaneously test enemy release and other compet-

ing hypotheses (Liu and Stiling 2006). While we found

evidence of enemy release from herbivores, we found

no difference in pathogen attack between the native

and naturalized ranges. If predominately generalist

pathogens were attacking the plants in both ranges,

this could lead to equal attack rates in both ranges.

The general pattern that we found of higher

densities of plants of each species in the naturalized

range compared to the native range provides support

for the common assumption that invasive plants are

more abundant in their introduced range than in their

native range (Hierro et al. 2005). Other studies of

Fig. 4 a Results of field survey: axes represent mean number of

types of symptoms per plant. H Herbivores, P Pathogens, and

b results of data compilation from literature survey: axes

represent total number of rusts, smuts, and mildews found on

each plant species in each range, except that the dark square

represents the number of other fungal pathogens on Anthoxant-

hum odoratum besides rusts, smuts, and mildews not considered

by Mitchell and Power’s study. The diagonal lines across each

graph represent the one to one ratio for which the number of

enemies in both ranges would be equal
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particularly invasive species have found larger plants

and at higher population densities in the invaded range

compared to their native range (e.g., Jakobs et al.

2004). However, Firn et al. (2011) recently performed

a broader survey, of 26 herbaceous species at 39 sites,

and found that species abundances were generally

similar between their native and introduced ranges.

Firn et al. (2011) did not include Schedonorus

arundinaceus, but, consistent with our results, found

that both A. odoratum and Holcus lanatus had higher

relative abundance in their introduced ranges than in

their native range.

Interestingly, the findings in support of enemy

release from pathogens based on compilations of

published information (Van Kleunen and Fischer

2009; Mitchell and Power 2003) differed from our

findings for pathogen attack based on our field survey.

This difference could be linked to various factors.

With respect to the identity of pathogens considered,

our field survey was more general than the data

compilations. The literature studies included only

mildews, rusts, and smuts, while we considered all

foliar fungal and arthropod herbivore symptoms that

we found in the field. Many smut fungi are seed

transmitted (Neergaard 1977), but rusts and mildews

are rarely or not transmitted by seed. Because many

plant introductions occur via seed, the selection of a

subset of pathogens may have influenced findings in

the literature surveys. Furthermore, van Kleunen and

Fischer (2009) found that the pathogens lost upon

introduction tended to be relatively rare pathogens,

which could lead to a weak relationship between

pathogen species richness and population fitness

effects. The literature compilation approach included

pathogens that have been found at any time on a given

host, while our field survey provided a snapshot of

conditions at one time point.

Our field survey found support for release from

herbivores and increased density in the plants’ intro-

duced range. Many methods of testing enemy release

have been used, but for the most part these multiple

approaches have not been combined into any one

study. To better understand the driving forces of

invasions by introduced plant species, future studies

concerning biological invasions should carefully

choose their method or methods of testing enemy

release, and should also test other hypotheses con-

cerning potential mechanisms of invasion.
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