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Abstract
This study analyzed the enemy release hypothesis (ERH) assumptions under different climatic conditions in a lowland region 
and a mountain region in Poland. A common garden experiment was performed in 2010 and 2011 using 3 native (Impatiens 
noli-tangere, Solidago virgaurea, and Polygonum bistorta), 2 noninvasive alien (Impatiens walleriana and Impatiens bal-
samina), and 4 invasive alien (Impatiens glandulifera, Impatiens parviflora, Solidago gigantea, and Reynoutria japonica) 
species. The species were surveyed for leaf damage and invertebrate pest attacks. In all tests, leaf damage and pests were 
recorded more frequently in the lowland than in the mountains. The differences were particularly evident in the models for 
Impatiens and in the leaf damage model for Solidago. The distinction was irrelevant for some species (Polygonaceae); how-
ever, these results should be interpreted with caution because the taxonomic relations between the studied Polygonaceae were 
lower than those between the other tested species. Considering all the tests, the assumptions of the ERH hypothesis were 
confirmed in 6 cases (29%), whereas there was no confirmation in 15 cases, including 7 cases of nonsignificance and 8 cases 
of the opposite results. Moreover, the overall result of the comparison between the noninvasive and invasive alien species 
was the opposite of that predicted by the ERH hypothesis; in more than 2/3 of the cases, invasive alien species were released 
from the enemy less effectively than were noninvasive ones. In conclusion, the assumptions of the ERH hypothesis do not 
always hold true, and the invasion success of alien species may depend on several factors, including specific local conditions.

Keywords Biological invasions · Common garden · Enemy release hypothesis · Invasive alien species · Noninvasive alien 
species · Lowlands and mountains

Introduction

A number of hypotheses have been proposed to explain the 
mechanisms determining the invasiveness of alien species 
(Catford et al. 2009; Holzmueller and Jose 2011). One of 

the most frequently studied (Najberek et al. 2017b) is the 
enemy release hypothesis (ERH). The ERH assumes that 
the success of alien species depends on the release from the 
pressure of local enemies, such as predators, herbivores or 
pathogens, after introduction into new areas (Elton 1958; 
Maron and Vilà 2001; Keane and Crawley 2002). While 
within their native ranges, species are suppressed by natural 
enemies, liberation from this limiting factor in new areas 
may lead to rapid expansion.

To date, the ERH assumptions were either fully supported 
(e.g., Mitchell and Power 2003; Hartley et al. 2010; Comont 
et al. 2014), confirmed only partially (e.g., Agrawal et al. 
2005; Liu et al. 2007; Cripps et al. 2010), proved negative 
(e.g., Blaney and Kotanen 2002; Skou et al. 2011; Najberek 
et al. 2017b), or definitely rejected (e.g., Parker and Hay 
2005; van Kleunen and Fischer 2009; Schultheis et  al. 
2015). Taking into account such diversity of results, one 
can assume that the invasion success may be determined 
by natural enemies only for some species or only in specific 
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local conditions. The pressure exerted by enemies on alien 
plant species was tested with respect to many aspects. For 
instance, ERH tests were conducted at adult individuals 
(e.g., Vilà et al. 2005) or at seed stage (e.g., Najberek et al. 
2018), including many plant species in one type of habi-
tat (e.g., Engelkes et al. 2008) or using a single species in 
many habitats (Najberek et al. 2017a), as well as taking into 
account plant size, from trees (e.g., Cincotta et al. 2009), 
through shrubs (e.g., Memmott et al. 2000) to perennials/
annuals (e.g., White et al. 2008). Some of these studies were 
innovative enough to evolve into new hypotheses (e.g., the 
enemy reduction hypothesis or the enemy inversion hypoth-
esis; Catford et al. 2009). It is also known that in different 
regions, biological invasions may proceed in different ways 
(Hawkes 2007; Sugiura 2010). However, neither the ERH 
nor its subsequent hypotheses compared the enemy release 
levels in areas differing in climate, such as lowlands and 
mountains. At the same time it is known that montane cli-
mate is more severe and can reduce the presence of some 
pests and pathogens (Stohlgren 2011). In this study, we pre-
sent the results of a common garden ERH experiment con-
ducted in cultivation plots located in lowland and montane 
areas in southern Poland. The experiment was carried out 
using the community approach (Colautti et al. 2004) and 
took into account native and alien species, both noninva-
sive and invasive. Although noninvasive alien species may 
not pose an imminent serious threat to native biodiversity 
or local economies, studying them is particularly impor-
tant because they may yield insights into the mechanisms 
of the development of invasiveness, which is important for 
the theoretical aspects of biological invasions as well as 
for the development of practical measures to mitigate their 
effects (van Kleunen et al. 2010; Ugoletti et al. 2011). In this 
experiment, following the ERH, we assumed that the level 
of pressure exerted by enemies on noninvasive alien spe-
cies would be higher than that on the related invasive alien 
species and, at the same time, lower than that on the related 
native species. The two noninvasive alien species (Impatiens 

walleriana and Impatiens balsamina) included in this study 
are frequently cultivated in Poland. It cannot be ruled out 
that in the future, e.g., due to climate warming, these spe-
cies will establish stable populations in warmer parts of the 
country, such as cities at lower elevations.

We took into account both pathogen pressure (recording 
the number of leaves with symptoms of disease or damage) 
and pest pressure (recording the number of invertebrates 
on the surveyed plants, including pests, defined as ‘inverte-
brates which may be harmful for the studied plant species’). 
Previously, the ERH tests were based either only on the level 
of leaf damage (e.g., Vilà et al. 2005; Adams et al. 2009) or 
only on pathogen pressure (e.g., Mitchell and Power 2003; 
Mitchell et al. 2010). Moreover, the climatic divergences 
between the lowland and mountains were explicitly tested 
to show that the climate of the latter region was significantly 
more severe. Following Stohlgren (2011), we assume that 
these climatic conditions limit the number of enemies 
attacking plants in mountains. It can also be hypothesized 
that under the same level of enemy attack in the lowland 
and mountains, an alien species invasion would be more 
limited in the latter region because enemies would magnify 
the stress exerted by a severe climate.

Methods

Species selected for the study

Nine species were chosen for the study: four species of 
alien origin that are invasive, two cultivated noninvasive 
aliens, and three natives (Table 1). The invasive alien 
species (Impatiens glandulifera, Impatiens parviflora, 
Solidago gigantea, Reynoutria japonica) were chosen 
because they are among the worst invaders in many 
European countries, including Poland, and specifically 
the study area (Tokarska-Guzik et al. 2012). Following 
the ERH assumptions, we compared them with native, 

Table 1  Invasiveness and native range of the species selected for the study

Species Family Status Time of introduction 
in Poland

Native range

Impatiens noli-tangere Balsaminaceae Native – Europe, Asia, western North America
I. balsamina Balsaminaceae Cultivated alien – Southern Asia
I. walleriana Balsaminaceae Cultivated alien – Eastern Africa
I. parviflora Balsaminaceae Invasive alien 1850 Central Asia
I. glandulifera Balsaminaceae Invasive alien ca. 1890 Central Asia
Solidago virgaurea Asteraceae Native – Europe, Asia
S. gigantea Asteraceae Invasive alien 1853 North America
Polygonum bistorta Polygonaceae Native – Europe, North and West Asia
Reynoutria japonica Polygonaceae Invasive alien 1882 East Asia
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closely related species that co-occur in the study area in 
the same habitats (personal observations). Neither of the 
two noninvasive alien balsams selected for the study (I. 
balsamina and I. walleriana) has been recorded in Poland 
from natural habitats. However, they were included in the 
experiment because they are frequently cultivated and it 
cannot be ruled out that they may establish in Poland in 
future.

Comparisons of enemy pressure between the native 
and alien species were performed in congeners: Impatiens 
spp. and Solidago spp. Another pair, namely R. japonica 
and Polygonum bistorta, included representatives of the 
same family (Table 1); such comparisons are suitable 
in the absence of close relatives in the study area (e.g., 
Agrawal and Kotanen 2003). Therefore, we decided to 
also include these species in the experiment. Each of the 
invasive alien species was introduced to Poland in the 
nineteenth century; thus, their residence times are similar.

Study sites

The study was conducted in two regions in southern 
Poland: the lowland Rów Skawiński (L) and the montane 
Rów Podtatrzański (M). One cultivation plot was set up 
in each region: in the lowland, in Wielkie Drogi Village 
on a private property (215 m a.s.l.; 49.961 N, 19.704 E), 
and in the mountains, at the Center for Research and Con-
servation of Mountain Plants of the Institute of Nature 
Conservation, Polish Academy of Sciences in Zakopane 
(917 m a.s.l.; 49.292 N, 19.976 E). Both regions were 
described in detail by Najberek et al. (2017b).

The land preparation, sowing, and planting were simi-
lar for both plots and were always supervised by the same 
person. Each plant species was cultivated in conditions 
compatible with its habitat preferences; however, in both 
plots, the area surrounding the plants was frequently 
mowed and raked, and the cuttings were removed.

In 2009, seedlings of all the native and invasive alien 
species were transplanted to each plot from neighboring 
localities in the particular regions. The plants developed 
and reproduced successfully in 2009, 2010, and 2011 with 
no need for supplementary sowing. In contrast, the nonin-
vasive alien plants (I. walleriana and I. balsamina) were 
sown in each study year using seeds purchased from the 
same producer. These species are not capable of estab-
lishing stable populations in Poland and occur only in 
cultivation.

The number of surveyed plants was equal for all the 
species; there were always 50 tagged individuals (per 
species and per plot), and redundant individuals were 
removed each year.

Data collection

The plots were surveyed every 2 weeks between June and 
September in 2010 and 2011. These surveys began with 
the onset of the vegetative phase of the plants and contin-
ued to the subsenile phase. Surveys were always conducted 
by the same researcher to strictly maintain the standard 
scheme for the classification of natural enemies. The plot 
in the lowland was visited first, while the plot in the moun-
tains was visited within two subsequent days. The surveys 
started at 9 a.m. and continued until 3 p.m. They were 
conducted in favorable weather conditions, which were 
comparable between particular surveys in both regions. A 
total of 240 surveys were conducted at the study sites: 23 
for Impatiens noli-tangere (14 in L, 9 in M), 24 for I. bal-
samina (19 in L, 5 in M), 24 for I. walleriana (12 in L, 12 
in M), 28 for I. parviflora (15 in L, 13 in M), 30 for I. glan-
dulifera (16 in L, 14 in M), 24 for Solidago virgaurea (14 
in L, 10 in M), 28 for S. gigantea (13 in L, 15 in M), 25 for 
P. bistorta (13 in L, 12 in M), and 34 for R. japonica (17 
in L, 17 in M). The differences in the numbers of surveys 
were due to differences in the vegetation period between 
the species and regions (it was shorter in the mountains).

Before each survey, 15 of the 50 plants were randomly 
selected. During the survey, the number of leaves show-
ing symptoms of disease or damage (collectively termed 
‘leaf damage’ here; Online Resources, Appendices 1A–D) 
was recorded. Sick-to-healthy leaf ratio was calculated. 
The leaf damage was classified into 8 categories: rusts and 
spots, browning, discolorations, necrosis, wilting, mines, 
and deformations and mildews. Invertebrates observed on 
the surveyed plants were also recorded, photographed, 
and identified (Online Resources, Appendices 1A–D). We 
identified 64% of the invertebrates to the family or super-
family level. The invertebrates that were difficult to iden-
tify were classified to infraorder (1%) or order (14.3%). 
All the snails (20.7%) were categorized as belonging to 
clade Stylommatophora. To estimate the number of pests 
among the recorded invertebrates, the harmfulness scale 
(Najberek et al. 2016) was applied. The Hi values assigned 
to each taxon (Online Resources, Appendices 1A–D) were 
multiplied by the number of individuals within that taxon 
recorded on each plant, which provided a proxy for the 
number of pests attacking a given plant. The scale can help 
to reduce the costs and labor required for identification and 
quantifying the harmful effects of invertebrates on plants, 
particularly for comparisons in which the identification of 
large numbers of invertebrates to the species level is not 
necessary (Najberek et al. 2016).

To account for significant differences in size of the 
selected plant species, dry weight of the plants was meas-
ured each study year using scale Radwag PS 360.R2 
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(0.001 g accuracy). The weight was then used in models 
of enemy release.

Statistical analysis

The statistical analyses were carried out using R and RStu-
dio (R Development Core Team 2015).

Climatic differences between the regions

Because extreme temperatures may increase plant phe-
nological development (Hatfield and Prueger 2015), we 
included climatic data for May and August in our analyses 
of differences between the two studied areas. These months 
are crucial because in May, plants germinate and may be 
exposed to late spring frosts (which is particularly important 
for annual plants, such as Impatiens; Perrins et al. 1993; 
Tabak and von Wettberg 2008), whereas in August, all of 
the studied plants are in the reproduction phase. The mini-
mum temperatures in May and the maximum temperatures in 
August were analyzed. The results confirmed that both study 
areas significantly differ in terms of climate conditions. The 
August temperatures were 4.8 °C higher in the lowland than 
in the mountains, and the respective difference in the May 
was 4.1 °C. The differences in precipitation were opposite, 
with the average value for both months ~ 1.7 times higher 
in the mountains than in the lowland (Online Resources, 
Appendix 2). It is worth to stress that the combination of 
high temperatures and precipitation may delay plant pheno-
logical development (Hatfield and Prueger 2015).

The ERH tests

The ERH statistical calculations were made at the level of 
each survey of each controlled plant. Spearman rank correla-
tions were used to assess the level of dependence between 
leaf and the number of pests. The correlations were made 
for each studied plant separately.

The leaf damage recorded from the studied plants was 
analyzed using linear mixed-effects models (LMM) with the 
glmer function and Poisson distributions (Lme4 package; 
Bates et al. 2016). Generalized linear mixed models using 
AD Model Builder with a zero inflation parameter and a 
Poisson distribution (glmmADMB package; Bolker et al. 
2012; Fournier et al. 2012; Skaug et al. 2013) were used to 
analyze the number of pests. The overdispersion effect was 
also checked in all of the models. The number of pests was 
rounded to convert decimal values to integers, except for 
values of 0.25 and 0.5, which were always rounded to 1 so 
that no records of pests were excluded.

In the base models for leaf damage, the response vari-
able was the number of damaged leaves (‘Leaf damage’; 
Online Resources, Appendix 3). The covariates were the 

total number of leaves (‘N leaves’), the plant species (‘Spe-
cies’), the study region (lowland or mountains; ‘Region’), 
the study year (2010 or 2011; ‘Year’), and the average dry 
weight of particular plants (‘Weight’). In the base models 
for the pest analysis, the response variable was the num-
ber of recorded pests (‘N pests’; Online Resources, Appen-
dix 3). The covariates were ‘Species,’ ‘Region,’ ‘Year,’ and 
‘Weight.’ In both types of models, the following interactions 
were assessed: species with study region (Species * Region) 
and species with study year (Species * Year). The number 
of surveys of each controlled plant individual varied, which 
was an effect of (1) random selection of 15 out of the 50 
tagged individuals before each survey in a particular locality 
and (2) differences in the vegetation period between the spe-
cies and between the regions. Therefore, the ‘individual ID’ 
variable was taken into account as a random effect. This also 
accounted for the possible dependence of the recorded data 
on the leaf damage/number of pests in subsequent surveys.

The base models were used to generate best-fit models 
(Online Resources, Appendix 3) with low corrected Akaike 
information criterion  (AICc) and delta (Δ) values < 2 (Burn-
ham and Anderson 2002). This operation was performed 
with the use of the MuMIn package and dredge function 
(Bartoń 2016). Moreover, to test for differences between the 
studied species growing in the two regions, the data were 
reduced to the particular region, and then the best-fit model 
without the ‘Region’ covariate and the Species × Region 
interaction was prepared. Differences between the 2 years 
of the study were analyzed in the same way: the data were 
reduced to the particular year, and then the best-fit model 
without the ‘Year’ covariate and Species × Year interaction 
was prepared.

Wald χ2 statistics were used to test for fixed effects (car 
package; Fox and Weisberg 2011). Subsequently, the sig-
nificance of the differences among the levels by changing 
the reference level of the ‘Species’ variable was assessed; 
however, it was necessary only in the models for the Impa-
tiens genus, where the five species were compared with one 
model.

Results

Recorded enemies

In total, we checked 52,208 leaves, of which 43.3% 
(N = 22,586) had leaf damage (Online Resources, Appen-
dix 1A). The damage was recorded from 3329 plant indi-
viduals (94.7% of all the surveyed individuals). The pre-
dominant damage symptoms were ‘rusts and spots’: 17,122 
leaves (32.8% of all the surveyed leaves) recorded from 2982 
plants (84.8% of all the surveyed plants). The minor dam-
age symptom was ‘mildews’: 14 leaves (0.03% of all the 
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surveyed leaves) recorded from 4 plants (0.11% of all the 
surveyed plants; Online Resources, Appendix 1A).

In total, we recorded 4664 invertebrates, of which 68.2% 
(N = 3182) were classified as pests (Online Resources, 
Appendix 1A) and were included in further ERH analy-
sis. The overall dominant group of pests was Aphidoidea 
(N = 2128; 66.9% of all the recorded pests), although they 
dominated only in five species: I. parviflora, I. noli-tangere, 
I. glandulifera, S. virgaurea, and P. bistorta. For the nonin-
vasive alien plants, I. walleriana and I. balsamina, the most 
frequently recorded pests were Stylommatophora (N = 727; 
22.8% of all the recorded pests). The least recorded pest 
groups were Rhopalidae, Staphylinidae, and Tetranychidae. 
Each of these groups was recorded once during the studies 
(Online Resources, Appendix 1A).

The ERH analyses were carried out using data on local 
enemies recorded from the particular plant species. All the 
results of leaf damage and recorded invertebrates/pests 
were added as Electronic Supplemental Material (Online 
Resources, Appendices: 1B for Impatiens, 1C for Solidago 
and 1D for Polygonum and Reynoutria).

ERH analysis

The correlations between the two response variables, namely 
the extent of leaf damage and the number of pests, were 
nonsignificant for the noninvasive alien species I. balsam-
ina and I. walleriana. For the native species I. noli-tangere, 
P. bistorta, and S. virgaurea as well as for the invasive 
alien species I. glandulifera, S. gigantea, and R. japonica, 
the results were significant and, in almost all cases, weak 
(0.1 < rS ≤ 0.3). The exception was the invasive alien species 
I. parviflora, for which the correlation strength was mod-
erate (rS = 0.37). Because of the weak correlations, further 
analyses were conducted separately for leaf damage and the 
number of pests.

Impatiens

In the leaf damage model for the Impatiens species (Table 2), 
two interactions had the greatest impact on the obtained 
results: ‘Species * Region’ and ‘Species * Year.’ The first 
interaction showed that the level of leaf damage for each 
Impatiens species depended on the study region (Fig. 1a), 
whereas the second confirmed that the level of leaf damage 
varied between years (Fig. 1b).

The overall level of leaf damage in the lowland was 
higher than that in the mountains (contrast: estimate = 0.42, 
SE = 0.079, z = 5.35, p < 0.001). In the lowland, the highest 
damage was noted for I. noli-tangere, I. balsamina, and I. 
glandulifera (Fig. 1a). A moderate level of leaf damage was 
detected for I. parviflora, and the lowest level was detected 
for I. walleriana (Fig. 1a). Thus, the assumption of the ERH, 

which presumes that native species should be under higher 
enemy pressure than related alien species, was confirmed 
in the two comparisons: I. noli-tangere with I. parviflora 
(contrast: z = − 2.41, p = 0.015) and I. noli-tangere with I. 
walleriana (contrast: z = − 5.93, p < 001). The results of the 
comparisons between I. noli-tangere with I. balsamina and 
between I. noli-tangere with I. glandulifera were nonsignifi-
cant (Fig. 1a), which is not consistent with the ERH assump-
tions. The results also revealed strong differences among 
the alien species, of which I. balsamina and I. glandulifera 
were under higher enemy pressure than I. walleriana and I. 
parviflora (Fig. 1a).

In the mountains, I. glandulifera still had the highest level 
of leaf damage, while the damage in I. balsamina and I. 
noli-tangere decreased (Fig. 1a). The native I. noli-tangere 
was the least attacked species (Fig. 1a), which means that 
in all the comparisons, the results were contrary to the ERH 
hypothesis (at p < 0.001 in all cases). A comparison between 
I. balsamina and I. walleriana was similar to the results 
in the lowland: the latter was less attacked in both regions 
(Fig. 1a); however, in the mountains, the differences between 
the species, although significant, were less pronounced than 
in the lowland (Fig. 1a). As a result, the differences in leaf 
damage for both noninvasive balsams and I. parviflora were 
nonsignificant (Fig. 1a).

The overall level of leaf damage differed in both years 
of the study, with more damage in 2011 (estimate = 0.41, 
SE = 0.075, z = 5.49, p < 0.001). The differences were promi-
nent mainly for I. noli-tangere, for which the level of damage 
in 2010 was the lowest (Fig. 1b), while in 2011, it sharply 
increased, exceeding the damage recorded for I. balsamina, 
I. walleriana, and I. parviflora (Fig. 1b). The differences 
between I. parviflora, I. balsamina, and I. walleriana were 
also significant. In 2010, the results for I. parviflora were 
similar to those for I. balsamina and I. walleriana (Fig. 1b), 
while in 2011, the three species differed significantly 
(Fig. 1b). This was a result of the concurrent decrease in the 
pressure noted for both noninvasive alien species in 2011.

The model calculated for the number of pests (Table 3) 
was influenced by all included variables; however, the 

Table 2  Results of the best-fit model for leaf damage (response vari-
able) in Impatiens species (sample size = 1841)

Covariates χ2 d.f. p value

N leaves 861.00 1 < 0.001
Species 422.43 4 < 0.001
Region 422.43 1 < 0.001
Year 0.05 1 0.8
Weight 3.92 1 0.047
Species * Region 42.77 4 < 0.001
Species * Year 121.31 4 < 0.001
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significant interaction between ‘Species’ and ‘Region’ was 
the most important variable (Fig. 1c).

In the lowland region, the overall number of pests was 
higher than that in the mountains (contrast: estimate = 0.96, 
SE = 0.32, z = 3.04, p = 0.002), which is consistent with the 
results obtained for the leaf damage. In the lowland, the pest 
pressure was highest on I. parviflora, moderate on I. noli-
tangere, I. balsamina, and I. glandulifera, and lowest on I. 
walleriana (Fig. 1c). Thus, the results confirmed the ERH in 
one case: the comparison between I. noli-tangere and I. wal-
leriana, with the native species attacked by pests more than 
the alien species (Fig. 1c; contrast: z = − 5.93, p < 0.001). 
However, there was also a result opposite to the hypothesis, 
with I. parviflora under higher pressure than I. noli-tangere 
(Fig. 1c; contrast: z = 2.84, p = 0.005). The result for I. noli-
tangere and I. balsamina was also not consistent with the 
ERH assumptions, similarly for I. noli-tangere and I. glan-
dulifera (Fig. 1c).

In the analysis of pest pressure in the mountains, the 
hypothesis was confirmed in two cases: I. noli-tangere 
compared with I. balsamina (Fig. 1c; contrast: z = − 3.48, 
p < 0.001) and I. noli-tangere compared with I. walleriana 
(Fig. 1c; contrast: z = − 3.26, p = 0.001). Both noninvasive 
alien species were under lower pressure than the native spe-
cies; moreover, the pressure exerted on these species was 
considerably lower in comparison with the two invasive 
alien species: I. parviflora and I. glandulifera (Fig. 1c). The 
highest number of pests was noted for I. parviflora and I. 
noli-tangere (Fig. 1c). Impatiens glandulifera was attacked 
by pests to a lesser degree than I. parviflora (Fig. 1c; con-
trast: z = 2.22, p = 0.03); however, the results for I. glandu-
lifera were comparable to those obtained for I. noli-tangere 
(Fig. 1c).

Solidago

The leaf damage model for the Solidago species (Table 4) 
was most influenced by the two included interactions. The 
first (‘Species * Region’) indicated a difference in the level 
of leaf damage between the regions (Fig. 2a), while the sec-
ond (‘Species * Year’) indicated a difference between the 
study years (Fig. 2b).

In the lowland, more leaf damage was recorded than in 
the mountains (contrast: estimate = 0.31, SE = 0.09, z = 3.42, 
p < 0.001). In the former region, there were no differences in 
damage between S. virgaurea and S. gigantea (Fig. 2a; con-
trast: z = 0.52, p = 0.61), while in the latter, the differences 
were significant, with more damage in S. gigantea (Fig. 2a; 
contrast: z = 6.70, p < 0.001). Thus, the assumption that 
native species should be attacked more than invasive alien 
species was not confirmed. Moreover, the result obtained 
for the mountain data was contrary to the assumption. The 
differences in both study years were significant (at p < 0.001 
for 2010; at p = 0.03 for 2011); however, in both years, the 
trend was the same: S. virgaurea always had less leaf dam-
age than S. gigantea (Fig. 2b).

The model for the number of pests was influenced only 
by the ‘Species’ and ‘Weight’ variables (Table 5). There 
were differences between the species (native species were 
attacked more frequently by pests than were alien species; 
Fig. 2c) but not between the regions or study years (Fig. 2c).

Reynoutria and Polygonum

The leaf damage model for the Reynoutria and Polygonum 
species (Table 6) was influenced by all the variables and 
one interaction: between ‘Species’ and ‘Year’ (Fig. 3a). 
The interaction between ‘Species’ and ‘Region’ was 
nonsignificant.

The damage was recorded more frequently for R. japonica 
than P. bistorta (Fig. 3a); thus, the result was contrary to the 
ERH hypothesis. A similar trend was noted when the dam-
age was considered after including the study years (Fig. 3a; 
at p < 0.001). The differences between plant species were 
not driven by region; however, in general, the level of leaf 
damage was higher in the lowland than in the mountains 
(contrast: estimate = 0.40, SE = 0.08, z = 4.9, p < 0.001).

The model for the number of pests (Table 7) was influ-
enced by all the covariates and one interaction: between 
‘Species’ and ‘Year’ (Fig. 3b). As in the model for leaf dam-
age, the differences between the species were not driven by 
region.

Table 3  Results of the best-fit model for the number of pests 
(response variable) in Impatiens species (sample size = 1841)

Covariates χ2 d.f. p value

Species 47.35 4 < 0.001
Region 6.96 1 0.008
Year 41.21 1 < 0.001
Weight 6.12 1 0.013
Species * Region 19.89 4 < 0.001

Table 4  Results of the best-fit model for leaf damage (response vari-
able) in Solidago species (sample size = 814)

Covariates χ2 d.f. p value

N leaves 619.67 1 < 0.001
Species 12.86 1 < 0.001
Region 1.90 1 0.17
Year 0.21 1 0.65
Weight 11.13 1 < 0.001
Species * Region 34.80 1 < 0.001
Species * Year 19.40 1 < 0.001
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Study year had an impact on the level of damage; how-
ever, the trend in damage was similar for the two species 
(Fig. 3b). Moreover, as in the model for leaf damage, more 
pests were recorded in the lowland region than in the mon-
tane region (contrast: estimate = 1.51, SE = 0.16, z = 9.41, 
p < 0.001). Similarly, the native species (P. bistorta) was 
under lower pest pressure than the alien species (R. japon-
ica; Fig. 3b). Thus, in both analyses, the results were con-
trary to the ERH hypothesis.

Discussion

In all the ERH tests, leaf damage and pests were recorded 
more frequently in the lowland than in the mountains. This 
finding is consistent with the concept that a severe mon-
tane climate limits enemies (Stohlgren 2011). This pattern 
was also preliminarily tested in our earlier study on enemy 
release (Najberek et al. 2017b). In that study, leaf damage 
was more frequently recorded in the lowland than in the 
mountains, while the levels of pest pressure were similar 
between the regions. The earlier study was conducted on 
the two invasive alien species, namely I. parviflora and I. 
glandulifera, and the native species I. noli-tangere; however, 
the study was conducted under natural conditions without 
the inclusion of cultivation plots.

The present study revealed that the ability to be released 
from enemy attack under different climatic regimes depends 
on both the plant species and enemy type. The effect of 
region was particularly evident for the Impatiens genus, 
where four out of five species differed between the regions 
regardless of enemy type. Only the noninvasive alien I. 

walleriana was exposed to similar levels of pest pressure in 
the two regions. In contrast, leaf damage in I. walleriana dif-
fered between the regions, whereas similar levels of damage 
(in the two regions) were noted for I. glandulifera. Differ-
ences in plant species were also driven by region in Soli-
dago, where the interaction between species and region was 
significant in the model for leaf damage. However, the num-
ber of pests recorded from Solidago did not differ between 
the regions. Similarly, in both pest and leaf damage mod-
els for the native species P. bistorta and the invasive alien 
species R. japonica, the results were not driven by region. 
Notably, the taxonomic relations between the Polygonaceae 
species were lower (family level) than those between the 
remaining species (genus level), which may have influenced 
the results.

The differences between the lowland and the mountains 
were most pronounced for the Impatiens genus, where 
native, noninvasive, and alien species were compared. The 
differences between these species were mainly driven by 
the level of pressure recorded in the native species I. noli-
tangere. Regarding the recorded pests, the results for I. noli-
tangere were consistent and average in the two regions; how-
ever, the level of leaf damage for this species was low in the 
mountains and very high in the lowland. The reason for this 
result may be that I. noli-tangere in the mountains is more 
resistant than the other tested Impatiens to local pathogens. 
This may be the result of a longer period of adaptation to 
the montane European climate, which may be more severe 
for the tested alien Impatiens species than, for instance, the 
Himalayan climate (Adamowski 2009).

The results for the noninvasive species I. walleriana 
were consistent for the two types of enemies, and in both 
regions, this species was almost always under the lowest 
enemy pressure. The results for the leaf damage in the other 
noninvasive alien species, I. balsamina, were more similar 
to those obtained for the invasive alien species I. parvilora 
and I. glandulifera. The pest level of I. balsamina was sig-
nificantly lower and more similar to that of I. walleriana in 
the mountains than in the lowland. In Impatiens, contrary 
to the ERH assumptions, the highest enemy pressure was 
recorded for one of the two invasive alien species. Irrespec-
tive of the region, I. parviflora was under the highest pest 
pressure, while I. glandulifera had the highest level of leaf 
damage. The same results were obtained for the two invasive 
Impatiens species by Najberek et al. (2017b), which con-
firmed a significant difference in the enemy–plant relation-
ship between those species.

In general, the overall results of the comparison between 
the noninvasive and invasive alien species demonstrated that 
noninvasive alien species were attacked to a lesser degree 
than invasive alien species. According to the ERH assump-
tions adopted for noninvasive and invasive alien counterparts 
(Najberek et al. 2018), the invasive alien species should be 

Table 5  Results of the best-fit model for the number of pests 
(response variable) in Solidago species (sample size = 814)

Covariates χ2 d.f. p value

Species 23.62 1 < 0.001
Weight 17.45 1 < 0.001

Table 6  Results of the best-fit model for leaf damage (response vari-
able) in Reynoutria and Polygonum species (sample size = 861)

Covariates χ2 d.f. p value

N leaves 291.48 1 < 0.001
Species 101.17 1 < 0.001
Region 28.28 1 < 0.001
Year 54.77 1 < 0.001
Weight 4.06 1 0.044
Species * Region 2.73 1 0.1
Species * Year 3.70 1 0.054
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attacked by enemies at a lower intensity than the noninvasive 
ones. A possible explanation for such a difference may come 
from Gruntman et al. (2017), who suggested that individu-
als from younger populations of I. glandulifera were capa-
ble of being released from natural enemies more effectively 

than those from older populations. Such a trend was also 
revealed in studies conducted with seedlings of alien tal-
low tree (Sapium sebiferum) and two native trees, namely 
sweetgum (Liquidambar styraciflua) and hackberry (Celtis 
laevigata) (Siemann et al. 2006), where the accumulation 
of pests and rodents increased with population age and cor-
related negatively with the tree growth rate. Notably, the 
noninvasive alien species I. walleriana and I. balsamina 
do not occur in the wild in Poland. Therefore, they may be 
less recognized by local enemies than the established and 
widely distributed invasive alien species I. parviflora and I. 
glandulifera. The noninvasive alien species may, therefore, 
correspond to the ‘younger population’ concept, while the 
invasive alien species may be treated as the ‘older popula-
tion.’ It is also known that the diversity and density of soil 
pathogens increase with time since invasion, which leads to 
a corresponding decrease in plant survival (Siemann et al. 
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Table 7  Results of the best-fit model for the number of pests 
(response variable) in Reynoutria and Polygonum species (sample 
size = 861)

Covariates χ2 d.f. p value

Species 37.36 1 < 0.001
Region 88.47 1 < 0.001
Year 15.97 1 < 0.001
Weight 6.68 1 0.0097
Species * Year 8.77 1 0.003
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2016; Cunard and Lankau 2017). Meanwhile, the seedlings 
of I. walleriana and I. balsamina (in contrast to those of 
the remaining tested plants) were germinated in pots and 
transplanted to the garden only after the last spring frost. 
Thus, the noninvasive species I. walleriana and I. balsamina 
were exposed to soil pathogens for a shorter period of time 
than were the invasive alien species I. parviflora and I. glan-
dulifera. Therefore, an alternative explanation is that seed-
lings of the noninvasive Impatiens species reduced invest-
ment in defense against soil pathogens and reallocated the 
saved resources to the improvement of other abilities, such 
as increased accumulation of allelopathic compounds, which 
may increase enemy resistance (Mitchell et al. 2007).

In the comparison between the invasive alien species S. 
gigantea and the native species S. virgaurea, the level of leaf 
damage differed between the lowland and mountains. In the 
lowland, the species did not differ in this respect, while in 
the mountains, the level of leaf damage was significantly 
higher for the alien species S. gigantea than for its native 
counterpart. As in the comparison between the native spe-
cies I. noli-tangere and alien species of Impatiens, this may 
be the result of a longer period of adaptation of the native 
Solidago to the montane European climate. The success of 
a particular species may depend on one or more of its traits, 
the importance of which changes according to the biotic and/
or abiotic conditions of the site where the species was intro-
duced (Najberek et al. 2017b). In the presented results, this 
relationship was clearly pronounced in the Polygonaceae. 
Although R. japonica is a highly invasive alien species in 
Europe, it was under higher enemy pressure (regardless of 
the enemy type) than was the native P. bistorta. Therefore, 
other factors likely determine its invasion success.

Knowledge of the differences in resistance against dif-
ferent types of enemies may be useful in the development 
of methods for the biological control of invasive alien spe-
cies. For this reason, we compared enemy release abilities 
between only the invasive alien species (Online Resource, 
Appendix 4). For leaf damage, we found that I. parviflora 
had the lowest level of attack in both regions, while none of 
the remaining species were notable in this respect. There 
were also differences in the number of recorded pests. 
Regardless of region, the highest pressure exerted by pests 
was recorded for R. japonica, while the lowest pressure was 
recorded for S. gigantea.

We assume that, similar to enemy type, the elevation of 
the study area could be an additional factor masking the 
relevance of the ERH. In the present study, we obtained five 
results that were opposite to the predictions of the ERH in 
the mountains, whereas only one result was opposite in the 
lowland. At the same time, analyses in the lowland provided 
three more nonsignificant results and one more confirmation 
of the hypothesis than did analyses in the mountains. Thus, 
in general, it seems that the ERH hypothesis may be more 

applicable in the lowland than under montane conditions. 
However, more general conclusions should be drawn with 
caution because of the small sample size (nine species) used 
in our study.

It should be noted that prior to this study the knowledge 
of enemies attacking the particular plant species was poor. 
The lists of the leaf damage types and invertebrates (includ-
ing pests) recorded from the studied plants are included as 
electronic supplemental material. It is worth mentioning 
that for the noninvasive alien plants, the most frequently 
recorded pests were Stylommatophora. This may suggest 
that these generalists may be considered the most dangerous 
pests for alien plant species at the onset of invasion.

Aphidoidea were the most frequently recorded pest group 
in invasive Impatiens species, while Stylommatophora were 
the predominant pests for S. gigantea and R. japonica. Thus, 
Aphidoidea and Stylommatophora, generalist pests, could 
be considered the most effective pests against invasive alien 
species that are establishing in new areas. However, further 
studies on such plant–enemy relationships are needed.

The number of recorded pests exceeded 4600 individuals; 
therefore, the harmfulness scale (Najberek et al. 2016) was 
used instead of classifying the organisms to the species level. 
This method was used in our previous studies (Najberek 
et al. 2016, 2017a, b) and proved to be effective in studies 
where the sample size is large. Moreover, in addition to the 
quick and noninvasive assessment of invertebrate impacts, 
this method allows for the identification of pests without 
capturing them, as we took digital photographs. Therefore, 
the method did not affect the level of enemy pressure during 
subsequent surveys and allowed for the inclusion of legally 
protected invertebrate species. However, it must be stressed 
that the pest pressure calculated using the harmfulness scale 
should be treated as a proxy rather than an absolute measure 
of pest impact on plants. It should be also noted that we used 
one study plot per region; however, in common garden ERH 
experiments, such an approach is widely accepted not only 
in studies that use multiple species like we did in our experi-
ment (e.g., Dawson et al. 2014) but also for tests of a single 
species (e.g., Zou et al. 2008; Hornoy et al. 2011; Joshi and 
Tielbörger 2012).

Conclusion

In the current study, we found that the level of enemy 
pressure on native and alien plants may significantly dif-
fer between lowland and montane areas, which was clearly 
pronounced at the genus level (Impatiens and, to a lesser 
degree, Solidago). We found that leaf damage and pests 
were recorded more frequently in the lowland than in the 
mountains, which was most likely because a severe mon-
tane climate is limiting for the enemies. This distinction 
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was irrelevant for some species (Polygonaceae); however, 
this result should be interpreted with caution because the 
relations between the studied Polygonaceae species were 
lower (family level) than those between the remaining spe-
cies (genus level).

Numerous studies have confirmed that the release from 
enemies is an important factor that may determine alien spe-
cies success after introduction to new areas (Mitchell and 
Power 2003; DeWalt et al. 2004; Vilà et al. 2005; Cincotta 
et al. 2009; Comont et al. 2014). However, in our study, 
the level of confirmation was nearly twice as low, with 
only 29% of the results concordant with the ERH assump-
tions. We also found that the noninvasive alien species were 
attacked to a lesser degree than were the invasive alien spe-
cies, whereas following the ERH assumptions, the result 
should have been the opposite. It can therefore be concluded 
that these assumptions do not always hold true and that the 
invasion success of alien species depends on several fac-
tors, including life history traits, population age, propagule 
pressure, invasibility of habitats, and specific local climatic 
conditions.
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