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Abstract Climate is considered to be the predominant

driver shaping species distributions at macroecological

scales, yet the importance of incorporating biotic interac-

tions in predicting future range margins under climate

change scenarios is increasingly being recognised. We used

translocation studies to investigate how survival and

growth patterns of an understory shrub planted at latitudes

within its range, at its range limit and beyond its polewards

boundary (in areas it may colonise as a result of shifting

climate envelopes) are affected by the presence of a pri-

mary herbivore. Specifically, we tested the null hypotheses

that: (1) biotic interactions do not exert a significant role in

limiting survival and growth rates across the limits of a

host plant’s latitudinal range, and (2) at smaller spatial

scales biotic interactions do not exert a significant role in

determining survival and growth rates at edge versus

interior position within a forest fragment. We found that

the understory shrub Macropiper excelsum is able to sur-

vive polewards of its current latitudinal limit within the

first year after transplant; in fact, growth is higher outside

the plant’s current natural range than within its present-day

distribution. This trend is particularly pronounced in forest

core environments and corresponds closely to patterns of

reduced herbivory outside the plant’s range. The absence of

the primary herbivore, Cleora scriptaria, and concomitant

reduction in the suppressive effects of herbivory outside of

the plant’s range appear to be supporting enhanced growth

and survival. If host plants are able to successfully track

their climatic niche and disperse into novel areas prior to

the arrival of their natural predators, it is possible that

‘enemy release’ may facilitate the establishment of plant

species. These findings highlight the importance of con-

sidering biotic interactions alongside abiotic variables

when predicting future species’ ranges under climate

change.

Keywords Biotic interactions � Climate change � Predator

release � Range margin � Translocation

Introduction

Climate exerts a fundamental influence on the global dis-

tribution of plant populations (Holdridge 1947; Box 1981),

while a number of additional factors—including other

abiotic conditions, dispersal capabilities and biotic inter-

actions—can also influence the successful persistence and

prevalence of plants in their existing range. Gaining an

insight into the interaction between climate and biology is

fundamental if we are to improve accuracy in predicting

changes to species’ ranges with future climate changes

(Brooker et al. 2007; van der Putten et al. 2010).

Global average temperatures have warmed by 0.7 �C

between 1906 and 2005 and are expected (under the A1B

scenarios) to increase by 1.7–4.4 �C by 2090–2099 relative

to 1980–1999 temperatures (IPCC 2007). Predicting how

species respond to global changes is a major goal for

biologists and there is a wide spectrum of literature docu-

menting the impacts of climate change on phenology (e.g.

Yang and Rudolf 2010), community composition (e.g.

Wahl et al. 2011), phenotypic plasticity (e.g. Matesanz

et al. 2010) and species interactions (e.g. Tylianakis et al.

2008). Perhaps the response yielding the greatest attention
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is the shifting of species’ range margins as populations

respond to moving climate envelopes with advancing lati-

tudinal and altitudinal isotherms (Thomas and Lennon

1999; Davis and Shaw 2001; Beaugrand et al. 2002;

Walther 2004; Thomas 2010). This pattern is found across

a range of taxa and geographical localities, with 84 % of

British vertebrate and invertebrate taxa that were tested

having expanded polewards in response to a warming cli-

mate (Hickling et al. 2006). These findings are roughly

equivalent to an earlier study conducted over a larger study

area, which found that 81 % of populations of British birds,

Swedish butterflies and Swiss herbs at poleward or high

altitude range margins were expanding 6.1 km northwards

or 6.1 m upwards per decade (Parmesan and Yohe 2003).

This research adds to a plethora of empirical studies doc-

umenting a spatial expansion in populations at polewards

range margins where abiotic conditions become increas-

ingly favourable under climate change (Parmesan 1996;

Parmesan et al. 1999, 2005; Chen et al. 2011). Species

distribution models (SDMs) are being developed to track

and predict these future ranges under various climate sce-

narios (Guisan and Thuiller 2005; Elith and Leathwick

2009). Although SDMs are seen as valuable tools for

analysing the potential dynamics of species’ ranges under

specific climate scenarios, many models assume that spe-

cies movements are in equilibrium with shifting climate

envelopes and disregard the constraints of historical and

biotic factors such as barriers/facilitators to dispersal and

species interactions (Morin and Lechowicz 2008; Jiménez-

Valverde et al. 2008). A high degree of land use conversion

in recent history has left many habitats patchy and isolated

causing potential barriers to dispersal of populations at the

range boundaries of distribution (Gaston 2003). In addition

to this, biotic influences alter a species’ fundamental niche

through competition (e.g. Connell 2011), mutualisms (e.g.

van der Heijden et al. 2003), enemy pressure or bottom-up

limitations (e.g. Lapointe et al. 2011). As shown by the

fossil record (e.g. Davis and Shaw 2001) and empirical

studies (e.g. Davis et al. 1998), species respond individu-

ally to climate change and, as a result of varying dispersal

rates, interactions between those species may be eroded

and new ones formulated (Urban et al. 2012). Biotic

interactions shape the spatial arrangement of species within

their habitats and may also limit the expansion of species

distributions under climate change (Brooker et al. 2007;

van der Putten et al. 2010). Competition limits the range

distribution in Ulex species for example (Bullock et al.

2000), and predation on an invasive crab limits the

expansion of its range in eastern North America (DeRivera

et al. 2005). Stimulated by the importance of biotic inter-

actions in empirical findings, these interactions are now

being more commonly considered in SDMs. Araújo and

Luoto (2007) found that incorporating Corydalis host plant

occurrence alongside the distribution of climate variables

improved the performance of models predicting the dis-

tribution of the clouded Apollo butterfly (Parnassius

mnemosyne) at macro scales in Europe. Integrating land

use patterns and biotic interactions with SDMs might

therefore improve predictions of species’ ranges under

climate change (Hampe 2004; Pearson and Dawson 2005;

Araujo and Guisan 2006; Moore et al. 2007; Heikkinen

et al. 2007; Ibáñez et al. 2009a, b; Meier et al. 2010; van

der Putten et al. 2010).

Gaining an understanding into the complex responses of

species to climate change will not only require large-scale

modelling approaches but crucially fine-scale investiga-

tions into how species interactions are modified by tem-

perature, precipitation and frost gradients (Poloczanska

et al. 2008; Marsico and Hellmann 2009). The response of

plants to climate changes can be studied through the

artificial manipulation of microclimates (Walker et al.

2006), investigation of local plants along environmental

gradients (DeFrenne et al. 2009) or translocations from

common garden experiments (Clausen et al. 1940; Koll-

mann et al. 2004). Although each have benefits, translo-

cations allow plant ecotypes to be transferred into regions

with different annual temperatures under natural condi-

tions (Niedrist et al. 2011), whilst distinguishing between

phenotypic plasticity and local adaptation across a species’

range (Macel et al. 2007; Magnani 2009). Assuming there

is no dispersal limitation, a plant species will occur in a

location which confers conditions which are suitable for

its survival, growth and reproduction, with performance

declining along a gradient of climatic severity as its

reaches its range boundary (Prince and Carter 1985). If

moved outside of its current range one may expect per-

formance to rapidly decline, unless climate is not the sole

or even the major determinant of range limitation.

Translocation experiments therefore have the potential to

identify key limiting factors on plant survival and growth,

and this approach has been successfully utilised to study

species at multiple trophic levels beyond their natural

distributions (Marsico and Hellmann 2009; Willis et al.

2009).

Here, we use translocation experiments to test the

capacity of an understory plant to persist polewards of its

current geographic range and determine whether biotic

interactions with its primary herbivore have a role in lim-

iting distributions. We test the null hypotheses that: (1)

biotic interactions do not exert a significant role in limiting

survival and growth rates across the limits of a host plants

range, and (2) biotic interactions do not exert a significant

role in determining survival and growth rates at edge ver-

sus interior positions within forest fragments.
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Materials and methods

The study species and system

The New Zealand native Kawakawa tree (Macropiper

excelsum, Piperales: Piperaceae) is a common understory

plant throughout the mixed native scrub environments of

New Zealand (Smith 1975). The species is confined to the

coastal areas of the New Zealand mainland and a number

of its offshore islands, reaching its southern limit at a lat-

itude of *43�50S (Fig. 1). The battery of defences stored

within M. excelsum leaves deters widespread generalist

feeding activity; however, despite the tree’s range of

defensive bio-compounds it still suffers herbivory.

Although seven insects are known to feed on M. excelsum

(Spiller and Wise 1982) it has one primary herbivore,

Cleora scriptaria (Lepidoptera: Geometridae), which is

effective at sequestering these compounds and feeds

extensively on the plant (Hodge 1998).

Experimental design

We conducted this experiment in lowland mixed indige-

nous forests on the South Island of New Zealand. We

selected five experimental regions along a gradient of 5� of

latitude (between 418 and 46�S) that extended across the

southern range margin of the study species (Fig. 1). We

focus on the poleward margin of this species’ range as—

considering global poleward latitudinal shifts—this is the

margin which is most likely to experience population

expansion under climate change and the equatorial margin

of this species on mainland New Zealand (disregarding

presence on offshore islands) is inhibited by coastal

geography (as opposed to an apparent climate gradient).

Average annual temperatures decrease by 1 �C every 1.598
of latitude towards the poles on the South Island (Fig. 2).

This suggests that for every degree rise in temperature

under climate change, species will have to migrate 200 km

to keep within their optimum physiological conditions. Our

study locations were therefore spaced accordingly: at the

southern (polewards) range limit (Banks Peninsula), up to

2� south of this latitude and beyond the current distribution

of the species (polewards treatments at Timaru and Dun-

edin), and up to two degrees north of this latitude and

within the current species’ range (the control treatments at

Kaikoura and Nelson).

The experimental locations at the extremes of the lati-

tudinal gradient were separated from the present-day range

margin by about 300 km equating to roughly 1.5 �C tem-

perature difference (Fig. 2). This is equivalent to a mid-

range climate projection scenario of the likely increase in

the average annual temperature in New Zealand by 2040

Fig. 1 Map showing survey locations of forest fragments (open

squares) in relation to the present-day distribution of Macropiper

excelsum on the South Island of New Zealand. Grey shading shows

the extent of the species’ current distribution (Gardner 1997). Black

dots represent locality records from museum specimens or direct field

observations recorded by the authors

Fig. 2 Variation in a air temperature and b number of frost days per

month across five experimental locations between March 1992 and

March 2010. Boxes are the interquartile range, whiskers are 1.5 times

the interquartile range; hollow points the outliers over the previous

18 years; and filled points the average for the experimental period

(March 2010–March 2011). Values represent the z-statistic and

P-value from Z-tests comparing the experimental period average

value to historical averages. Data were collected at the nearest airport

or automatic weather station to the experimental sites (all within

50 km proximity), and were obtained from the NIWA CliFlo database
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[1 �C; range of 0.2–2 �C derived from a full range of

projections across emission scenarios (Ministry for the

Environment 2008)]. Therefore, assuming no dispersal

limitation, the location of our polewards experimental site

lies within the potential climatically suitable region for

M. excelsum colonisation over the next three decades.

Data collection

A translocation experiment was conducted using seeds

collected in March 2009 from the ripe fruit of a population

at the southern range limit of M. excelsum (Stony Bay,

Banks Peninsula 43�5101000S, 173�202600E). Although

marginal populations do not always reflect the attributes of

core populations (Kawecki 2008), we selected this location

for seed collection on the expectation that if this species’

range moves polewards, in line with the majority of other

species’ range movements observed around the world, it is

this southern population that would be expected to expand.

Seeds were germinated in mixed-purpose compost covered

with a layer of gravel and successively re-potted and placed

under growth lamps at the University of Canterbury.

Seedlings were grown to a height of *50 cm in a glass-

house environment before being moved outside in February

2010, exposing the plants to ambient conditions before

experimental translocation. Since all plants were less than

2 years old, no reproductive catkins would be produced to

spread genetic material in the timeframe of this experi-

ment. It was therefore possible to gain permission to

transplant these M. excelsum plants on private land, local

council reserves and trust-owned land for the purposes of

this experiment.

At each of the five locations along the latitudinal gradi-

ent, we selected three lowland indigenous forest fragments

for experimental translocations. We transplanted ten shrubs

into each of the forest fragments (n = 150 shrubs) in Feb-

ruary–March 2010. Five of the shrubs were planted at the

edge of each forest fragment (hereafter referred to as the

‘edge’ position), and the other five were planted 50 m inside

the forest (hereafter referred to as the ‘interior’ position).

Shrubs were tethered to a single bamboo cane for support,

watered and left in place over the austral winter of 2010.

Experimental sites were revisited in March/April 2011

to record plant survival over the one-year period. Plants

were recorded as alive or dead, with individuals having a

brown cambium assumed to have died. We assessed the

presence or absence of non-insect damage to the plants

(e.g. caused from frost, wind or pathogen damage), with

presence indicated by evidence of browning or yellowing

of leaves. In addition to these two health variables we

recorded plant growth over the year by recording the

number of leaves on each shrub on planting and on

removal. To measure herbivory levels, we recorded the

number of leaves showing evidence of insect attack and

those unaffected by insects. Presence of the primary her-

bivore, C. scriptaria was determined by beating each tree

for 10 s (approximately one beat per second) and counting

the number of larvae collected on a 1-m2 beating tray

extended beneath the tree. Upon completion of data col-

lection, all shrubs were cut down, their root masses dug up,

and all vegetative material was removed from the forest

fragment to avoid any potential for establishing M. excel-

sum populations outside of its current distributional range.

We used Z-tests to compare the climatic conditions

during the experiment with historical averages. The aver-

age temperature during the experiment (March 2010–

March 2011) at each location was significantly higher than

the annual temperature in the 18 years prior to the exper-

iment (Fig. 2a). In addition, the average number of frost

days per month over the experimental period was signifi-

cantly lower across many of the experimental locations

(Fig. 2b). This is with the exception of the polewards site,

Dunedin, which had 6.5 frost days per month during the

experimental period compared to an average of 5.5 frost

days per year between March 1992 and March 2010.

Analysis

Generalised linear models were implemented in the R

2.11.1 statistical environment (R Development Core Team

2010). Interactions between the main effects: latitude

(continuous variable) and position (discrete edge/interior

variable) were analysed as it was hypothesised that there

would be a difference between the response variables

across the natural range of M. excelsum, and that there

would also be a difference between the edge and interior of

forest fragments.

Survival levels were calculated as the number of dead

versus alive plants at each edge position and non-insect

damage was recorded as the number of plants with evi-

dence of damage versus un-damaged at each site (n = 30,

edge and interior of each of the 15 fragments). Similarly,

herbivory was recorded as the number of attacked leaves

versus non-attacked on each plant (n = 145 plants) and

binomial models were used on these three analyses. Cat-

erpillar presence was measured as the number of caterpil-

lars per plant and analysed using Poisson errors. Growth

was measured as the change in the numbers of leaves for

each plant (n = 145 plants) over the 2010 season and

analysed using Gaussian errors. The height of plants was

added as an offset to this model to account for the variation

between individuals. The direct impact of herbivory (per-

centage of leaves attacked) on growth levels (change in the

numbers of leaves for each plant) was analysed using a

general linear model with Gaussian errors, again adding

plant height as an offset.
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Results

Of the 150 transplanted M. excelsum, five were lost due to

human damage and a further 19 died over the 12-month

period of the experiment. Of the surviving plants, 79

appeared to be in full health and 47 showed evidence of

non-insect damage.

Survival potential and growth

Survival rate showed little variation across the range of

M. excelsum (Fig. 3a; Table 1). There was little variation

in non-insect plant damage and this was reflected by the

lack of significant main effects of latitude and the inter-

action between latitude and position for this variable

(Table 1). Significant interactions were detected between

latitude and edge position for plant growth (Table 1), with

the surprising pattern that plants transplanted outside of the

species’ natural range tended to increase the number of

leaves, whereas those inside the range tended to lose

leaves. This pattern was stronger for plants in the forest

interior than those at forest edges (Fig. 3b).

Impact on species interactions

There was a highly significant interaction between latitude

and edge position on herbivory levels (Table 1). Herbivory

rates were highest within the species’ range and declined

outside of it, but that trend was much stronger at the

interior than edges of fragments where significantly more

leaves were attacked. Outside of the species’ range, there

was no difference in herbivory rates among edge and

interior positions (Fig. 3c). There was also, predictably, a

significant effect of latitude on the presence of the primary

herbivore (Table 1) with C. scriptaria only being recorded

inside the plants’ natural range at Kaikoura and Nelson.

Enhanced growth rates appeared to be manifested through

a direct impact of herbivory: the higher the percentage of

leaves attacked, the lower the amount of leaf growth over

the season (t1,129 = -2.194, P \ 0.05).

Discussion

Biotic interactions are fundamental in determining the

ability of plants to survive and prosper in novel environ-

ments. Here, we conducted an in situ experiment, translo-

cating a native plant species polewards of its present-day

distribution. Our findings suggest that M. excelsum survives

equally well—indeed exhibits accelerated growth rates—

outside of its natural distribution compared with locations

inside the range. These accelerated growth rates appear to

be due to significantly decreased levels of herbivory from

its specialised insect herbivore in polewards locations. This

may indicate that M. excelsum is benefiting from suppressed

insect attack at latitudes outside of the primary herbivore’s

range. The pattern is probably a signal of ‘predator release’

and may initially augment the polewards range expansion of

M. excelsum, adding to the increasing body of evidence that

suggests biotic interactions may modulate species’

responses to climate change (Araújo and Luoto 2007;

Poloczanska et al. 2008; van der Putten et al. 2010).

Fig. 3 Responses of M. excelsum plants transplanted across a

latitudinal gradient following a 12-month transplant period. a Survival

(percent of plants still alive), b growth (change in leaves number on

surviving plants), c herbivory (percentage of leaves attacked on each

individual). Values are means [±95 % confidence interval (CI)] for

plants located at the edge (triangles) and interior (squares). Linear

models are shown for each location, solid lines across latitudinal

range at fragment edges and short dashed line across latitudinal range

at fragment interior
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Contrary to results expected under a scenario of climate

limitation, M. excelsum did not exhibit reduced survival

rates outside of its natural range. Indeed, plants in the

interior of forest fragments, where ambient microclimate

conditions would theoretically be buffered from the more

extreme climatic conditions outside the forest (Young and

Mitchell 1994; Davies-Colley et al. 2000), appeared to

have slightly elevated survival levels and enhanced growth

rates at sites outside of the plants range as compared to

sites within the species’ range (Fig. 3a, b). This species is

particularly sensitive to frost (The Native Plant Centre

2007), yet despite frosts being more frequent than average

in the southernmost location with just 2 (1992, 2003) out

of the past 18 years having more frost days than 2010,

survival rates at the southernmost location were still very

high (Fig. 3a). If, as many models assume, climate enve-

lopes are the predominant factor determining species’

ranges (Pearson and Dawson 2003), the high survivorship

levels in regions polewards of M. excelsum’s natural dis-

tribution in this investigation indicate that the climate here

is suitable for adult survival and therefore that some other

factor must limit the geographical range of the species.

However, it is still premature to entirely rule out the

possibility of climatic controls on the geographic range of

M. excelsum, as other parts of the species’ life history such

as germination or propagation may limit its ability to

successfully form breeding populations. In addition, due to

the pragmatic limitations on introducing fertile novel

species outside their range, this study was conducted over

a comparatively short time for investigations into survival

capabilities of transplanted organisms, with most

researchers discounting the first year of measurements due

to initial vigour of plant growth even in unsuitable sites

(Ibáñez et al. 2008). However, studies that did undertake

transplants under shorter time frames have found that

initial mortalities occurred within a week of transplantation

with little or no deaths occurring after this period (Silander

and Klepeis 1999), suggesting that our findings may still

provide insights into patterns of plant survival in pole-

wards locations. Further investigation into the germination

capacity and reproductive output of M. excelsum seeds in

polewards regions, as well as an extension of the study

duration to account for more extreme weather events and

any potentially delayed mortalities, are necessary to con-

firm if, as this study would suggest, climate in this novel

area is suitable for the plants’ long-term survival and

persistence.

A number of studies have found that dispersal can be

equally or even more important than climate in limiting the

expansion of species’ ranges towards the poles (Grashof-

Bokdam and Geertsema 1998; Norton et al. 2005; Sven-

ning and Skov 2007; Marsico and Hellmann 2009). For

those plant species that are able to expand into novel

geographic areas in which their primary herbivores do not

exist or are reduced in numbers, a release from high levels

of herbivory may facilitate their successful colonisation,

successful growth and range expansion (Keane and

Crawley 2002). A similar translocation experiment on

Vancouver Island found that the survivorship of Lomanti-

um nudicaule (Apiaceae) was equal to, or improved, out-

side relative to inside the present-day range (Marsico and

Hellmann 2009). The authors reported that the climate

outside the range of Lomantium spp. had been suitable for

the previous 100 years, and suggested that a more likely

factor limiting the range extent of Lomantium spp. was the

fragmented nature of habitat at the range margin (Marsico

and Hellmann 2009). In the context of our experiment,

models of potential vegetation patterns suggest that there

was continuous native forest extending along the east coast

of the South Island prior to human habitation (Leathwick

et al. 2004). M. excelsum often grows in the understory of

many of the canopy species thought to have been present,

and as such there would have been the potential for

M. excelsum populations to spread south of the species’

present-day range. However, in the *730 years since

human colonisation of New Zealand (Wilmshurst et al.

2008), indigenous forest cover has been reduced from 81 to

23 % of the total land area (Rutledge 2003), and the

Canterbury plains—the present-day southern limit of

M. excelsum—were particularly rapidly and heavily

affected (Ewers et al. 2006). Dispersal limitation in this

fragmented landscape may, therefore, be one mechanism

responsible for the lack of naturalised M. excelsum south of

Banks Peninsula.

Table 1 Results from generalised linear models for the influence of latitude and position on the biotic processes of translocated Macropiper

excelsum and on the presence of Cleora scriptaria

Survival Non-insect damage Growth Herbivory Caterpillar presence

z-value P-value z-value P-value t-value P-value z-value P-value z-value P-value

Latitude 0.094 0.925 0.126 0.900 1.197 [0.05 -13.440 \0.001 -2.013 0.044

Position -0.818 0.414 0.231 0.818 -2.170 \0.05 15.730 \0.001 -0.705 0.481

Interaction 0.811 0.417 -0.130 0.897 2.156 \0.05 -15.320 \0.001 0.710 0.478
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The key influence of biotic interactions on plant growth

rates is evident from this study, and these findings con-

tribute to an increasing body of evidence that biotic limi-

tations play a fundamental role in determining current

distributions of plants and in the responses of species to

climate change (Suttle et al. 2007; Araújo and Luoto 2007;

van der Putten et al. 2010). C. scriptaria herbivory is

positively related to M. excelsum abundance (Schnitzler

et al. 2011) and this herbivore shows a preference for ‘core’

forest conditions (Schnitzler 2008). We found firstly, and at

small spatial scales, herbivory is higher on trees in forest

fragment interiors than at forest edges. Outside the species’

range, where no C. scriptaria larvae were recorded, her-

bivory still occurred at low levels yet the difference

between interior and edge disappeared. The loss of this

trend outside the range may be an indication of altered

community interactions. With the absence of C. scriptaria,

other less dominant herbivores have access to this novel

food resource. We suggest that these generalist herbivores

(Spiller and Wise 1982) have no clear preference for ‘core

conditions’ and as such the edge/interior trend disappears.

Secondly, and at larger spatial scales, we found a strong

trend indicating enhanced growth (particularly inside forest

fragments) at latitudes outside the species’ range (Fig. 3b).

Interestingly, these trends were almost the exact opposite

of the trends in herbivory levels, which were higher inside

the species’ range (particularly at forest interior positions)

and diminished in latitudes outside the range (Fig. 3c).

These results suggest a causal link between biotic activity

and plant health and as such, this experiment may emulate

the erosion of trophic interactions when species become

geographically separated.

Temporal phenological mismatch is frequently being

recorded when the timings of vital life history events of

predators and prey drift apart (Post and Forchhammer

2008), a situation that can be precipitated by climate

change (Schweiger et al. 2008). Also important, yet less

frequently recorded, are spatial mismatches in which spe-

cies with differing levels of mobility move (or do not) to

track changing isothermic distributions, resulting in geo-

graphically decoupled species interactions (Schweiger

et al. 2008). Such a situation has been predicted from

SDMs for lepidopteran species that exhibit a pronounced

loss of range when their host plant is not able to fill its

projected ecological niche [e.g. in the case of Boloria

titania (Schweiger et al. 2008)], and in empirical studies

where hosts experience lower levels of parasitoid attack

after colonising a novel area [e.g. the butterfly Aricia

agestis (Menéndez et al. 2008)]. This ‘predator release’

phenomenon is more commonly discussed in the context of

the invasive potential of exotic species. The enemy release

hypothesis predicts that as plant species move into novel

regions, their establishment will be enhanced by the lack of

natural predators that exert herbivory stress on the plant

(Keane and Crawley 2002). Our data provide empirical

support for this hypothesis. We recorded no C. scriptaria

larvae south of the current M. excelsum distribution limit

(as a result caterpillar numbers significantly reduced with

increased latitude; Table 1), and we found that plants

established beyond the range of the specialised herbivore

appeared to gain an advantage in terms of growth (Fig. 3).

Applied to the context of distribution shifts under climate

change, the enemy release hypothesis may provide further

insights into how plants may respond at the polewards

range if they move beyond the distribution of their spec-

ialised herbivores. It is possible, therefore, that the spatial

distribution of herbivores may facilitate the expansion of

plant species’ ranges (Maron and Vila 2001) under climate

change. However, this expectation must in turn be balanced

by the expectation that, in the absence of a direct climatic

control on their distribution, mobile insect herbivores such

as C. scriptaria will likely expand their range to keep pace

with that of their host plant. In addition, although unlikely

due to the range of defensive compounds in this plant, there

is the potential for herbivores in polewards locations to

overcome these chemical barriers and for herbivory to

gradually increase over time. Under these scenarios,

predator release and the subsequent growth advantage

experienced by a polewards expansion of M. excelsum will

likely be short-lived.

It is thought that the largest uncertainty in predicting the

impact of climate change on ecosystems is understanding

how species will interact in novel conditions (Winder and

Schindler 2004). Therefore, the fundamental importance of

studying how species interactions are modified by climate

change, must not be ignored (Suttle et al. 2007). We have

shown that M. excelsum can survive polewards of its nat-

ural distribution and it is likely that the improved growth

rate is due to a release from the suppressive influence of

high levels of herbivory in forest outside of the range of its

primary herbivore. However, this does not explain the

current southern range limit of the species, which we

hypothesise is caused either by historical dispersal limita-

tion or from undetected climatic limitations to the ability of

the species to germinate or reproduce. Further work would

be needed to separate these hypotheses. Predator release

can only benefit a plant species if it has first overcome

dispersal limitation to reach a new location, and then

successfully germinated and formed a reproducing popu-

lation. Such work in this domain is important if we are to

understand more fully how species will respond to climate

change at their range margins.
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Ibáñez I, Silander JA Jr, Allen JM, Treanor S, Wilson A (2009a)

Identifying hotspots for plant invasions and forecasting focal

points of further spread. J Appl Ecol 46:1219–1228
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