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Population-level impacts of insect herbivory on rare and endangered plants are poorly understood, being
frequently suggested but seldom quantified. We compiled 37 studies from the primary literature encom-
passing 35 rare plant species and at least 63 insect herbivore species, and assessed patterns in the effects
of insect herbivores on rare plant populations and vital rates. Only three studies directly quantified
effects of insect herbivory on population size or growth rate, with the vast majority instead extrapolating
from vital rates to population size. Few studies (eight) studied herbivory experimentally, and feeding
guilds other than seed predators have been relatively neglected. Estimates of population-level impacts
vary extremely widely, but for many rare plants insect herbivores cause major reductions in survivorship
or fecundity or can even drive local extinctions. Four studies documented positive (plant-) density depen-
dence in insect attack, suggesting that herbivores may have a stabilizing influence on plant populations
and thus may play a role in regulating rare plant population size. Most reported herbivores of rare plants
are oligophagous or polyphagous, but monophagous herbivores of rare plants do exist, and there was no
detectable difference in impact among specialization classes. Attack on rare plants by escaped biocontrol
agents can sometimes have significant population-level effects, but such cases appear uncommon.
Because insect herbivory can strongly suppress rare plant populations or vital rates, we need to know
much more about what ecological and evolutionary factors determine the population-level impacts of
insect herbivores. We suggest several ways in which the results of such research could inform conserva-
tion practices for rare plant species – for example, the possibility of different management regimes for
plants under attack by monophagous, oligophagous, and polyphagous herbivores.

� 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

The field of plant conservation biology has been built upon dec-
ades of research into plant population dynamics and distributions
and the factors that affect them (Harper, 1977; Silvertown and
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Charlesworth, 2001). Historically, heavy emphasis has been placed
on abiotic factors influencing populations (e.g., Moloney and Levin,
1996; Pearson and Dawson, 2003), as well as on dispersal (e.g.,
Schupp and Fuentes, 1995), competition (e.g., Wilson and Tilman,
1993) and vertebrate herbivory (e.g. Crawley, 1988; Mulder,
1999). It is only recently that much attention has been paid to
the potential for insect herbivory to affect plant populations.
Crawley (1989), among others, argued forcefully that the enor-
mous literature documenting insect herbivore damage to plant
individuals supported little in the way of strong conclusions about
impacts on populations, and there was (then) little evidence to
support the notion that insect herbivory frequently or importantly
suppresses plant populations. However, there were dissenting
voices, including Louda (2001) who in summarizing her work
showing strong effects of insect herbivory on Hazardia squarrosa
and Isocoma venata populations set it in a context of trophic cas-
cade theory (Hairston et al., 1960). Early work by biocontrol spe-
cialists, indicating the possibility of plant population suppression
by insect attack, also seems to have been underappreciated by
the ecological mainstream. More recently, increasing interest in
the ‘‘enemy escape’’ hypothesis for success of invasive plants car-
ries a clear implication that insect herbivory must be capable of
suppressing plant population growth in some cases (Keane and
Crawley, 2002; Halpern and Underwood, 2006). Maron and Crone
(2006) reviewed studies of herbivore impact on plant populations,
and found that insect herbivory has important effects on the pop-
ulation dynamics of many, but not all, plant species. As a result, a
major goal for the study of insect–plant interactions should be to
understand when (for what species, at what times or places, or un-
der what ecological conditions) insect herbivory drives plant pop-
ulation dynamics, and when it does not (Halpern and Underwood,
2006; Maron and Crone, 2006).

Population-level effects of insect herbivory are of potentially
critical importance in the context of rare plant conservation. Any ef-
fect of herbivory on vital rates such as survivorship or fecundity, if
transduced into an effect on population size or growth rate, could
drive a rare plant to extinction or limit its recovery. Furthermore,
rare plants that contend with abiotic stresses or competitive pres-
sure might find those impacts exacerbated, either additively or syn-
ergistically, by herbivory. The plant conservation literature has not
ignored herbivory, but insect herbivores have received relatively
little attention compared to vertebrate herbivores. There is scat-
tered evidence for large impacts of insect herbivory on at least some
rare plant populations (e.g. Schöps, 2002), but no systematic assess-
ment of the nature, frequency, and importance of such effects. Such
an assessment has the potential to advance conservation practices,
for instance by suggesting when intervention to mitigate insect
herbivory might be productive, and whether the appropriate inter-
vention might differ for insect herbivores from different feeding
guilds or with different degrees of diet specialization.

Unsurprisingly, much of what we know about herbivore im-
pacts on plant populations comes from common species that pro-
vide logistically amenable model systems. However, effects of
insect herbivory on rare plants do not necessarily follow directly
from available data for more common plants. Rare plants, and
especially those that have been persistently rare in evolutionary
time, may not experience the same degree or kind of herbivory
as do their common relatives, and may not respond (ecologically
or evolutionarily) the same way. For example, search costs are
likely to oppose the evolution of diet specialization on rare hosts.
Furthermore, specialists are more likely than generalists to be ab-
sent from small populations of their hosts (Zabel and Tscharntke,
1998), and so may be unlikely to persist on a host that is rare
everywhere even if they do evolve. On the other hand, if rarity
makes a plant unapparent, then optimal defense theory suggests
allocation to qualitative rather than quantitative defenses (Feeny,
1976), and this could favor attack by specialists. At least some spe-
cialist herbivores do exist on rare plants (e.g. Schöps, 2002), and
when they have population-level impacts on their hosts they will
pose an interesting challenge in balancing the conservation inter-
ests of the host plant and the herbivore. Thus, how insect herbi-
vores impact population dynamic of rare plants is an interesting
question in its own right and not simply an extrapolation from
what we know about more common plants.

Here we review available research into the population-level ef-
fects of insect herbivory on rare plants. We compare the prevalence
of reports – and where possible compare population-level reduc-
tions in survivorship and fecundity due to insect attack – among
plants showing different forms of rarity, among feeding guilds of
herbivores, and among monophagous, oligophagous and polypha-
gous insects. We also examine the prevalence of reports of impact
by biocontrol insects on rare native plants. We use our data to
make preliminary tests of a number of hypotheses, among them
that seed predators will have stronger impacts than members of
other feeding guilds (Crawley, 2000), that monophagous herbi-
vores will have lower impacts than generalists (Gavloski and Lamb,
2000) but that they will be uncommon on rare plants, and that in-
sect herbivory can exert (plant-) density-dependent impact on rare
plants, stabilizing plant populations (Heard and Remer, 2008) and
thus potentially braking declines toward extinction. We also set
out a framework for thinking about management interventions
to mitigate insect herbivory, with particular reference to strategies
appropriate for monophagous, oligophagous, and polyphagous
herbivores. Our review illustrates the potential importance of in-
sect herbivory for plant conservation, but the study of insect–rare
plant interactions is clearly still in its infancy.
2. Materials and methods

We gathered publications studying effects of insect herbivory
on rare plant populations beginning with searches of the Biological
Abstracts and Web of Science (Thomson Reuters) databases, using
the search string ‘‘(rare or threat� or endang�) and herbiv�’’. We
supplemented our search results with studies cited by, or citing,
publications from our original search. We assigned each studied
plant to one of Rabinowitz’s (1981) seven forms of rarity (which
distinguish combinations of local population sizes, niche breadth,
and geographical range; see Fig. 3). Most studies were of globally
rare plants, usually endemic to a small geographic range (e.g.,
Schöps, 2002), but our compilation also includes examples of spe-
cies that are widespread but uncommon (e.g., Mulvaney et al.,
2006), once common plants now reduced to rarity (e.g., Rose et
al., 2005), and plants considered threatened in only parts of their
range (e.g., Bouchard et al., 2008).

We examined each publication found and retained those that
report impacts of insect herbivory on plant population sizes,
growth rates or vital rates (here defined as demographic parame-
ters such as survivorship and net fecundity). We use the phrase
‘‘net fecundity’’ to refer to a plant’s production of seed. Reductions
in net fecundity due to herbivory may arise because herbivory im-
pairs seed set (e.g., consumption of flowers or ovules, or consump-
tion of vegetative tissue with reproductive consequences) or
because herbivores remove seed after it has been set. Impacts on
population sizes and growth rates are by definition impacts on
population dynamics, while impacts on population-level vital rates
are likely (but not certain; see Section 3.1) to have population-dy-
namic consequences. We were particularly interested in quantita-
tive estimates of population-level impacts, but our compilation
includes a number of papers that report the existence of popula-
tion-level impacts, but do not quantify them. We excluded many
papers that simply report the presence of insect herbivores or
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herbivory on a rare plant (e.g., Dalrymple, 2007; Messing et al.,
2007), or report levels of tissue damage such as defoliation or flor-
ivory without connecting this damage to population size or vital
rates (e.g., Fletcher et al., 2001; Bouchard et al., 2008). We also ex-
cluded studies that use only simulated herbivory or report only
laboratory data (e.g., Ancheta et al., 2010) and studies of seed pre-
dation that measure removal of artificially presented seed (e.g.,
Montesinos et al., 2006). We included studies based on observa-
tional data (often, longitudinal studies of plants or populations un-
der herbivore attack) or controlled experiments (usually herbivore
removals), and a few that use demographic models parameterized
with individual-level observational or experimental data to make
population-level predictions.

For each study in our compilation, we recorded the documented
effect of insect herbivory on plant population size or vital rates. We
calculated each effect on vital rates as a percentage decrease in
either annualized survivorship or net fecundity. In some cases
these were reported directly, but in others we extracted impact
estimates from figures or calculated them from other reported
quantities. In general, the effects reported were of insects at ambi-
ent densities in the field; that is, the herbivore load for which im-
pact was reported was not controlled by the authors and was
usually not quantified. This means we report an estimate of the im-
pact actually felt by the real population at ambient herbivore den-
sities, rather than attempting to calculate impact per unit of
herbivore load. From a plant population-dynamics point of view,
of course, this ‘‘ambient’’ impact estimate is the appropriate one.
Where separate estimates of impact were reported for multiple
sites or years, we calculated an average impact, weighting by pop-
ulation sizes where possible so that we report the impact on the
average plant individual. Many studies surveyed multiple sites
(up to 59) but none reported data from more than 2 years.

For studies able to test for (plant) density dependence in herbi-
vore impact, we recorded the sign of density dependence if it was
statistically significant – with ‘‘positive’’ density-dependence in
impact meaning that herbivory imposes a greater reduction in
per-capita reproduction or survival in larger plant populations.
Note that positive density-dependence in impact will give rise to
negative (stabilizing) density-dependence in plant population
dynamics. We use the term ‘‘density-dependence’’ because it is
standard in the population-dynamics literature, but there is poten-
tial for confusion because many studies report population ‘‘den-
sity’’ of local plant patches where patch area is defined by the
minimum polygon containing all observed plants. This definition
is not useful for population-dynamic purposes; for example, it
makes density of a 1-plant patch infinitely large, whereas a popu-
lation on the brink of extirpation really has a low population den-
sity. Thus, the tests we report are generally based on population
sizes, with the division by area implicitly assumed.

We recorded two important characteristics of the insect herbi-
vores associated with rare host plants. The first was the herbivore’s
feeding guild, or type of plant tissue consumed (folivory, florivory,
seed predation, etc.). The second was herbivore diet breadth,
where we distinguished between monophagous (feeding exclu-
sively on one species), oligophagous (feeding on multiple species
within a plant family) and polyphagous (feeding on hosts in more
than one plant family) insects. We also checked whether the insect
was native or introduced, and if introduced, recorded cases of bio-
control agents that expanded their host ranges to include rare na-
tive plants. When characteristics of herbivores or plants were not
reported, we consulted other literature and online databases as
appropriate.

Our compilation included relatively few studies, and many did
not support the kind of standardized effect-size calculation needed
for most formal statistical meta-analyses (Cooper et al., 2009).
However, we did use our compiled quantitative estimates of herbi-
vore impact to make statistical tests of a number of hypotheses.
Because of the recently shifting literature view of the importance
of insect herbivory for plant population dynamics (compare
Crawley, 1989; Maron and Crone, 2006), we used regression to test
for changes over time in the rate of publication. We divided the
period from 1985 to 2009 into 5-year intervals and tabulated the
number of publications appearing in our compilation per interval.
To specifically detect changes in interest in insect herbivory, we
normalized these raw publication rates to the overall publication
rate of papers in conservation biology for the same intervals
(searching the same database on ‘‘conservation’’ but using Web
of Science’s ‘‘refine results’’ tool to exclude papers from other
fields). We compared effects reported on survivorship vs. net
fecundity, effects on plants showing different forms of rarity (Rabi-
nowitz, 1981), and effects on vital rates due to monophagous, oli-
gophagous, and polyphagous herbivores using analyses of variance,
testing significance by randomization because of concern about
distributional assumptions. Because these analyses have limited
statistical power, they are best seen as illustrative rather than rig-
orous tests of hypotheses. Regression was conducted with R (R
Development Core Team, 2010), randomization ANOVAs with soft-
ware written in Microsoft QuickBASIC (Microsoft Inc., Redmond,
WA) by one of us (SBH), and power analysis using SAS version
8.0 PROC POWER (SAS Institute, Cary, NC).
3. Results and discussion

3.1. Herbivore impacts on rare plant populations: quantity and quality
of data

We know very little about the population-level impacts of in-
sect herbivory on rare plants. We could locate just 37 publications
reporting such impacts on 35 rare plant species (involving at least
63 herbivores). Of these, 29 studies (of 27 plant species) included
quantitative estimates of impact (Appendix S1), with a further
eight studies (of eight plant species) implying but not quantifying
population-level impacts (Appendix S2). While the rate of publica-
tion of papers qualifying for inclusion in our compilation has in-
creased over the last 25 years, this is entirely accounted for by an
increasing publication rate for conservation biology in general
(Fig. 1; publication rate vs. 5-year interval, F1,4 = 0.75, p = 0.45).
Most studies (27) report only observational data, with just eight
using controlled experiments and two combining observational
data with demographic modeling.

The most obvious limitation of our data is that just three studies
provide direct estimates of herbivore impacts on population size or
growth rate, and none of those used controlled experiments: one
study observed local extinctions of an endemic New Zealand spear-
grass under attack by a monophagous weevil (Schöps, 2002), and
two used demographic models parameterized with observational
data to predict major population declines of thistles under attack
by seed predators and other herbivores (for Pitcher’s thistle, attack
accelerates 50% population decline from 67 to 5 years; Louda et al.,
2005; and for Platte thistle, attack has the potential to cause
extinction; Rose et al., 2005). The remaining 34 studies focused in-
stead on how herbivory affected vital rates (net fecundity or survi-
vorship), in most cases discussing but not testing extrapolations to
population size.

Extrapolations from vital rates to population sizes are problem-
atic (Halpern and Underwood, 2006) in part because, when vital
rates are non-independent, changes in vital rates need not lead
to population-size change. For instance, insect-induced and re-
source-controlled fruit abortion may be compensatory (Casper
and Niesenbaum, 1993; Shapiro and Addicott, 2004; Kaiser et al.,
2008). Even when herbivore attack directly reduces net fecundity,
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effects on seedling recruitment and thus population growth are not
guaranteed. For example, if recruitment is site-limited (Louda,
1983; Eriksson and Ehrlén, 1992), then even large changes in seed
survivorship may not lead to population-level change (Crawley,
1989). Discussions of seed-predator impact rarely consider the
likelihood of seed- vs. site-limitation, at least for rare plants (but
see Bevill et al., 1999).

The observational nature of most studies allows another impor-
tant kind of non-independence: in some cases insects may prefer
(Price, 1991), or their effects may be amplified on, plants weakened
due to pathogens or stress. Such plants could have shown reduced
reproduction or survivorship regardless of insect attack, and attack
may be a symptom as much as a cause of observed differences in
vital rates. Experimental manipulation of insect attack allows
stronger tests of causal hypotheses, but such approaches are
uncommon (8/37 studies). Feasible experimental approaches in-
clude contrasts of control plants with herbivore exclusions by pes-
ticides or exclosures (e.g., Bevill et al., 1999; Watts et al., 2010).
Experimental increases in herbivore pressure would be extremely
informative but may not be ethically or legally acceptable with
endangered host plants. In fact, ethical and legal issues may often
weigh against the use of experimental methods in the study of her-
bivory on rare plants, as will the logistical challenges often associ-
ated with field experiments. Fortunately, both shortages of
available plants and reluctance to experimentally inflict damage
can be overcome by using plants grown ex situ and either exposed
to captive herbivores or transplanted into the field for exposure to
natural herbivory (e.g., Wiles et al., 1996; Stiling et al., 2004; Anch-
eta et al., 2010). This approach does, however, carry the issue of
differences in plant condition from greenhouse to field, and de-
pends on the availability of efficient propagation methods for
plants and perhaps herbivores.

3.2. Documented impacts of herbivores on rare plant populations

Most studies of insect herbivory on rare plant populations have
emphasized impacts on vital rates, usually net fecundity (28 cases)
or survivorship (10 cases; some studies examined more than one
vital rate). A few studies reported effects on other vital rates,
including fruit set (four studies), floral production (three), and
seedling recruitment (one). Average reported impacts of herbivory
on survivorship and net fecundity do not differ significantly
(F1,28 = 0.75, p = 0.39), and span virtually the entire possible range
(survivorship, 0–100% reduction; net fecundity, 0–99% reduction;
Fig. 2). Mean impacts are substantial (�35–45%). The few studies
directly examining population size or growth rate report similarly
substantial effects (see previous section). Broad ranges in impact
estimates are unsurprising, as herbivore impact will depend on
variation within and among species in many traits of both insect
and plant (for instance, seed size for seed predators; Carillo-Gav-
ilán et al., 2010; or secondary chemistry for folivores and
phloem-feeders; Mooney and Agrawal, 2008).

It is striking that a large fraction of compiled studies show
strong herbivore impacts. This establishes that insect herbivory
can be an important threat for rare plants, but it need not mean
that most rare plants experience such impacts. Researchers may
target their investigations on plants that appear to be impacted,
or may study plants regardless of expected impact but not publish
(or not be able to publish) studies in which no significant impact is
found (the ‘‘file-drawer problem’’; Rosenthal, 1979). Indeed, the
only two studies in our compilation reporting negligible effects
of insect herbivory (Menges et al., 1986; Kettenring et al., 2009)
did so in comparison with other herbivores with substantial im-
pacts. Methods for quantifying file-drawer effects require better ef-
fect-size data than are available in the compiled studies.

Fortunately, file-drawer problems should not prevent meaning-
ful comparisons within our compiled data – for instance, across
herbivore feeding guilds or forms of plant rarity. We begin with
feeding guilds, because of considerable literature interest in rela-
tive impacts of herbivores feeding in different ways (e.g. Crawley,
2000; Maron and Crone, 2006). Over half the studies in our compi-
lation involve seed predators (34/63); folivores are the next most
common guild (12 cases), followed by florivores (9), phloem-suck-
ers (8) and stem-borers (4). There is considerable overlap in defini-
tion of feeding guilds, as many insects feed on multiple parts of
their hosts. Although frugivory was rarely reported (one study),
many seed predators presumably also damage fruits. There were
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only three studies of root herbivores, which likely reflects the dif-
ficulty of studying below-ground herbivory as much as the true
prevalence of such interactions.

Many ecologists have argued that among feeding guilds, seed
predators have particularly strong effects on plant population biol-
ogy (Crawley, 2000), with plants likely to tolerate (in contrast) con-
siderable damage by herbivores attacking non-reproductive tissue.
However, meta-analysis by Maron and Crone (2006) found no sig-
nificant difference in the population-level impact of seed predators
and insects from other feeding guilds. For rare plants, we found
seed predators to have severe population-level impacts (average
reduction in vital rates of 46%), but strong impacts of insects from
other feeding guilds are certainly possible (for example, Helenurm
(1998) documented a 69% decrease in survivorship for lupines un-
der attack by a folivorous caterpillar). Unfortunately, there are too
few quantitative estimates to compare impacts among feeding
guilds: only seed predators had more than three estimates.

Rarity is not a simple thing. The expected impact of herbivory
could be quite different on a host plant that has recently declined
to rarity vs. one that has been rare through evolutionary time, but
unfortunately the former class is represented in our compilation by
just a single study (Rose et al., 2005, Platte thistle). Similarly, im-
pacts could differ among host plants showing different forms of
rarity with respect to niche breadth, geographic range, and local
population sizes (Rabinowitz, 1981). Among three Rabinowitz
forms of rarity with enough impact estimates for analysis (classes
3, 5, and 7; Fig. 3b), there was no difference in impacts (F2,21 = 0.36,
p = 0.69). However, these classes are all of endemics, so we cannot
make any comparison with widespread but uncommon plants.

We assessed feeding specialization for the insects in our compi-
lation for two reasons: first, generalists and specialists might have
different impacts on their hosts, and second, mitigating their im-
pacts might require different conservation strategies. Gavloski
and Lamb (2000) argued that specialists might have lower impacts
because they can evolve high feeding efficiencies, but found no
such pattern for seven insect herbivores of canola. Similarly, we
found no difference in impact among specialization classes
(F2,14 = 0.17, p = 0.84; Fig. 4). Unfortunately, our power to make this
comparison is low because we had quantitative impact estimates
for only three studies each of polyphagous and monophagous her-
bivores. (For a large effect size, f = 1.0 (Cohen, 1988), this test with
11, 3, and 3 cases has power = 0.15; power would increase to 0.25
for the same number of cases spread evenly across specialization
classes, or to 0.50 for 11 cases in each class.) The paucity of studied
monophagous herbivores on rare plants is not surprising, since
arguments based on foraging efficiency suggest they should be
unusual. However, such specialization does occur, and monopha-
gous herbivores may even be underreported since they are less
likely than generalists to be abundant or to be discovered away
from the focal host.

The existence of monophagous herbivores of rare plants raises
interesting conservation issues, because they may exert strong im-
pacts on threatened hosts while themselves being targets of con-
servation concern (Hopkins et al., 2002). The specialist weevil
Hadramphus spinipennis attacking Dieffenbach’s speargrass in
New Zealand (Schöps, 2002) provides a good example. Weevils
extirpate local speargrass populations, but a program to protect
the host plant from damage would only exacerbate the threat to
the weevils, which have no other host. Similar pairs of threatened
monophagous herbivores and hosts include the non-pollinating
yucca moth Teguticula corruptrix and its host Yucca glauca in wes-
tern Canada (COSEWIC, 2006) and two Australian Acizzia plant-lice
and their host trees Acadia veronica and Pultenaea glabra (Taylor
and Moir, 2009).
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Oligophagous and polyphagous herbivores of rare plants should
be much more common, and conservation efforts might usefully
treat them differently. (While polyphagous herbivores are poorly
represented in our compilation, we suspect they may be under-
sampled as researchers focus on tightly interacting species pairs
rather than ‘‘incidental’’ attack by broad generalists.) When oli-
gophagous herbivores have significant impacts, the presence of re-
lated plants providing alternative hosts can increase damage on
the focal, rare, host by spill-over herbivory (e.g., Pemberton et al.,
1985; White and Whitham, 2000). Impacts of such herbivores
might be controlled by local removal of alternative hosts, although
to our knowledge this approach has not been attempted in the
field. A related strategy has been suggested (Stiling et al., 2004)
for reducing Cactoblastis moth attack on the endangered Florida
cactus Opuntia corallicola, involving outplanting of O. corallicola
far from the alternative host (O. stricta). Reducing the impact of
polyphagous herbivores will require different management strate-
gies, because removal of all potential hosts will usually be infeasi-
ble (but see Norden and Kirkman, 2004). Instead, broad-spectrum
measures such as pesticide spraying might be the only way to deal
with damaging polyphagous herbivores. For example, Watts et al.
(2010) recommended use of bacterial insecticide to control seed
predation on an endangered broomrape by tortricid caterpillars
in the genus Clepsis, of which most are polyphagous (Alford,
1976; Harris et al., 1985).

3.3. Density-dependence

A critically important question for plant population dynamics
and conservation is whether the per-capita impact of herbivory
changes with plant population density. When insect attack is pos-
itively density-dependent – so that damage increases and plant
reproduction or survival declines as plant populations grow – her-
bivory has the potential to regulate plant population size, perhaps
maintaining rarity but also opposing declines towards extinction.
In contrast, negatively density-dependent attack would be destabi-
lizing and could drive extirpation of populations below a critical
size. The achievement of stable biocontrol of invasive plants in
some systems (e.g. McConnachie et al., 2003; Moran et al., 2005)
strongly implies that density-dependent attack can regulate plant
populations, but does not establish whether it can do so for rare,
native plants. Ouborg et al. (2006) argued that small plant popula-
tions might be less vulnerable to herbivory, but were unable to cite
data for rare plant species.

Our compilation includes just six studies that allow tests for
density dependence, but strikingly, positive (stabilizing) density-
dependence was detected in four of them (Bigger, 1999; Kéry
et al., 2001; Colling and Matthies, 2004; Camper, 2007). Density-
dependence was strong in each case; for instance, across the ambi-
ent range of plant densities seed damage per plant doubled for a
rare aster (Bigger, 1999) and the fraction of flower heads damaged
increased from 0% to 90% for a rare Scorzonera (Colling and
Matthies, 2004). A fifth study (Stanforth et al., 1997) trended
non-significantly in the same direction, and no study showed any
trend towards negative density-dependence. While we considered
only the possibility of linear density-dependence, nonlinearity in
the response of attack to density is possible (for instance, with a
type III functional response by the herbivore) although much more
data would be required for powerful tests of nonlinearity.

Advancing our understanding of density dependence in insect
attack on rare plants will, unfortunately, be a substantial challenge.
Tests for density dependence are rare because they require mea-
surement of herbivore impact in multiple populations or at multi-
ple time points (with or without density manipulation by the
researcher) – something that is logistically challenging for any sys-
tem but particularly difficult for rare plants.

3.4. Biocontrol herbivores

The possibility that exotic herbivores introduced for biocontrol
might expand their host ranges to impact rare native plants is fre-
quently discussed (e.g., Louda et al., 2003; Sheppard et al., 2005;
Chalak et al., 2010). However, we could locate just two well-stud-
ied examples: attack by the weevil Rhinocyllus conicus on the threa-
tened thistles Cirsium canescens and C. pitcheri (Louda et al., 2005;
Rose et al., 2005), and attack by the moth Cactoblastis cactorum on
the endangered cactus O. corallicola (Stiling et al., 2004). In the lat-
ter case, considerable range expansion by the herbivore preceded
its non-target impact. While the danger biocontrol agents repre-
sent to rare native plants is important, currently this threat is
either seldom realized (perhaps because of extensive pre-release
screening in modern biocontrol programs) or else seldom
documented.

3.5. Towards a more sophisticated understanding of insect herbivory
on rare plants

While the small size of our compilation (Appendix S1) is trou-
bling enough, simply adding more quantitative estimates will not
close what we have identified as a major knowledge gap. Nearly
all compiled studies take a phenomenological approach. A few
studies (e.g., Bevill et al., 1999) have explored plant–herbivore
interactions in detail to yield mechanistic insight and predictive
power, but in most cases we struggled just to extract point esti-
mates of herbivore impact on a single vital rate. We should aim
to do better than point estimates, because insect herbivory often
shows extremely high spatial and temporal variance (e.g., Royama
et al., 2005; Halverson et al., 2008), which can lead to complex
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ecological and evolutionary interactions in time and space
(Thompson, 2005). Glossing over spatial variation could lead us
to underestimate potential herbivore impacts at local scales, which
may determine microdistribution of a plant and thus limit its re-
gional population size. For example, White and Robertson (2009)
documented nearly complete seed predation by harvester ants on
an endangered peppergrass, but only for plants located within
10 m of harvester ant colonies.

A final complication is that our review, like most of the litera-
ture on which it is based, considers insect herbivory in isolation
from other stresses on plant populations. If herbivory interacts
non-additively with other stresses such as competition, then stud-
ies manipulating herbivory alone will have little predictive power.
From a more applied perspective, when stresses interact conserva-
tion strategies will need to consider how interventions aimed at
mitigating one stress will affect the impact of another. This is illus-
trated well by Norden and Kirkman (2004), who showed that
exclusion of competing vegetation from Schwalbea americana pop-
ulations increased attack by a nymphalid caterpillar as plants be-
came more apparent. Our knowledge is far too limited to support
generalizations about the frequency of such interactions, which ap-
pear to exist for a few rare plants (e.g., Norden and Kirkman, 2004),
to be absent for a few others (e.g., Ancheta et al., 2010), but are
simply unstudied for most.
4. Conclusions

We have demonstrated that major gaps exist in our understand-
ing of how insect herbivory affects rare plant populations. Because
many documented impacts on vital rates are severe, these gaps are
important. The potential for insect herbivory to have significant
population-level impacts on rare plant species is best documented
for seed predators, but we found no evidence that impacts are any
lower for herbivores in other feeding guilds. Herbivore impacts are
similarly high across all sufficiently studied forms of plant rarity,
and survivorship (while less frequently studied) is impacted as
strongly as net fecundity. Monophagous herbivores of rare plants
do exist, can have very strong impacts, and will present important
conservation challenges. Importantly, our compilation suggests
that insect herbivory could provide a stabilizing influence on pop-
ulation dynamics of rare plants, as positive density dependence in
attack appears to be common. We echo Bevill et al. (1999) in argu-
ing that insect herbivory needs to be considered in the conserva-
tion of rare plant species. However, moving from general concern
to detailed understanding and predictive power will require a con-
siderable increase in research on insect–rare plant interactions.
This represents a substantial challenge, but the severity of at least
some herbivore impacts and the extent of the modern biodiversity
crisis (Stork, 2010) should make a compelling case for the impor-
tance of rising to that challenge.
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