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Abstract

Aim: Plants on islands are often subjected to lower levels of herbivory relative to
those found at mainland sites. As a consequence, island plants are predicted to ex-
hibit lower levels of physical or chemical defences, which renders them more sus-
ceptible to introduced herbivores. Yet, instances of high pressure by superabundant
herbivores native to islands have been reported in many insular systems, which pre-
sumably would result in heightened plant defences. To date, no quantitative review
has been conducted to determine how common these contrasting patterns are and
their implications for the evolution of plant-herbivore interactions.

Location: Islands worldwide.

Taxon: Plants, insects, molluscs, mammals.

Methods: We conducted a meta-analysis of insularity effects on herbivory and plant
defences by including studies that involved island-mainland comparisons of the same
plant species in both environments (90% of cases), or insular endemics versus main-
land congeners (10% of cases). We tested for differences between mammalian and
invertebrate (mollusc or insect) herbivory as well as between plant chemical and
physical defences by specifying comparisons based on the type of herbivore (verte-
brate or invertebrate) or plant trait included in the study.

Results: Mammalian herbivory was significantly higher on islands than on mainlands.
In contrast, no significant effect was observed on invertebrate herbivory. In addi-
tion, we found no significant difference in either plant physical or chemical defences
between insular and mainland plants, though physical defences tended to be higher
for plants on islands.

Main conclusions: All analysed mammal studies focused on species introduced to is-
lands, suggesting greater susceptibility of insular plants to exotic mammals, whereas
the lack of effects in the case of invertebrate herbivory suggests no difference in sus-
ceptibility to molluscs or insects between insular and mainland plants. Interestingly,
plant trait patterns suggest a trend for increased physical defences by insular plants,
possibly due to heightened pressure by exotic mammalian herbivores on islands,

whereas chemical defences appear uncorrelated to differences in herbivory. These
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1 | INTRODUCTION

Knowledge gained from research on island systems has contrib-
uted to important advances in biogeography, macroecology and
evolutionary biology, including speciation mechanisms (Losos
& Ricklefs, 2009), spatial patterns of biodiversity (Borregaard
et al,, 2017; Kreft et al., 2008; MacArthur & Wilson, 1967), and
drivers of ecosystem function (Oksanen Oksanen et al., 2010;
Terborgh, 2010). Islands have characteristics that facilitate tests of
the effects of physical habitat features, such as area, isolation and
topographical heterogeneity on biodiversity, speciation and species
interactions (Carlquist, 1974; MacArthur & Wilson, 1967; Warren
et al., 2015). Additionally, variation in historical factors, such as geo-
logical age or species colonization histories mean that island systems
are ideal testbeds for studies examining mechanisms of community
assembly (Chase et al., 2000; Gillespie, 2004).

Early theory relating insularity and the evolution of plant-her-
bivore interactions hypothesized that sea barriers have resulted
in lower herbivore abundance and diversity on islands, which, in
turn, has led to less herbivory in insular plant communities (Bowen
& Van Buren, 1997; Carlquist, 1974; Vourc'h et al., 2001). Because
plant defences are energetically costly (Herms & Mattson, 1992),
insular plants are thought to have evolved lower defences or even
lost them completely (discussed in Carlquist, 1974; Janzen, 1979).
Initial research supported this prediction (e.g. Bowen & Van
Buren, 1997; Bryant et al., 1989; Vourc'h et al., 2001), showing
that insular plants exhibited lower physical defences (e.g. spines)
against mammalian herbivory compared to their mainland counter-
parts (e.g. Funk & Throop, 2010). Additional research has shown
dramatic effects of introduced mammalian herbivores on some in-
sular species, particularly endemics (e.g. Cubas et al., 2019), which
was taken as evidence that insular plants are poorly defended and
thus highly susceptible to these taxa (reviewed by Terborgh, 2010).
In contrast, a number of studies have documented cases where
native insular herbivores (e.g. tortoises, crabs and birds) are highly
abundant and exert strong pressure on insular plants, presum-
ably because predators are rare or absent in these systems (e.g.
Cubas et al., 2018; Garzén-Machado et al., 2010; Terborgh, 2010;
Terborgh et al., 2006). These findings suggest that lower overall
herbivore diversity and abundance on islands may not necessarily

be conducive to weaker pressure on plants in systems, especially
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findings call for further experimental and observational studies measuring defences
and herbivory for multiple sympatric plant species occurring at both mainland and

island sites within a system, or comparing insular endemics to congeneric mainland

chemical defences, insect herbivores, islands, mainland, mammalian herbivores, meta-analysis,

where particular taxa of native insular herbivores are abundant
leading to higher defences on islands for some plant species.

The question of how insularity has shaped herbivory-plant de-
fence outcomes can be approached in several ways. A number of
recent studies have compared herbivore or plant traits for plant spe-
cies found on both islands and nearby continental sites, providing a
so-called ‘intraspecific’ assessment of insularity effects. These stud-
ies have reported mixed findings, including no difference between
islands and mainland sites to higher herbivory and/or plant defences
on islands (e.g. Burns, 2019; Monroy & Garcia-Verdugo, 2019;
Moreira et al., 2019; Pardo et al., 2018). While capitalizing on con-
trolling plant species identity by using populations of the same spe-
cies found in each environment. These types of studies draw on a
more restricted evaluation of mainland-island differences due to re-
duced genetic pools involving single species, as well as idiosyncrasies
in focal species histories. Accordingly, replicated experiments involv-
ing multiple plant species or meta-analytical tests across a number
of species are needed to help generalize individual species-level
findings and reach stronger inference about plant intraspecific in-
sularity patterns. Another powerful approach involves interspecific
comparisons of island endemics with mainland congeners (e.g. Hoan
et al., 2014), although studies are scarce because of issues relating to
the design of robust tests (e.g. species replication, accurate identifi-
cation of island-mainland congeneric species pairs). As evolutionary
histories are important drivers of plant anti-herbivore defence traits,
some researchers have compared endemic versus non-endemic spe-
cies on islands finding that endemics are generally more palatable to
introduced mammalian herbivores (Cubas et al., 2018, 2019). These
studies support the idea that relaxed herbivore selection has played
a more important role for insular endemics because their evolution-
ary history is more tightly linked to low herbivory under insularity,
whereas non-endemic natives have likely experienced higher levels
of herbivory throughout their evolutionary history at mainland sites.

Research has been somewhat biased toward studies focus-
ing on vertebrate herbivory and physical defences (e.g. spines,
thorns; see above), with less work examining invertebrate herbiv-
ory and plant chemical defences (but see Burns, 2019; Monroy &
Garcia-Verdugo, 2019; Moreira et al., 2019; Pardo et al., 2018).
Phytophagous insect communities are more diverse and in many
cases less dispersal-limited relative to species-poorer vertebrate
guilds (e.g. non-volant mammals), and it is therefore less clear how

they have shaped the evolution of plant anti-herbivory traits in
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insular systems. Most recent invertebrate studies relate to intraspe-
cific comparisons (e.g. Moreira et al., 2019), with only a few excep-
tions comparing island endemics to mainland congeners.

Our overall aim was to quantify changes in plant defences and
herbivory between mainland and islands (hereafter ‘insularity ef-
fect’). Specifically, we tested whether patterns differed between ver-
tebrates (mostly mammals) and invertebrates, or based on whether
physical or chemical defences were measured. We interpret our
results in light of several plausible explanations and highlight im-
portant research gaps that should be addressed. To our knowledge,
this study represents the first quantitative assessment of mainland
versus island differences in herbivory and plant defences using me-
ta-analytical tools. In doing so, we provide a first step towards syn-
thesizing the available information on this subject and identifying

incipient patterns.

2 | MATERIALS AND METHODS

We conducted an extensive literature search in the ISI Web of
Knowledge database using the following search criteria: ‘(Plant OR
tree OR shrub) AND (herbivore OR herbivores OR herbivorous)
AND (defence OR defense) AND (island OR insular). We retained
only articles, book chapters, reviews, theses, dissertations and
abstracts published in English. To further limit the search to rel-
evant papers, we filtered outputs to consider only the following
research areas: plant sciences, environmental sciences, ecology,
agriculture, forestry, evolutionary biology and entomology. This
search spanned published work from 1940 to June 2019. In addi-
tion, we also surveyed cited studies found in review articles about
plant-herbivore interactions on islands (e.g. Burns, 2014, 2019;
Terborgh, 2010). In total, our search yielded 332 papers (see the
PRISMA flow chart, Appendix S1: Figure S1). To be included in our
analysis, studies had to meet the following criteria: (a) report some
measure of herbivory (percent, frequency of damage) and/or plant
physical or chemical defences for species growing on islands ver-
sus plants of the same species or a congeneric species growing in
continental sites, and (b) that the study reported treatment (islands
versus mainland) level means, some measure of variability (i.e. vari-
ance, standard error or standard deviation), and sample sizes in the
text, figures, tables or appendices.

After applying the above criteria, the resulting dataset con-
sisted of 211 study cases from 21 studies (i.e. 21 papers out of the
initial 332) from the primary literature published between 1989
and 2019 in 18 scientific journals and one book chapter (see list of
references in Appendix S2). Almost all these studies (>90%) com-
pared the same plant species (one or more species in each case) at
island versus mainland sites (i.e. intraspecific comparisons), and in
all these cases the studied taxa were native to both environments
(i.e. none of them were exotic species introduced to islands). The
remaining few cases involved comparisons of an endemic insular
species with a mainland congener. Study cases (k) represented

data points, that is, island versus mainland comparisons, drawn

from a single primary study (n), where a single study may have one
or more study cases (i.e. comparisons). The occurrence of more
than one study case in a given study took place when more than
one herbivory or plant defence response was measured and/or
more than one island site was tested (against a mainland site), in
which case the number of study cases in a given study equalled
the number of responses by the number of island versus mainland
comparisons. For each study case, we compiled the following in-
formation: plant identity and growth form (herbaceous or woody),
island features (size, geological age, isolation), type of herbivore
(insects, mammals or molluscs), and type of plant defence (chemi-
cal or physical). Physical defences included spine length and den-
sity, thorn density, prickle density, and specific leaf area (proxy
for toughness), whereas chemical defences analysed included con-
centrations of phenolic compounds, terpenes, cyanogenic glyco-
sides, and alkaloids. For each study case, we estimated insularity
effect sizes using Hedges’ d metric and a 95% confidence interval
(Cl) (Hedges, 1981) with the ‘metafor’ package 1.9-8 version in R
3.2.3 (R Core Team, 2019; Viechtbauer, 2010). Hedges’ d was cal-
culated as the standardized mean difference between island and
mainland values such that negative values indicate that herbivory
and defences had lower mean values on insular plants compared
to mainland plants, whereas positive values indicate the inverse.
First, we estimated the overall mean effect size and 95% CI
across all studies to assess whether there was a mean effect of in-
sularity on herbivory and plant defences. An effect size was con-
sidered significant if its Cl did not overlap with zero (Koricheva
et al., 2013). Second, we investigated whether insularity effects on
herbivory were contingent on herbivore type (mammals, insects or
molluscs) by running a model including herbivore type as a moder-
ator and estimating the mean effect sizes and 95% Cls model for
each type of herbivore. Similarly, we also investigated whether in-
sularity effects on plant defences were contingent on the type of
plant defence (chemical or physical) by running a model including
defence type as a moderator and estimated the mean effect sizes
and 95% Cls model for each type of defence. We also ran prelim-
inary analyses including island features (size, geological age, and
distance to mainland) as these may affect insularity effects on de-
fences (there was not enough data to run these analyses for her-
bivory). Results indicated that none of these features influenced
relative differences in insularity effects between defence types
(size: Q, = 3.65, p = 0.056; distance to mainland: Q,, = 1.85,
p = 0.174; age: Qy = 3.09, p = 0.079), and we therefore report re-
sults from models without these variables. In all these models, we
performed multi-level error meta-analyses (Nakagawa et al., 2017)
with the rma.mv function of the R package metafor v. 2.0-0 (R Core
Team, 2019; Viechtbauer, 2010). We included the primary reference
and the study case (nested within primary reference) as random
factors to account for non-independence among multiple effect
sizes drawn from a single reference. We conducted several addi-
tional analyses to test whether our findings were robust and not
affected by non-independence among effect sizes and publication
bias (Appendix S3: Figures 5S2,53; Appendix S4: Figures S4-56).
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3 | RESULTS

The overall mean effect size of insularity (i.e. mean difference between
island versus mainland) on herbivory was positive (2.40 + [-1.46;
6.27]), but not significant (Figure 1). However, the meta-analysis model
indicated that this effect was marginally significantly contingent on the
herbivore type (insularity by herbivore type interaction: Q,, = 5.30,
p = 0.071), whereby a significant positive effect of insularity was found
for mammalian herbivory (i.e. island > mainland) while insect and mol-
lusc herbivory patterns were more variable across studies and there
was no significant effect in either of these cases (Figure 1).

The overall mean effect size of insularity on plant defensive traits
was not significant (1.21 + [-0.85; 3.27]) (Figure 2). However, the
meta-analysis model similarly showed that insularity effect on plant
defences was contingent on the type of trait (insularity by trait type
interaction: Q,, = 4.04, p = 0.044), whereby insularity tended to show a
positive (albeit non-significant) effect for physical defences (Figure 2),

whereas for chemical defences there was no clear pattern (Figure 2).

4 | DISCUSSION

Our results showed that mammalian herbivory was greater on islands

than on the mainland whereas no significant effect was observed on
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FIGURE 1 Mean effect size of insularity on herbivore damage
grouping all types of herbivores (i.e. overall effect) or separated by
type of herbivore (insects, mammals or molluscs). Dots and error
bars represent model parameter estimates and corresponding 95%
bias-corrected confidence intervals (Cl). K = number of study cases.
The horizontal dashed line centred on zero represents the null
hypothesis (i.e. no difference in herbivory between continental and
insular plants). Effect sizes are considered significant if the 95% Cl
does not include zero
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invertebrate herbivory. In addition, plant physical defences tended
to be higher on island plants relative to mainland plant (though not
significantly), whereas no pattern whatsoever was observed for
chemical defences. These patterns are unsupportive of predicted
declines in herbivory and plant defences on islands relative to main-
land, and suggest differential mechanisms driving insularity effects
on vertebrate relative to invertebrate herbivores, as well as on plant
physical compared to chemical defensive traits. We next discuss
plausible explanations for these findings and point to empirical stud-
ies necessary for robustly testing the ecological and evolutionary

consequences of insularity on plant-herbivore interactions.

4.1 | Insularity effects on herbivory

Mammalian herbivory was greater on islands than on the mainland, and
all the studies included in our analysis involved introduced species of
ungulates or rodents. Introduced rabbits (Oryctolagus cuniculus), feral
goats (Capra aegagrus hircus), cattle (Bos bos taurus), and deer (spe-
cies of the family Cervidae) had been historically absent from islands
until a few centuries ago and their introduction has been highly det-
rimental for insular plant communities (Bowen & Van Buren, 1997,
Cubas et al., 2018, 2019; Garzén-Machado et al., 2010; Irl et al., 2012;
Terborgh et al., 2010). Insular plant species, particularly endemics,
have historically evolved in the absence of mammalian herbivory and
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FIGURE 2 Mean effect size of insularity on plant defences
grouping all traits (overall effect) or separated by type of defence
(physical or chemical). Dots and error bars represent model
parameter estimates and corresponding 95% bias-corrected
confidence intervals (Cl). K = number of study cases. The horizontal
dashed line centred on zero represents the null hypothesis (i.e. no
difference in defences between continental and insular plants).
Effect sizes are significant if the 95% Cl does not include zero
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are therefore expected to have lower (or even lack) defences against
these herbivores (Bowen & Van Buren, 1997; Cubas et al., 2019; Funk
& Throop, 2010; Terborgh, 2010), contributing to increased impacts by
mammalian herbivores. Our results fit this expectation by showing that
insular plants exhibited higher levels of herbivory by introduced mam-
mals, but at the same time contradict it as insular plants also tended to
exhibit higher physical defences. This apparent contradiction could be
explained by insular plants evolving increased defences due to a recent
history of strong selection by introduced mammals and/or due to higher
levels of induced defences (see discussion ahead). Levels of herbivory
could remain higher on islands despite heightened plant defences as
mammalian populations can rise unchecked by predators or pathogens
(reviewed by Terborgh, 2010). Nonetheless, it is difficult to pair these
herbivory and plant trait patterns as in many cases results from each
came from different studies, an important limitation in our analysis. To
adequately test these possibilities, studies are needed which compare
defence levels and vertebrate herbivory on populations of focal spe-
cies originating from islands versus those from mainlands, or insular
taxa versus mainland congeners planted in reciprocal transplant ex-
periments where the presence of herbivorous mammals is manipulated
(for a related example, see Skainen & Arcese, 2020). Likewise, compari-
sons of herbivory on insular plant taxa with contrasting defence lev-
els can also yield valuable insight (e.g. endemics versus non-endemics;
see Cubas et al., 2019). In addition, the importance of top-down con-
trol relative to plant defences in driving observed herbivory patterns
should be tested. This would require manipulating predator presence
on islands and compare herbivory levels on focal insular taxa with simi-
lar defence levels, or by contrasting predation and herbivory levels for
plant taxa with high versus low defences to test for the relative effects
of bottom- versus top-down forcing.

Unlike mammalian herbivory, we found no overall effect of insularity
on herbivory by insects or molluscs. The notion that insularity effects
on invertebrate herbivory, particularly by arthropods, are more variable
and less strong compared to effects on vertebrate herbivory has been
discussed previously (e.g. Terborgh, 2010). Patterns of arthropod dis-
persal to insular systems are thought to be highly stochastic (e.g. rela-
tive to vertebrate taxa) and in many instances occur independently of
dispersal events by their host plants (Terborgh, 2010). This results in
mismatches between herbivore and plant species, and ultimately leads
to under-exploitation of insular (non-host) plant species by colonizing
herbivores. Based on this, one would predict weaker pressure by her-
bivorous arthropods on insular plants compared to mainland (e.g. Allan
et al,, 1973; Janzen, 1973). However, rather than reduced attack on is-
lands, we found no overall effect of insularity on invertebrate herbivory
(including insects). Despite stochasticity in dispersal, it is possible that
for some groups of flying insects (not so for non-flying insects or other
taxa such as terrestrial molluscs) reasonably high rates of colonization
to islands result in little or no difference in herbivory between mainland
and islands. It is also important to consider that there are many insular
systems in which native herbivorous arthropods are highly abundant and
exert overwhelming pressure on insular plants (more so than herbivores
on mainland; e.g. land crabs; Cubas et al., 2018; Terborgh, 2010), which

could counteract other processes (e.g. plant-insect mismatches) which

would otherwise lead to reductions in invertebrate herbivory on islands
relative to mainland. In some cases, these native herbivores could even
lead to greater herbivory on islands. Work comparing herbivory by en-
demic and non-endemic invertebrate guilds or species with contrasting
life histories (e.g. dispersal ability, diet breadth, body size) is required to
assess the range of invertebrate responses to insularity and its causes,
as well as determine the relative contributions of different insect taxa or
guilds to differences in herbivory between islands and mainland.

4.2 | Insularity effects on plant defences

Although we found no significant island-mainland difference for either
type of plant trait, physical defences exhibited a trend for a greater mean
value on islands. Physical defences such as spines, thorns and toughness
are thought to have evolved primarily as defences against mammalian
herbivores (Barton, 2016; Burns, 2019). Following from our herbivory
results, we would expect higher damage by introduced mammals on is-
lands (see above) to select for increased physical defences on such plants
(Barton, 2016; Burns, 2019), a plausible scenario given enough time for
selection to act since mammals were introduced in the last several cen-
turies. It is also possible that observed patterns reflect to some extent
plasticity responses to increased vertebrate herbivory on islands, though
defence inducibility could also be selected for provided genetic variation
in plasticity (Pigliucci, 2005). Common garden experiments where herbi-
vore presence is manipulated on insular plant taxa originting from sites
or islands with historically contrasting levels of vertebrate herbivory are
needed to tease a part these possibilities (e.g. Skainen & Arcese, 2020),
including genetically controlled measurements of constitutive defences
and their inducibility. On the other hand, it is also important to consider
that in numerous insular systems plants have evolved in the presence
of highly abundant avian and reptilian herbivore species that are na-
tive to islands (see above), and that some of these species are absent
or much less abundant on mainland (Burns, 2019). These insular herbi-
vores would exert strong effects and select for increased plant defences,
which would also lead to the observed increase in physical defences on
islands. Although this possibility is less likely than the former because
of the exclusive focus on introduced herbivores in the analysed studies,
it nonetheless deserves to be evaluated in systems where native herbi-
vores exert strong effects on insular plants.

We found no evidence of an overall island to mainland differ-
ence in plant chemical defences. Greater variability across studies
in insularity patterns for these traits could result from some classes
of compounds (e.g. phenolics, terpenes and alkaloids) being selected
(albeit not exclusively) by invertebrate herbivores showing inconsis-
tent patterns of abundance or diversity in islands vs. mainland sites.
Accordingly, the variability in insularity effects on invertebrate herbiv-
ory would be expected to produce concomitant variation in insularity
effects to the extent that these chemical compounds mediate inter-
actions with phytophagous arthropods. In addition, different types of
compounds could be selected by different species or guilds of inver-
tebrate herbivores (Wise & Rausher, 2013). If these herbivores vary in

their responses to insularity, then this may also lead to idiosyncratic
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patterns which, when averaged, result in no overall difference. Future
work that separates measurements of damage by herbivore species or
guilds is necessary to tease apart these responses and their associa-
tion with metabolite-specific patterns.

In considering the above plant chemical and physical defence pat-
terns, itisimportant to point out that present-day insular floras might
represent a biased sample consisting of highly defended taxa that
have survived herbivore introductions (e.g. Leppard & Piilar, 2016).
In contrast, less defended species (including endemics) may have
been driven to extinction centuries or millennia ago or are currently
found in very low abundances (i.e. narrowly distributed endemics)
such that they are usually not considered in studies. This scenario
could lead to an overestimation of defence levels for insular taxa and
ultimately produce a false impression that insular taxa are equally
(or even more) defended than mainland plants. Palaeoecological ap-

proaches would be required to assess this possibility.

4.3 | Future work

While the number of studies systematically comparing island versus
mainland sites is currently low, studies measuring plant traits are more
common than those measuring herbivory. This stresses the need for
more studies that measure herbivory as well as efforts to simulta-
neously and candidate plant traits as a basic requirement to assess
shifts in plant-herbivore interactions due to insularity. In addition,
further work should consider multiple plant species simultaneously
in a phylogenetically controlled manner. This can be done either by
comparing mainland-island differences for several focal plant species
occurring in both environments, or by comparing insular endemics to
mainland congeners. Replicated comparison of species with different
life forms (herbaceous versus woody plants) would also yield insight
into how shifts in plant-herbivore interactions are contingent on (or
have shaped) plant life histories. In addition, assessing insularity ef-
fects on predation and parasitism is a crucial task that is long overdue
and could illuminate the processes behind plant-herbivore patterns.
Several authors have discussed the possibility that top-down effects
of natural enemies on herbivores are weaker on islands than on the
mainland (Holt, 2010; Kay & Wratten, 2006; Terborgh, 2010), and
extensions of island biogeography theory to predict changes in food
web structure have been put forward (Gravel et al., 2011; Holt, 2010),
but empirical (and manipulative) research is largely lacking.

Finally, inserting focal plant-herbivore interactions into a biogeo-
graphical and macroecological context is necessary to explicitly investi-
gate how historical and large-scale factors such as geological age, history
of colonization, island size, physical heterogeneity, and geographical iso-
lation (Craven et al., 2019; Losos & Ricklefs, 2009; Valente et al., 2014)
shape insularity effects on herbivory and plant defences. The influence
of climate (Weigelt et al., 2016), invasive species (Craven et al., 2019) and
local abiotic factors such as productivity and soil type (Pillon et al., 2010)
is also highly relevant for disentangling the ways in which insularity af-
fects plant-herbivore interactions via local and regional changes in di-

versity or species composition of plant-herbivore communities.

391
i, R
ACKNOWLEDGEMENTS
We are grateful to Robert J. Marquis, Jon P. Sadler, Serban Proches and
two anonymous reviewers for useful comments to a previous version
of the manuscript. We also thank Lynn Roberts for proofreading the
English. This research was financially supported by a grant from the
Regional Government of Galicia (IN607D 2016/001), a grant from the
Spanish Ministry of Science, Innovation and Universities (RT12018-
099322-B-100) and the Ramén y Cajal Research Programme (RYC-
2013-13230) to XM. CG-V is supported by a postdoctoral Viceng
Mut fellowship (Govern de les llles Balears, Conselleria d'Innovacié,

Recerca i Turisme and the European Social Fund).

DATA AVAILABILITY STATEMENT
The data used in this study are archived at https://doi.org/10.5061/
dryad.5hgbzkh46.

ORCID

Xoaquin Moreira https://orcid.org/0000-0003-0166-838X

REFERENCES

Allan, J. D., Barnthouse, L. W.,, Prestbye, R. A., & Strong, D. R. (1973).
On foliage arthropod communities of Puerto Rican second growth
vegetation. Ecology, 54, 628-632. https://doi.org/10.2307/1935350

Barton, K. E. (2016). Tougher and thornier: General patterns in the in-
duction of physical defence traits. Functional Ecology, 30, 181-187.
https://doi.org/10.1111/1365-2435.12495

Borregaard, M. K., Amorim, |. R., Borges, P. A. V., Cabral, J. S., Fernandez-
Palacios, J. M, Field, R., Heaney, L. R., Kreft, H., Matthews, T. J,,
Olesen, J. M., Price, J.,, Rigal, F., Steinbauer, M. J.,, Triantis, K. A.,
Valente, L. M., Weigelt, P., & Whittaker, R. J. (2017). Oceanic is-
land biogeography through the lens of the general dynamic model:
Assessment and prospect. Biological Reviews, 92, 830-853. https://
doi.org/10.1111/brv.12256

Bowen, L., & Van Buren, D. (1997). Insular endemic plants lack defences
against herbivores. Conservation Biology, 11, 1249-1254.

Bryant, J. P., Tahvanainen, J., Sulkinoja, M., Julkunen-Tiitto, R., Reichardt,
P., & Green, T. (1989). Biogeographic evidence for the evolution
of chemical defense by boreal birch and willow against mamma-
lian browsing. The American Naturalist, 134, 20-34. https://doi.
org/10.1086/284963

Burns, K. C. (2014). Are there general patterns in plant defence against
megaherbivores? Biological Journal of the Linnean Society, 111, 38-48.
https://doi.org/10.1111/bij.12181

Burns, K. C. (2019). Differences in defence. In K. C. Burns (Ed.), Evolution
in isolation: The search for an island syndrome in plants (pp. 43-84).
Cambridge University Press.

Carlquist, S. (1974). Island biology. Columbia University Press.

Chase, J. M., Leibold, M. A., Downing, A. L., & Shurin, J. B. (2000). The
effects of productivity, herbivory, and plant specis turnover in grass-
land food webs. Ecology, 81, 2485-2497.

Craven, D., Knight, T. M., Barton, K. E., Bialic-Murphy, L., & Chase, J. M.
(2019). Dissecting macroecological and macroevolutionary patterns
of forest biodiversity across the Hawaiian archipelago. Proceedings
of the National Academy of Sciences USA, 116, 16436-16441. https://
doi.org/10.1073/pnas.1901954116

Cubas, J., Irl, S. D. H., Villafuerte, R., Bello-Rodriguez, V., Rodriguez-
Luengo, J. L., del Arco, M. J., Martin-Esquivel, J. L., & Gonzalez-
Mancebo, J. M. (2019). Endemic plant species are more palatable to
introduced herbivores than non-endemics. Proceedings of the Royal
Society B, 286, 20190136. https://doi.org/10.1098/rspb.2019.0136



MOREIRA ET AL.

392 ournal 0
> Lwiey-

Cubas, J., Martin-Esquivel, J. L., Nogales, M., Irl, S. D. H., Hernandez-
Hernandez, R., Lépez-Darias, M., Marrero-Gémez, M., del Arco, M.
J., & Gonzalez-Mancebo, J. M. (2018). Contrasting effects of invasive
rabbits on endemic plants driving vegetation change in a subtropical
alpine insular environment. Biological Invasions, 20, 793-807. https://
doi.org/10.1007/s10530-017-1576-0

Funk, J. L., & Throop, H. L. (2010). Enemy release and plant invasion:
Patterns of defensive traits and leaf damage in Hawaii. Oecologia,
162, 815-823. https://doi.org/10.1007/s00442-009-1497-4

Garzén-Machado, V., Gonzalez-Mancebo, J. M., Palomares-Martinez,
A., Acevedo-Rodriguez, A., Fernandez-Palacios, J. M., Del-Arco-
Aguilar, M., & Pérez-de-Paz, P. L. (2010). Strong negative effect of
alien herbivores on endemic legumes of the Canary pine forest.
Biological Conservation, 143, 2685-2694. https://doi.org/10.1016/j.
biocon.2010.07.012

Gillespie, R. G. (2004). Community assembly through adaptive radiation
in Hawaiian spiders. Science, 303, 356-359. https://doi.org/10.1126/
science.1091875

Gravel, D., Massol, F., Canard, E., Mouillot, D., & Mouquet, N. (2011).
Trophic theory of island biogeography. Ecology Letters, 14, 1010-
1016. https://doi.org/10.1111/j.1461-0248.2011.01667.x

Hedges, L. V. (1981). Distribution theory for Glass’s estimator of effect size
and related estimators. Journal of Educational and Behavioral Statistics, 6,
107-128. https://doi.org/10.3102/10769986006002107

Herms, D. A., & Mattson, W. J. (1992). The dilemma of plants: To grow
or defend. The Quarterly Review of Biology, 67, 283-335. https://doi.
org/10.1086/417659

Hoan, R. P, Ormond, R. A, & Barton, K. E. (2014). Prickly poppies can
get pricklier: Ontogenetic patterns in the induction of physical de-
fense traits. PLoS One, 9, €96796. https://doi.org/10.1371/journ
al.pone.0096796

Holt, R. D. (2010). Towards a trophic island biogeography: Reflections on
the interface of island biogeography and food web ecology. In J. B.
Losos, & R. E. Ricklefs (Eds.), The theory of island biogeography revis-
ited (pp. 143-185). Princeton University Press.

Irl, S. D. H., Steinbauer, M. J., Babel, W., Beierkuhnlein, C., Blume-
Werry, G., Messinger, J., Palomares-Martinez, A., Strohmeier, S.,
& Jentsch, A. (2012). An 11-yr exclosure experiment in a high-el-
evation island ecosystem: Introduced herbivore impact on shrub
species richness, seedling recruitment and population dynam-
ics. Journal of Vegetation Science, 23, 1114-1125. https://doi.
org/10.1111/j.1654-1103.2012.01425.x

Janzen, D. H. (1973). Sweep samples of tropical foliage insects:
Description of study sites, with data on species abundances and size
distributions. Ecology, 54, 687-708.

Janzen, D. H. (1979). New horizons in the biology of plant defenses.
In G. A. Rosenthal, & D. H. Janzen (Eds.), Herbivores: Their inter-
action with secondary plant metabolites (pp. 331-350). Academic
Press Inc..

Kay, M. K., & Wratten, S. D. (2006). Ecosystem function and the predic-
tion of tree resistance to defoliators. Forest insect population and host
influences (ed. by N. Kamata, A.M. Liebhold, D.T. Quiring and K.M.
Clancy). Proceedings: IUFRO Kanazawa 2003.

Koricheva, J., Gurevitch, J., & Mengersen, K. (2013). Handbook of me-
ta-analysis in ecology and evolution. Princeton University Press.

Kreft, H., Jetz, W., Mutke, J., Kier, G., & Barthlott, W. (2008). Global di-
versity of island floras from a macroecological perspective. Ecology
Letters, 11, 116-127.

Leppard, T.,&Birch,S. E. P.(2016). The insular ecology and palaeoenviron-
mental impacts of the domestic goat (Capra hircus) in Mediterranean
Neolithization. Géoarchéologie des iles de Méditerranée (ed. by M.
Ghilardi, F. Leandri, J. Bloemendal, L. Lespez and S. Fachard). CNRS
Editions, Paris, France.

Losos, J. B., & Ricklefs, R. E. (2009). Adaptation and diversification on
islands. Nature, 457, 830-836. https://doi.org/10.1038/nature07893

MacArthur, R. H., & Wilson, E. O. (1967). The theory of island biogeogra-
phy. Princeton University Press Princeton.

Monroy, P., & Garcia-Verdugo, C. (2019). Testing the hypothesis of loss of
defences onislands across a wide latitudinal gradient of Periploca lae-
vigata (Apocynaceae) populations. American Journal of Botany, 106,
303-312.

Moreira, X., Castagneyrol, B., de la Mata, R., Fyllas, N. M., Galman, A,
Garcia-Verdugo, C., Larrinaga, A. R., & Abdala-Roberts, L. (2019).
Effects of insularity on insect leaf herbivory and chemical defences
in a Mediterranean oak species. Journal of Biogeography, 46, 1226-
1233. https://doi.org/10.1111/jbi.13589

Nakagawa, S., Noble, D. W. A,, Senior, A. M., & Lagisz, M. (2017).
Meta-evaluation of meta-analysis: Ten appraisal questions for
biologists. BMC Biology, 15, 18. https://doi.org/10.1186/s1291
5-017-0357-7

Oksanen, L., Oksanen, T., Dahlgren, J., & Hamback, P. (2010). Islands as
test of the green world hypothesis. In J. Terborgh, & J. Estes (Eds.),
Trophic Cascades: Predators, prey, and the changing dynamics of nature
(pp. 163-178). Island Press.

Pardo, A., Caceres, Y., & Pulido, F. (2018). Intraspecific variation in her-
itable secondary metabolites and defensive strategies in a relict tree.
Journal of Plant Ecology, 11, 256-265.

Pigliucci, M. (2005). Evolution of phenotypic plasticity: Where are we
going now? Trends in Ecology and Evolution, 20, 481-486. https://doi.
org/10.1016/j.tree.2005.06.001

Pillon, Y., Munzinger, J., Amir, H., & Lebrun, M. (2010). Ultramafic
soils and species sorting in the flora of New Caledonia. Journal
of Ecology, 98, 1108-1116. https://doi.org/10.1111/j.1365-2745.
2010.01689.x

R Core Team (2019). R: A language and environment for statistical computing. R
Foundation for Statistical Computing. http://www.R-project.org/

Skaien, C. L., & Arcese, P. (2020). Local adaptation in island populations
of Plectritis congesta that differ in historic exposure to ungulate
browsers. Ecology, 101, e03054.

Terborgh, J. (2010). The trophic cascade on islands. In J. B. Losos, & R.
E. Ricklefs (Eds.), The theory of island biogeography revisited (pp. 116-
142). Princeton University Press Princeton.

Terborgh, J., Feeley, K. Silman, M., Nuiez, P. & Balukjian,
B. (2006). Vegetation dynamics of predator-free land-
bridge islands. Journal of Ecology, 94, 253-263. https://doi.
org/10.1111/j.1365-2745.2006.01106.x

Valente, L. M., Etienne, R. S., & Phillimore, A. B. (2014). The effects of
island ontogeny on species diversity and phylogeny. Proceedings
of the Royal Society B, 281, 20133227. https://doi.org/10.1098/
rspb.2013.3227

Viechtbauer, W. (2010). Conducting meta-analyses in R with the metafor
package. Journal of Statistical Software, 36, 1-48.

Vourc'h, G., Martin, J. L., Duncan, P., Escarré, J., & Clausen, T. P. (2001).
Defensive adaptations of Thuja plicata to ungulate browsing: A com-
parative study between mainland and island populations. Oecologia,
126, 84-93. https://doi.org/10.1007/s004420000491

Warren, B. H., Simberloff, D., Ricklefs, R. E., Aguilée, R., Condamine,
F. L., Gravel, D., Morlon, H., Mouquet, N., Rosindell, J., Casquet, J.,
Conti, E., Cornuault, J., Fernandez-Palacios, J. M., Hengl, T., Norder,
S. J., Rijsdijk, K. F., Sanmartin, I., Strasberg, D., Triantis, K. A., ...
Thébaud, C. (2015). Islands as model systems in ecology and evolu-
tion: Prospects fifty years after MacArthur-Wilson. Ecology Letters,
18, 200-217. https://doi.org/10.1111/ele.12398

Weigelt, P., Steinbauer, M. J., Cabral, J. S., & Kreft, H. (2016). Late
Quaternary climate change shapes island biodiversity. Nature, 532,
99-102. https://doi.org/10.1038/nature17443

Wise, M. J.,, & Rausher, M. D. (2013). Evolution of resistance to a multi-
ple-herbivore community: Genetic correlations, diffuse coevolution,
and constraints on the plant’s response to selection. Evolution, 67,
1767-1779. https://doi.org/10.1111/ev0.12061



MOREIRA ET AL.

BIOSKETCH

Xoaquin Moreira is interested in the ecological and evolutionary
processes that occur across different trophic levels (plants, herbi-
vores and natural enemies), and predict how future global change
might influence not only each species individually but also the

various interactions as a whole.

Author contributions: Formulated the idea of the manuscript: XM.
Designed the searching protocol: XM, BC, CGV, LAR. Searched
the literature and collected data: XM. Contributed materials/
analysis tools: XM. Analysed the data: BC. Wrote the manuscript:
XM. Contributed critically to the writing: LAR, CGV, BC.

393
EN e

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Moreira X, Castagneyrol B, Garcia-
Verdugo C, Abdala-Roberts L. A meta-analysis of insularity
effects on herbivory and plant defences. J Biogeogr.
2021;48:386-393. https://doi.org/10.1111/jbi. 14003




