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The potential use of herbarium specimens to detect herbivory trends is enormous but largely untapped. The objective of this study was to reconstruct the
long-term herbivory pressure on the Eurasian invasive plant, purple loosestrife (Lythrum salicaria), by evaluating leaf damage over 1323 specimens
from southern Québec (Canada). The hypothesis tested is that that the prevalence of herbivory damage on purple loosestrife is low during the invasion
phase and increases throughout the saturation phase. Historical trends suggest
a gradual increase in hole feeding and margin feeding damage from 1883 to
around 1940, followed by a period of relative stability. The percentage of specimens with window feeding damage did not begin to increase until the end of
the twentieth century, from 3% (2–6%) in 1990 to 45% (14–81%) in 2015. Temporal changes in the frequency of window feeding damage support the
hypothesis of an increasing herbivory pressure by recently introduced insects.
This study shows that leaf damage made by insects introduced for the biocontrol of purple loosestrife, such as coleopterans of the Neogalerucella genus, can
be assessed from voucher specimens. Herbaria are a rich source in information
that can be used to answer questions related to plant-insect interactions in the
context of biological invasions and biodiversity changes.
This article is part of the theme issue ‘Biological collections for understanding biodiversity in the Anthropocene’.
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1. Introduction

Electronic supplementary material is available
online at https://dx.doi.org/10.6084/m9.
figshare.c.4256690.

The ecological and economic concerns raised by biological invasions have
spurred research aimed at understanding the mechanisms underlying the success of exotic invasive plants. Several hypotheses have been advanced in this
regard, one of the best-known being the enemy release hypothesis [1].
Although there are several variants of this hypothesis (see [2]), they all generally state that if invaders proliferate in their introduced range it is because
they are not confronted to enemies (herbivores, pathogens) from their native
range. Nevertheless, this absence of enemies may only be temporary. Following
an initial invasion phase during which the population of the introduced plant
expands, the invader may suffer increasing damage from various native or
exotic consumer guilds, or from a pathogen pressure that builds up over time.
Several studies have found that herbivory, or the prevalence of enemy-induced
damage, increases with residence time of the introduced plant [3–7]. According to
this principle, the probability of encountering enemies increases as the plant distribution range expands and the population densifies during the invasion process [5].
Nevertheless, this trend is not systematically observed [8,9]. Exotic plants also represent a new food source for the native entomofauna, which may develop the
ability to locate and exploit it [10]. The impact on plant’s fitness varies not only
as a function of the type of damage [11], but also according to the time of the
year when it occurs [12]. Moreover, damage frequency is influenced by insect density, which varies across time and space [13]. The ultimate consequence of this

& 2018 The Author(s) Published by the Royal Society. All rights reserved.

(iii) the sites and years (1996–1998) where biological control
was attempted in the province are well known; and (iv) there
are indications that the plant is locally declining [16,20,37,38].
The hypothesis tested was that insect damage was absent or
rare in the early stages of the invasion, followed by an increase
in the frequency and intensity of damage over time, particularly following the release of insects under the biocontrol
programme of the 1990s.

2. Material and methods

We reviewed the studies that inventoried insects associated with
purple loosestrife in North America [22,39,40] to identify guilds
of phyllophagous (leaf eating) insects potentially responsible for
damage to this plant. Given that these studies were conducted in
the USA and Manitoba, the presence of these insects in Quebec
was verified using the species list of the Quebec Insect Collection
[41 – 43]. A beetle species (Cyrtepistomus castaneus Roelofs),
though absent from this list, was included owing to a Quebec
mention recorded by Douglas et al. [44]. Species names were harmonized between studies using the Integrated Taxonomic
Information System [45]. We searched the literature to document
the types of damage associated with each of the phyllophagous
insects reported to feed on purple loosestrife. However, we did
not consider insects of the Hemiptera order, as these are piercing-sucking insects that cause leaf distortion or rolling,
stippling and necrotic spots [46], which are rarely encountered
on herbarium specimens.

(b) Data collection
To detect evidence of herbivory in the province of Quebec, 1323
purple loosestrife specimens from four Quebec herbaria (MT:
Université de Montréal Herbarium; QFA: Université Laval
Herbarium; QUE: Québec Herbarium; UQTR: Université du
Québec à Trois-Rivières Herbarium) and two federal herbaria
(CAN: Canadian Museum of Nature Herbarium; DAO: Agriculture
and Agri-Food Canada Herbarium) were examined (figure 1). The
collection date of the specimens was noted, and the geographical
coordinates were obtained by referring to a list of official Quebec
place names [47]. We favoured the latter approach to avoid introducing uncertainties related to the positioning, transcription or
conversion of geographical coordinates. Specimens without a
collection year were excluded from the analysis. Those for which
the year was not specified, but where information regarding the
collection period was available (for example, around 1900), were
included in the analysis. Where a time interval was indicated, the
mid-point of the interval was considered the collection year.

(c) Damage evaluation
In the literature, different types of leaf blade damage are attributed
to phyllophagous insects, namely hole feeding, margin feeding,
surface feeding and skeletonization [48]. The first three types of
damage (figure 2) were distinguished in this study, as they were
the only ones observed on herbarium specimens. Hole feeding
damage was considered a hole of variable shape and size completely piercing the blade. Margin feeding damage was identified by
an incomplete blade margin resulting from insect feeding rather
than poor specimen preservation. Surface feeding, henceforth
called window feeding damage, was characterized by a thin
residual membrane not consumed by the insect. For each specimen
and type of damage, the number of affected leaves was noted.
Only leaves positioned outside of the inflorescence and thus easy
to distinguish from the bracts were considered.
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(a) Phyllophagous insects associated with purple
loosestrife in Quebec
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process is the decline of the plant invader, a phenomenon
increasingly reported in the literature [14], though the exact
causes are still unknown.
Purple loosestrife (Lythraceae: Lythrum salicaria L.) is an
invasive exotic plant native to Eurasia that was introduced
to North America in the early ninteenth century, probably
for ornamental purposes [15,16], or accidentally in the ballast
of ships sailing between continents [17]. In the early stages of
the invasion, purple loosestrife was mainly observed along
the eastern coast of the USA, but then spread towards the
interior of the continent following corridors such as railways,
roads or waterways [16,17]. In 1980, purple loosestrife was
found throughout the North American continent south of
the boreal forest, with particularly high densities in the northeastern United States, southern Ontario and Quebec, Canada
[17]. Owing to its rapid expansion and its increasing presence
in wetlands, purple loosestrife is perceived as a serious threat
to the integrity of marsh ecosystems [18].
Despite the lack of quantitative data documenting the
suspected negative impacts on the flora and fauna of North
American wetlands [19,20], purple loosestrife has been and
still is the target of a multinational (Canada, USA) biological
control campaign, which began in the early 1990s. During
this campaign, two leaf beetles, Neogalerucella calmariensis
L. and Neogalerucella pusilla Duftschmid (Chrysomelidae),
were released by the millions to control purple loosestrife
because of their host-specificity, their broad geographical distribution in Europe and their reported effect on the growth
and vigor of purple loosestrife [21]. Biological control was
justified by the absence of natural enemies able to cause significant damage to the plant [21,22]. These biocontrol agents
were first introduced in eight American states and one
Canadian province, before being released in over 30 states
and nine provinces [23 –25]. Several North American studies
have evaluated the impact of released leaf beetles on
purple loosestrife (e.g. [26– 29]); yet, few of the above were
long-term studies that considered temporal dynamics at the
population level and none have quantified the herbivory
pressure that prevailed long before the introduction of insects.
Since its introduction, purple loosestrife has been the
subject of a large sampling effort of herbarium specimens
throughout its distribution. The potential use of herbarium
specimens to detect spatio-temporal trends in herbivory is
enormous but untapped [6,30–34]. For example, they allowed
the detection of geographical differences in herbivory pressure
[30], or the study of the historical spread of insect pests [31].
However, studies are complicated by biases associated with
collecting, which is never random nor systematic, and amplified by the fact that botanists do not usually sample
specimens highly damaged by insects [35,36]. On the other
hand, the fact that insects likely to cause significant damage
were intentionally introduced, and that the introduction
years and locations are accurately known, provide precise
benchmarks for assessing the long-term effects of herbivores
on purple loosestrife with herbarium specimens.
The main objective of this study was to determine
whether, using herbarium specimens, we could reconstruct
herbivory trends in an invasive plant, namely purple loosestrife. This study focused on specimens collected in Quebec
for four reasons: (i) the province is among the oldest invaded
areas in North America, and massive invasions were
recorded as early as the 1940s; (ii) herbarium specimens for
this species are numerous in Quebec and easily accessible;
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Figure 1. Spatial distribution of the purple loosestrife (Lythrum salicaria) herbarium specimens collected in Quebec (Canada). The star indicates the location of Lake
Saint-Pierre, where purple loosestrife was sampled in 2016. The squares indicate the four sectors where insects were released (1996 – 1998) in the province as part of
a biological control programme.
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Figure 2. Different types of damage found on purple loosestrife herbarium specimens (Lythrum salicaria) in Quebec (Canada): hole, margin or window.

(d) Estimation of leaf area
As the number of leaves damaged by insect feeding activity is
dependent of plant size, the leaf area of each specimen was estimated. This area was used in the statistical models to account for
the effect of plant size on the number of damaged leaves. This
was accomplished using photographs of the mounted herbarium
specimens taken with an EOS Digital Rebel T5i camera (Canon
Inc., Tokyo, Japan) equipped with a lens (EF-S 18-135 mm
f/3.5– 5.6 IS STM). A 0.5 cm grid was overlain on each photograph using the image editing program GIMP, v. 2.8.16 [49].
The number of 0.25 cm2 squares more than half covered by
leaves was counted; leaf area was estimated from this number.

(e) Historical reconstruction of herbivory pressure
Generalized additive models (GAMs) were used to estimate
changes in herbivory pressure over time from the introduction
of the species in Quebec. GAMs are used to describe a temporal

demographic response without imposing a predetermined parametric shape [50]. The GAMs were adjusted using the library
mgcv [51], where the degree of smoothness of the function was
determined using a generalized cross-validation method [52].
As a first step, the probability of observing damaged specimens was modelled from the presence–absence data of damage
types observed on specimens. For each type of damage, the probability of observing a damaged specimen (presence or absence of a
type of damage) was estimated in relation to the collection year,
with the leaf area as a covariate. This was accomplished using a
logistic regression model with a smooth term for the collection
year and a linear term for the leaf area. The GAM relationships
were visualized using partial residual plots (visreg R package;
[53]), where an inverse logistic transformation was applied to the
regression estimates and confidence intervals. The confidence
interval corresponded to +2 s.e. around the regression estimate.
In a second step, only the damaged specimens were considered
to determine if the number of damaged leaves increased over
time. A regression model (negative binomial distribution) was
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Coleoptera:
Chrysomelidae
Altica sp. (Geoffroy)

W, H

[58]

A
L, A

W, H
W

[59]
[60]

Neogalerucella calmariensis (L.)a
Neogalerucella pusilla (Duftschmid)a

L, A
L, A

W, H
W, H

[61]
[61]

A

H

[62]

L

H

[63]

Arctiidae
Spilosoma virginica (Fabricius)

L

W, H

[64]

Noctuidae
Eudryas unio (Hübner)

L

M

personal observations (2016)

N, A

M, H

[65]

Scarabaeidae
Popillia japonica (Newman)
Hymenoptera:
Tenthredinidae
Ametastegia glabrata (Fallen)
Lepidoptera:

Orthoptera:
Acrididae
Melanoplus femurrubrum (De Geer)
a

Species introduced for the biological control programme of purple loosestrife were added and noted.

used, again with a smooth term for the collection year and a linear
term for the leaf area of the specimens.
To detect a possible violation of model independence, GAM
residuals were visualized as a function of their spatial coordinates
[54]. Geary’s C was then calculated to evaluate spatial autocorrelation of model residuals [55]. This was accomplished by generating
a spatial weight matrix using the geographical coordinates of the
specimens with the library spdep [56]. Temporal autocorrelation
was also evaluated using correlograms. Statistical analyses were
performed using R software, v. 3.3.3 [57].

(f ) Evaluation of contemporary herbivory pressure
To estimate herbivory pressure without collection bias, and to have
a more current picture of the invasion, 150 purple loosestrife specimens were collected in the wetlands of Lake Saint-Pierre (figure 1),
a widening of the St Lawrence River, which has the greatest concentration of freshwater marshes and swamps (16 762 ha) of the
province of Quebec [38]. This area was selected because it represents the largest (1375 ha) and oldest (since at least the 1930s)
documented purple loosestrife invasion in North America. Evidence suggests that this population has been declining since at
least the early 2000s [20,38], possibly owing to increased herbivory
pressure. Moreover, biocontrol agents (N. calmariensis and N.
pusilla) were introduced to Lake Saint-Pierre from 1996 to 1998
[37]. Exploratory fieldwork in 2015 revealed that the beetles were
present, and that some purple loosestrife plants were severely
damaged. A total of 150 purple loosestrife specimens were collected from 8 to 10 August 2016 in five sectors on the north
shore of the lake. This shore is the most accessible and the least disturbed by agricultural activities. The sectors were: (i) Maskinongé

(468110 2900 N; 738000 0700 E), (ii) Louiseville (468130 0700 N; 728550 1200 E),
(iii) Porte de la Mauricie (468150 0200 N; 728510 4900 E), (iv) Yamachiche
(468150 4200 N; 728480 4700 E), and (v) Pointe-du-Lac (468170 2600 N;
728430 5400 E). In each sector, 30 geographical coordinates were randomly drawn from a 1m spaced grid, and the purple loosestrife
specimen closest to each coordinate set was located in the field
with a geographical positioning system and then sampled. Specimens were harvested near the end of the summer to detect insect
damage incurred over the purple loosestrife growing season. Specimens were pressed and dried. Damage was evaluated using the
method previously described for herbarium specimens. The proportion of damaged specimens, as well as the average number of
damaged leaves were calculated for each type of damage.

3. Results
(a) Phyllophagous insects associated with purple
loosestrife in Quebec
Most of the phyllophagous insects found on purple loosestrife
in the United States and in Manitoba are also present in
Quebec. A total of 36 phyllophagous insects could damage
leaf blades and consequently leave hole, margin or window
feeding damage on purple loosestrife herbarium specimens
(table 1; electronic supplementary material, table S1). Among
these insects, 18 taxa belong to the order of Coleoptera and
16 to the order of Lepidoptera. The two other taxa belong to
the orders of Hymenoptera and Orthoptera. Apart from the
biological control agents, the majority of these insects are
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Table 1. Phyllophagous insects most frequently associated with purple loosestrife (Lythrum salicaria) in North America. (These taxa were identiﬁed based on
abundance criteria (greater than ﬁve specimens sampled per hour) from Hight [22], as well as the number of collected specimens (greater than 50 specimens)
from Diehl et al. [40]. The insect development stages are: adult (A), larva (L) or nymph (N). The different types of leaf damage are: hole (H), margin (M) or
window (W).)

(b) Historical reconstruction of herbivory pressure
The spatial distribution of purple loosestrife herbarium specimens collected in Quebec covered the entire St Lawrence
River corridor, from Lake Saint-François in the south to the
Magdalen Islands in eastern Quebec (figure 1). The number
of specimens collected varied strongly over the years
(figure 3a). Although purple loosestrife has been sampled for
more than 125 years, relatively few specimens were collected
from the presumed naturalization year, i.e. 1865 at the latest
[66] until 1930, then from 1990 until 2017. The sampling
effort was higher during two periods, i.e. from 1930 to 1940
and from 1960 to 1985, which correspond to numerous
floristic surveys undertaken in the province [16,67].
Half (50%) of the herbarium specimens were damaged by
insects. Many specimens (20%) had more than one type of
damage. Hole (41%) and margin (26%) feeding damage
were the most frequent damage types, while window feeding
damage (5%) was more rarely observed. On average, a herbarium specimen with evidence of leaf damage had three
to five damaged leaves per damage type.
No spatial pattern was detected in the distribution of
specimens damaged by phyllophagous insects. No spatial
or temporal autocorrelation was detected in the residuals of
the statistical models. The Geary’s C indices were all close
to 1 (hole: 0.969; margin: 0.953; window: 0.976), indicating
the absence of a spatial structure in the residuals.
Historical reconstructions of herbivory pressure exerted
by insects showed a trend towards increased probability of
encountering damaged specimens over time (figure 3b – d).
For the two most common types of feeding damage (hole
and margin), an increased probability of encountering
damaged specimens was observed between 1883 and 1930,
reaching a plateau of around 30% affected specimens. The
percentage of specimens with window feeding damage followed a different temporal trend: the increased probability
of grazed membranes did not begin until the end of the twentieth century, and increased from 3% (2–6%) in 1990 to 45%
(14 –81%) in 2015 (figure 3d). Finally, although a general
trend towards an increased number of grazed specimens
was observed over time, the number of affected leaves per
specimen increased only slightly for each type of damage
(electronic supplementary material, figure S1).

(c) Contemporary damage evaluation
The percentage of damaged purple loosestrife specimens in
2016 on the north shore of Lake Saint-Pierre was much higher

4. Discussion
Herbivory pressure inferred from herbarium specimens suggests
a gradual increase of insect damage on purple loosestrife
between 1883 and 1930, and in particular an increase in hole feeding and margin feeding damage from 1883 to around 1940. We
can draw a parallel between this reconstruction and the periods
of purple loosestrife range expansion in Quebec. There were two
expansion phases, the first between 1890 and 1905, the second,
more important, between 1923 and 1946 [16]. Herbivory pressure
is not necessarily influenced by range expansion. However, we
hypothesize that during these periods the density of purple
loosestrife plants also strongly increased in the oldest infestation
epicenters, i.e. along the St Lawrence River. Historical documents attest to this for Lake Saint-Pierre as early as the 1930s
[20]. On the other hand, as the confidence intervals around the
damage frequency estimates are particularly wide at the beginning of the time series, we cannot completely rule out that
purple loosestrife was grazed by native phyllophagous insects
as soon as it was introduced, and that there has been no increase
of herbivory pressure until very recently. The stabilization of
damage levels around 1940, which lasted until the end of the
twentieth century, could be owing to a lack of specificity of
native insects that feed on purple loosestrife in Quebec.
The low number of grazed leaves on herbarium specimens
contrasts sharply with observations at Lake Saint-Pierre in
2016. A plausible explanation is collection bias by botanists,
who select visually intact plants. While it may have been possible to select intact plants in the twentieth century without
much effort, this would have been difficult in 2016 at Lake
Saint-Pierre as the purple loosestrife plants were frequently
and heavily grazed. Unfortunately, there is no direct historical
data of herbivory pressure exerted by insects on purple loosestrife in Quebec. It is not possible to calibrate field damage
intensity as a function of what is observed on herbarium specimens. The percentage of damaged herbarium specimens is
ultimately no more than the lower limit of the true prevalence
in a region [30,32,34]. Said otherwise, the proportion of
damaged specimens found in herbaria is a lower-bound
estimate, assuming no collection bias.
Our data nevertheless allow us to obtain an estimate of the
collection bias. The probability of selecting a damaged plant
from a population of purple loosestrife (P) is:
P¼

o
,
1b

ð4:1Þ

5

Phil. Trans. R. Soc. B 374: 20170398

than that determined from the herbarium specimens. In fact,
97% of the collected plants had hole feeding damage, 91%
had margin feeding damage and 51% had window feeding
damage. The percentage of specimens with perforation and
margin feeding damage varied between sectors, but was
always high (75–100% of specimens damaged). Differences
were observed between the sectors for window feeding
damage: the percentage of affected plants ranged from 17 to
93% (Yamachiche: 17%; Maskinongé: 37%; Pointe-du-lac:
40%; Louiseville: 70%; Porte de la Mauricie: 93%). Moreover,
when a plant was damaged, the average number of damaged
leaves was higher than in the herbarium collections. On average, per specimen, 32 leaves had hole feeding damage,
21 had margin feeding damage and 17 had window feeding
damage. None of the collected specimens was intact, though
damage was sometimes minimal.

rstb.royalsocietypublishing.org

generalists and only occasionally feed on purple loosestrife.
About 10 taxa seem to more frequently use purple loosestrife
as they are more abundant on this plant than the other insects.
It was not possible to find references specifying the types
of leaf damage associated with certain insects. In fact, information on the feeding activities of many generalist insects
which are not considered pests or nuisances is fragmentary.
In addition, some insects cause more than one type of
damage depending on their developmental stage. Within
our list of phyllophagous insects feeding on purple loosestrife, Coleopterans mainly cause hole feeding damage (65%
of the Coleopteran taxa in our list), whereas Lepidopterans,
which often cause more than one type of damage, are more
likely to yield margin or window feeding damage (64% of
the Lepidopteran taxa in our list).
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50
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Figure 3. Historical reconstruction of the number of purple loosestrife (Lythrum salicaria) specimens collected in Quebec (Canada) and leaf damage exerted by
phyllophagous insects between 1880 and 2015. (a) Number of purple loosestrife specimens sampled in the herbaria (n ¼ 1323). Predicted values and 95% confidence intervals of the probability that a purple loosestrife specimen will show signs of (b) hole, (c) margin or (d ) window feeding damage. The predicted values
are from a generalized additive model (GAM) and include a smooth term on the collection year and a linear term on the leaf area. The invasion phases of purple
loosestrife in Quebec are indicated (see text for details). The circles in (b– d) represent the relative proportion of specimens observed with damage signs in a given
year and their size indicates the number of herbarium specimens.

5. Conclusion
This study shows the usefulness of herbarium specimens for
reconstructing temporal trends of herbivory by phyllophagous insects of an invasive plant. The stability of the
frequency and intensity of leaf damage sustained by purple
loosestrife over time, particularly following the invasion
phase (after 1946 in Quebec), indicates that purple loosestrife
is part of the diet of a few native species, but does not significantly contribute to their nutrition. The herbivory pressure
release hypothesis is therefore entirely plausible for purple
loosestrife in North America. This study also shows that the
impacts of voluntarily introduced biocontrol insects can be
detected on herbarium specimens, which can be very useful
for reconstructing their effects over large areas in the absence
of extensive field sampling. On the other hand, collection bias
may hinder the ability to detect temporal changes when the
damage frequency is high in natural populations. In this
case, the method used seems to be more effective for detecting less frequently observed damage types, or those caused
by a limited number of phyllophagous insects.
Herbarium specimens are a rich source in information that
may be used to answer questions related to global changes and
biodiversity loss [34]. They make it possible to tackle problems
associated with exotic invasive species, including the enemy
release hypothesis. The present study focused on herbivory
pressure on an invasive plant in one of the introduced ranges
of the plant, but the use of herbarium specimens is far from limited to this particular setting. Indeed, it would be possible to
study the enemy release hypothesis from different angles [69]
using a multi-species approach (for example, by evaluating herbivory of native and exotic species in the host community) or
multi-region (by assessing herbivory of an invasive plant in
both its native and introduced ranges). Herbarium specimens
not only help to reconstruct the invasion history of an invasive
species. They also facilitate the identification of the mechanisms
that favour successful invasion in the introduced range.
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(Nymphaeaceae) and Polygonum L. (Polygonaceae), but
occasionally uses members of the Lythraceae family to
which purple loosestrife belongs [68]. Flea beetles (Altica sp.
(Geoffroy) and Crepidodera nana (Say)), two Coleoptera, can
also cause window feeding damage to purple loosestrife by
leaving the epidermal layer intact during feeding [59].
In addition to these Coleoptera, the larvae of the Lepidoptera
Spilosoma viriginica (Fabricius) may also cause window
damage in the early stages of its development [64]. All these
insects are generalists and do not specifically nor significantly
attack purple loosestrife, contrary to the beetles of the genus
Neogalerucella. Therefore, the contemporary increase in
damage is most probably owing to the introduction of biological control agents.

rstb.royalsocietypublishing.org

where o is the probability of finding damaged specimens in
herbaria and b the probability that a collector will avoid selecting a damaged plant. By isolating the variable b, we obtain an
estimation of collection bias. The prevalence of hole feeding
damage on loosestrife specimens in herbaria has remained
relatively stable, around 40%, since the 1940s in Quebec
(figure 3b). However, the percentage of purple loosestrife specimens presenting hole feeding damage in Lake Saint-Pierre in
2016 was never less than 75% in the five sampled sectors. By
isolating b in the above equation ( p ¼ 0.75 and o ¼ 0.40), we
obtain a collection bias of 47%. The collection bias may be interpreted as the percentage of botanists who systematically avoid
collecting damaged specimens.
The above estimation of collection bias is based on two
unverified but plausible assumptions: (i) the probability of
encountering a specimen with hole feeding damage in the
natural populations of Lake Saint-Pierre in 2016 is representative of all of southern Quebec, and (ii) collection bias by
botanists has remained constant since the 1940s. Nonetheless,
this exercise illustrates the potential importance of collection
bias and the difficulties that may arise from it. For example,
if the frequency of grazed herbarium specimens is 40%
(o ¼ 0.40) and the harvest bias is 50% (one in two collectors systematically avoid damaged specimens; p ¼ 0.50), then the
prevalence of herbivory in natural populations is 80%. To
detect a 15% increase in damage prevalence in the above population (from 80 to 95%), a 7% increase in damaged herbarium
specimens is required (the percentage of damaged specimens
will increase from 40 to 47%). Thus, the high percentage of
hole feeding damage in herbarium specimens since 1940
could, in theory, mask a contemporary increase in herbivory
pressure. At high level of herbivory pressure, the collection
bias suggests that the percentage of specimens presenting
hole feeding damage in the wild must increase by 15% to
yield a small relative increase of 7% in herbarium specimens.
This could be the case for hole feeding damage caused by
newly introduced insects such as Popillia japonica Newman
(Scarabaeidae) and species of the genus Neogalerucella (table 1).
The increased window feeding leaf damage observed in the
twenty-first century herbarium specimens supports the
hypothesis that insects introduced for biological control
increase herbivory pressure. This recent increase in herbivory
pressure is probably owing to insects released during the
biological control programme of purple loosestrife
(Neogalerucella calmariensis and N. pusilla), because the increase
was observed soon after the insects were released in Quebec
between 1996 and 1998. Moreover, the impacts of these insects
are never immediate, and a time lag of at least 5 years is often
observed [29]; this is also what the specimens suggest. In
addition, Neogalerucella larvae do indeed cause this type of
damage, which is characteristic of the species [61]. In 2012,
two herbarium specimens collected 26–36 km from the
beetle release sites had Neogalerucella eggs in addition to
window feeding damage. Given that window feeding
damage is distinct from other types of leaf damage [48], and
that the prevalence changed little over more than 100 years,
the contemporary increase is probably related to the introduction of exotic beetles.
Other insects frequently found on purple loosestrife plants
can also cause window feeding damage. Among these is
Galerucella nymphaeae L. (Chrysomelidae), a native beetle
related to the biocontrol agents used to fight purple loosestrife.
This insect mainly feeds on aquatic plants such as Nuphar Sm.
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https://www.mffp.gouv.qc.ca/publications/forets/
fimaq/collections/liste-hymenopteres.pdf (accessed
25 April 2018).
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