PROCEEDINGS
THE ROYAL
SOCIETY

rsph.royalsocietypublishing.org

®

RESea rCh CrossMark

click for updates

Cite this article: Lakeman-Fraser P, Ewers
RM. 2014 Untangling interactions: do
temperature and habitat fragmentation
gradients simultaneously impact biotic
relationships? Proc. R. Soc. B 281: 20140687.
http://dx.doi.org/10.1098/rspb.2014.0687

Received: 6 April 2014
Accepted: 2 May 2014

Subject Areas:
ecology

Keywords:
antagonistic, climate, density, land-use change,
synergistic, trophic level

Author for correspondence:
Poppy Lakeman-Fraser
e-mail: p.lakeman-fraser@imperial.ac.uk

Electronic supplementary material is available
at http:/dx.doi.org/10.1098/rsph.2014.0687 or
via http://rspb.royalsocietypublishing.org.

%’Royal Society Publishing

Untangling interactions: do temperature
and habitat fragmentation gradients
simultaneously impact biotic
relationships?

Poppy Lakeman-Fraser' and Robert M. Ewers?

ICentre for Environmental Policy, Imperial College London, South Kensington, London SW7 1NA, UK
2Imperial College London, Silwood Park Campus, Ascot, Berkshire SL5 7PY, UK

Gaining insight into the impact of anthropogenic change on ecosystems
requires investigation into interdependencies between multiple drivers of
ecological change and multiple biotic responses. Global environmental
change drivers can act simultaneously to impact the abundance and diver-
sity of biota, but few studies have also measured the impact across trophic
levels. We firstly investigated whether climate (using temperature differ-
ences across a latitudinal gradient as a surrogate) interacts with habitat
fragmentation (measured according to fragment area and distance to habitat
edges) to impact a New Zealand tri-trophic food chain (plant, herbivore and
natural enemy). Secondly, we examined how these interactions might differ-
entially impact both the density and biotic processes of species at each of the
three trophic levels. We found evidence to suggest that these drivers act non-
additively across trophic levels. The nature of these interactions however
varied: location synergistically interacted with fragmentation measures to
exacerbate the detrimental effects on consumer density; and antagonistically
interacted to ameliorate the impact on plant density and on the interactions
between trophic levels (herbivory and parasitoid attack rate). Our findings
indicate that the ecological consequences of multiple global change drivers
are strongly interactive and vary according to the trophic level studied
and whether density or ecological processes are investigated.

1. Introduction

Concern has been mounting for over a decade about the ability of environmental
systems to absorb multiple anthropogenic pressures [1,2]. Despite this, global
environmental change research is a young branch of ecological knowledge [3],
and only a few studies have empirically investigated [4,5], conceptually modelled
[6] or reviewed [2,7,8] the effects of simultaneous pressures explicitly.

Drivers of global change include nitrogen deposition, CO, enrichment, biotic
invasions, climate change and land-use change [9]. Alone, these drivers each
impose considerable influence on biodiversity around the world. For example,
Zavaleta et al. [10] found that three (elevated CO,, nitrogen deposition and precipi-
tation) of four (warming) global change variables exerted a rapid impact on the
diversity of Californian grasslands. Carbon dioxide (ambient plus 300 ppm) and
nitrogen deposition (increased by 7 gnf2 yrfl) diminished diversity after
3 years, precipitation (increase of 50%, including a growing-season extension of
20 days) increased it and warming (soil-surface warming 0.8—1°C) had no effect.
Understanding how multiple drivers interact—do they simply add-up in a
linear fashion or does one non-additively interact with the other?—is increasingly
imperative given the challenges facing contemporary conservation science [11].

Two types of non-additive outcomes are possible from interactions among
global change drivers: either they combine in a synergistic fashion (total effect
is amplified), or they combine in an antagonistic way (total effect is reduced)
[12]. The former, synergistic interactions, was exemplified by Mora et al. [4],
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who found that declines in experimental populations of rotifers
occurred 50 times faster when fragmentation, environmental
warming and overexploitation acted simultaneously than
when these same threats occurred in isolation. The latter,
antagonistic interactions, was exemplified by Zvereva &
Kozlov [13], who found that the adverse impact of carbon diox-
ide elevation on herbivore performance was offset by the
favourable impact of increased temperature. Systems subjected
to multiple, usually sequential stressors such as imposed by
global change, may therefore enter alternative abnormal
stable states, and hence ‘ecological surprises’ can be expected
when attempting to predict effects [14].

Climate change and land-use modification are the two
dominant drivers of global environmental change [11,15],
altering population dynamics [16], restricting species distri-
butions [17] and influencing food web dynamics [9]. While
these drivers have globally recognized impacts on the persist-
ence of biodiversity, relatively few studies have empirically
investigated their simultaneous impacts [2,8] and have
instead focused on one or the other driver [18,19]. Initial
studies into their interactive impact do however suggest
that climate change and habitat destruction have the potential
to produce a ‘deadly anthropogenic cocktail’ [20]. Here, we
investigate the impact of two indicators of these global
change drivers, temperature differences and habitat frag-
mentation in New Zealand, the last major land mass to be
colonized by humans [21]. In the approximately 730 years
of human occupation [22], the clearance of native habitat
for food provisions and transport networks [23] has reduced
indigenous forest cover from 82% [24] to 24% of the total land
area leaving the remnants heavily fragmented [23]. These
environments are simultaneously undergoing the additio-
nal pressure of rapid climate change. Temperatures in
New Zealand have risen by about 0.9°C from 1908 to 2006
[25], slightly higher than the average global rise of 0.4—0.8°C
over the past 100 years [26]. This trend is projected to continue
with an additional national average rise in temperature
of between 0.2 to 2°C expected by 2040, and 0.7 to 5.1°C
temperature rises expected by 2090 [25].

There are a number of approaches to study the impact of
climate on biota including: climate models on individual
species or habitats; long-term studies at a particular site; or
experiments that compare slightly warmer or cooler sites
[27]. The latter approach is particularly appropriate for a rela-
tively short-term study in an environment with pronounced
latitudinal and altitudinal temperature differences (which
also vary within the range of potential climatic changes, as
mentioned above). A number of researchers have used a lati-
tudinal surrogate approach such as this [27-29], however as
Andrew & Hughes [30] point out, a number of studies [31,32]
confound differences in habitat and evolutionary lineages
with climate impacts. To reduce the impact of these variables,
here we use latitudinal environmental gradients while select-
ing sites with similar habitat types and elevation, and study
the same focal species along the gradient.

A large number of studies have measured the impacts of
global change on ecological systems through changes in
population abundance [33], diversity [34], organism physi-
ology [35] and distributional shifts of suites of species [36].
More recently, the role of biotic interactions—whether they
be pollination, competition, herbivory, predation and parasit-
ism—between networks of interacting species has been
recognized as being fundamental in shaping and maintaining

biodiversity [37] and in determining responses to multiple
drivers [1,2]. The impact of global change drivers on biotic
interactions may be different than the impact on abundance
or diversity measures alone due to the compounding impacts
of multiple phenological, physiological and behavioural
responses of those interacting species [9,38]. In addition to
recording measures such as abundance or density, incorpor-
ating process-based measures into ecological change research
is likely to enhance the accuracy of predictions on the
response of species to global change [39].

Here, we monitor a New Zealand tri-trophic system in
order to examine how organisms at different levels of the
food chain (density measures) respond and how the frequency
of biotic interactions (process measures) alters under multiple
drivers of environmental change. Specifically, the study seeks
to investigate whether two drivers of global environmental
change—habitat fragmentation and climate (latitudinal temp-
erature surrogate)—exert an additive or interactive effect on
the various components of this tri-trophic system, and whether
simultaneous  global
uniformly across trophic levels and species interactions.

change impacts are experienced

2. Material and methods
(a) Study system

The native Kawakawa tree (Macropiper excelsum, Piperales: Piper-
aceae) is a common understory plant throughout the mixed
native scrub environments of New Zealand [40]. The species is
confined to coastal areas of the New Zealand mainland and a
number of its offshore islands and reaches its southern limit at
a latitude of 43°46’S (Banks Peninsula) on the Pacific coast of
New Zealand. A range of biochemical defences stored within
M. excelsum leaves deters widespread generalist feeding activity.
However, despite the tree’s range of anti-herbivory bio-
compounds [41] it has a non-specialist primary herbivore,
Cleora scriptaria (Lepidoptera: Geometridae). This moth is effec-
tive at sequestering these compounds and feeds extensively on
the plant. Cleora scriptaria is responsible for the conspicuous
shot hole appearance of herbivory scars, which is highly
distinguishable in M. excelsum. The two most commonly associ-
ated parasitoid species, which feed on this geometrid moth,
are Aleiodes declanae (Brachonidae: Rogadinae) and Meteorus
pulchricornis (Brachonidae: Euphorinae). The former is a native
non-specialist koinobiont endoparasitoid, which attacks the
moth larvae at the first and second instars and mummifies at
the fourth and fifth instars. The latter is a globally widespread
generalist endoparasitoid accidentally introduced into New
Zealand in 1996 [42]. This invasive koinobiont species also
attack larvae at the second instar and emerge at the fourth.

(b) Sampling design

We collected data on the tri-trophic system across a fragmentation
and climatic gradient, using latitude as a surrogate for a gradient
of temperature. We selected five field locations spanning
seven degrees of latitude from Banks Peninsula on the South
Island (43°46'S) up to Auckland on the North Island (36°51'S)
(figure 1). According to NIWA weather station data, this corre-
sponds to a 4.1°C average temperature gradient; this value is
within the range of temperature increases projected for each
region by 2090 (ranging from 0.7 to 5.1°C [5]; figure 2).
Three additional locations were selected at intervals between the
latitudinal extremes, located in the Waikato district (37°54'S),
Wellington district (41°12'S), and the Nelson district (41°15'S).
Two of these locations (Wellington and Nelson) lie at similar
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Figure 1. Field site localities. Five sites span the distribution of M. excelsum (national map modified from Gardner [43]) and extend across a latitudinal gradient of
approximately 7° over the North and South Island of New Zealand: Auckland (a), Waikato (b), Wellington (c), Nelson (d) and Banks Peninsula (e). Grey shading in
panels (a—e) shows the distribution of indigenous forest in the five study localities. At each locality, eight forest fragments (average latitude given above insets)
were sampled, with the fragments categorized according to area: large more than 100 ha (squares), medium 10—100 ha (hexagons) and small less than

10 ha (triangles).

latitudes, but are sited on different land masses (North and
South Island, respectively). To verify that this temperature
gradient was evident at field sites, microclimate air tempera-
ture data were collected using iButton dataloggers positioned
every 10m across an edge gradient (0-40m) at each field
site during the period research was taking place. Similar to the
10-year NIWA climate data, we found a temperature gradient
across latitude (figure 2a). Elevation did not differ significantly
between locations (Fy 35 = 1.603, p = 0.196) across the sites on the
two main islands (mean m.a.s.l.; Auckland: 75, Hamilton: 150,
Wellington: 93, Nelson: 74 and Christchurch: 80). Indigenous
forest cover (in 2002) in the five regions varied between 6 and
31% (Auckland: 13%, Waikato: 22%, Wellington: 20%. Nelson:
31% and Canterbury: 6%; [23])

At each of the five locations (approx. latitude), eight forest
fragments were selected on the basis of M. excelsum presence, land-
owner permission, accessibility and size. To reflect the size
distribution of fragments in real landscapes (the relative abundance
of small patches of forest in comparison to large), we surveyed
more small than large fragments and surveyed an equal number
of small, medium and large fragments at each location. This com-
prised one large fragment (more than 100 ha), two medium
fragments (10-100 ha) and five small (less than 10 ha) fragments.
A single transect in each forest fragment was established, extending
from the edge (denoted by the dripline marking the extent of

overhanging branches) to the interior of the forest fragment along
a north to south trajectory. Sampling plots (i.e. individual plants)
were situated every 10 m along transects. The length of a transect
was dependent upon the size of fragment: transects were 300 m
in large fragments (N = 31 plots x 1 fragment), 150 m in medium
fragments (N =16 plots x 2 fragments) and 60 m long in small
fragments (N =7 plots x 5 fragments). This sampling design
ensured that the total number of sample plots in each of the three
fragment size categories were approximately equal in each region

(31 < N < 35).

(c) Field data collection

Data collection took place in the austral summer of 2009/10. One
M. excelsum tree was sampled per plot, with the tree selected
being the one that was nearest to the centre of the plot. All trees
selected were located within 2 m of the transect. For each tree, we
recorded the density of surrounding M. excelsum individuals
(number of individuals in a 2 m radius centred on the target tree)
and plant growth (number of young leaves visible at time of
sampling, with young leaves identified by their light green color-
ation and small size). Density of the caterpillar 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
1m? beating tray extended beneath the tree. Herbivory levels
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Figure 2. Temperature variation across latitude in New Zealand. Microhabitat
data (a) collected at field sites with data loggers positioned across 0—40 m
of the edge of the forest fragment over a one-week period during biological
data collection in 2009/2010. Triangles represent average values, and whiskers
represent the average minimum and maximum temperatures across sites.
Longer term climate readings (b). Circles represent mean air temperature
averaged over a 10-year period 2002—2011 from NIWA automatic weather
stations (or airport stations where AWS are not present) which are situated
closest to the field locations, and whiskers represent the average minimum
and average maximum daily air temperatures over this period [44]. Diamonds
represent future temperatures derived from 12 model projections of A1B scen-
ario 2090 mean temperature [25]. Values represent the average projected
mean annual temperature for each latitude in 2090, and whiskers represent
the minimum and maximum model predictions.

were estimated by quantifying the percentage of the leaves exhibit-
ing evidence of feeding. From each tree, we live-collected a
maximum of 10 larvae, which were reared in the laboratory to
determine parasitism rates. If less than five larvae were sourced
from the target tree, we collected additional larvae from the tree’s
nearest neighbours until we had collected five caterpillars in total.
In some cases, we were unable to collect five caterpillars from
trees within the specified distance from the forest edge, so we
reduced sample size at these sample plots (mean = 2.9 caterpillars
per plot; range 0—10). In the laboratory, caterpillars were fed a diet
of M. excelsum and raised in transparent plastic containers through
to either adult development or parasitoid emergence in controlled
conditions of 20°C and 65% relative humidity (following Hodge
et al. [45] and Schnitzler et al. [46]). The parasitoids that emerged
from C. scriptaria were then identified and parasitism rates calcu-
lated by comparing the number of caterpillars that were found to
be attacked against the number that were not attacked.

(d) Analysis

To analyse (i) whether habitat fragmentation and climate (latitudi-
nal temperature gradient) exert an additive or interactive effect on
forest ecosystems and (ii) whether simultaneous global change
impacts are experienced uniformly across trophic levels and inter-
actions, we use generalized linear mixed effect models (GLMM)
performed using the Imer function in the Ime4-library [47] of the
R v. 2.11.1 statistical environment [48]. Owing to the hierarchical
nature of this experimental design, the random effect of fragment

(eight fragments at each of five locations, N = 40) was included
in the model to account for the close proximity of sites within frag-
ments. As we were interested in investigating the impact of latitude
(a surrogate for temperature differences) and fragmentation, we
included location (categorical), fragment area (loge-transformed,
continuous) and distance from edge (continuous) as fixed effects.
We treated location as a categorical variable and relied on post
hoc interpretation to identify trends across the latitudinal tem-
perature gradient. Model assessments followed Zuur et al. [49],
beginning with a full model and simplified using Akaike’s infor-
mation criterion (AICc) adjusted for small sample size [50]. The
effects of multiple drivers were considered non-additive if
models including interaction terms had the lowest AICc values,
or conversely, were considered additive if the additive models
had lower AICc values.

The nature of interactions was determined by comparing effect
sizes between additive and non-additive interactions. Although
detection of higher order interactions typically precludes the require-
ment to analyse lower order interactions [51], here, similar to
Christensen et al. [52], we used these models comprising individual
effects and lower order interactions to help interpret higher order
interaction models. Interaction effect sizes (F-values) were subtracted
from the sum of main effect sizes producing values representing the
difference between additive and interactive effects. If the value was
positive (i.e. additive effect was greater than the interactive), then
the relationship was considered to be antagonistic (the impact of
the drivers was reduced when acting interactively); if however, the
value was negative (i.e. additive effect was less than the interactive)
then the relationship was considered to be synergistic (the impact of
the drivers was increased when acting interactively).

To measure the effect of location and fragmentation on the tri-
trophic feeding system, we analysed data within and among
multiple trophic levels, with data collected on a measure of both
density variables and process variables at each level. At trophic
level one, we recorded plant density (count of abundance per
unit area) and plant growth (growth process: quantified as the
number of new leaves present at time of observation); at trophic
level two, the caterpillar density (count of abundance per tree)
and herbivory (feeding process: quantified as the percentage of
leaves exhibiting signs of attack) were recorded; and at the third
trophic level, the parasitoid density (count of the abundance: quan-
tified as the total number of parasitoids that emerged from
caterpillars collected at each plot, with the number of caterpillars
collected at that plot included as an offset in the model) and the
parasitoid attack rate (predation process: quantified as the pro-
portion of caterpillars with parasitoids). All density response
variables were count data, and as such a Poisson link function was
applied to the GLMMs. We also used a Poisson error when analys-
ing plant growth. By contrast, herbivory rates were percentage data
and as such arcsine square root transformations were applied and
data analysed using Gaussian errors, and the parasitism rate rep-
resented the number of attacked caterpillars versus number not
attacked and, as such, was analysed using a binomial link function.

3. Results

For all dependent variables (except herbivory), the optimal
model with lowest AICc included an interaction term between
at least two of the independent variables (edge, area and
location), suggesting that location and fragmentation exert
non-additive influences on this tri-trophic system (electronic
supplementary material, appendix S1). For all but one of
those dependent variables, the optimal model included inter-
action terms between all three main effects, and for the other
(caterpillar density), the optimal model included interactions
between edge and location (electronic supplementary material,
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Figure 3. Interactive effects of habitat fragmentation (fragment area and edge effect) and temperature (along a surrogate gradient of latitude) on three trophic
levels (plant: (a,b); herbivore: (c,d); parasitoid: (e,f)) across two biotic measures (density: (a,c.e); and process: (b,d,f)). Values represent the slope ( 4-95% () of the
relationship between the biotic measure and either fragment area (solid line and filled circle) or distance from edge (dashed line, hollow circle), as calculated at each
location ranging from the warmest (Auckland; 36° S) to the coolest (Banks Peninsula; 43° S). Negative slope values represent biotic measures that are highest in
fragmented environments (in small fragments or near habitat edges), and positive values represent biotic measures that are highest in non-fragmented environ-

ments (in large fragments or far from habitat edges).

appendix S1). Habitat fragmentation and latitudinal differ-
ences both exerted considerable influence over the density
of species and the frequency of interactions between those
species (table 1 and figure 3). Location tended to exert larger
effects on the density of organisms than fragmentation,
whereas the opposite was generally true of the ecological
processes (table 1). Interactions between location and frag-
mentation were stronger than interactions between the two
attributes of fragmentation (edge and area) for all response
variables except caterpillar herbivory (table 1).

Significant effects of individual driver attributes (edge
effects, small patch area and locations with higher temperatures)
were found on all process variables (table 1; light grey shading).
When non-additive effects of multiple drivers were included,
we detected a significant two-way interaction between fragmen-
tation and location for both area x location and edge x location

in all density variables (table 1; dark grey shading). The two
measures of fragmentation significantly interacted in only one
dependent variable, synergistically exacerbating the negative
effect of fragmentation on herbivory (table 1 and figure 4).
Significant three-way interactions were detected between
location, area and edge for both density and process variables
in all but the lowest trophic level (table 1).

For all three trophic levels, densities and biotic processes
(excluding plant growth) increased in fragmented environ-
ments (near the edge and in small fragments) at the warm
location (Auckland; 36°), but this effect either disappeared
or was reversed in cool locations (figure 3 indicated by nega-
tive slope values at low latitude and positive/less negative
slope values at higher latitudes). There were, however,
important differences in species responses to the individual
and interactive effects of the global change drivers.
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Table 1. Individual and interactive impacts of habitat fragmentation (edge and area effects) and temperature (using location across a latitudinal gradient as a  [J}

surrogate) on interacting New Zealand forest species: the host plant M. excelsum, the herbivore C. scriptaria and the parasitoid species A. declanae and
M. puchricornis. Abundance variables (dark grey shading) give a measure of density (per 2 x 2m for plants, per plant for caterpillars and per plant for
parasitoids emerging from caterpillars). Process variables (light grey shading) give a measure of ecosystem functioning (number of new leaves present at time of
sampling for plants, percentage of leaves exhibiting signs of herbivory and number of caterpillars attacked by parasitoids). Linear mixed effect model F-values

are reported, with significance denoted by asterisks.

independent effects

trophic

level biotic measure edge (F) area (4)

local (L)

three-way
interaction

two-way interaction effects
- effects

ExXAXL

first plant density 0.549 7.772%* 23.242%%* 0.006 4.129%* 4.939*** 0.307
pIantg I e B B e e e e s
e o rp — p— p— E— I B — g
density
caterp T— e e B ¥ e i e
herbivory
e paras|t0|d ................... e - - e N D e
density
para5|t0|dattack ......... e i e e e i g

rate

*x) < 0,001, **p < 0.01, *p < 0.05.

The first trophic level appeared to be significantly impacted
by independent measures of both fragmentation and location,
but only plant density was impacted by these two drivers sim-
ultaneously (table 1). The reduced density in smaller fragment
sizes in cooler locations was offset by higher densities in smal-
ler fragments in warmer locations (figure 3), thereby producing
antagonistic responses in plant density (figure 4a).

At the second trophic level, only herbivory was signifi-
cantly impacted by individual drivers. There were, however,
significant interaction effects that influenced both cater-
pillar density and herbivory rates (table 1 and figure 3). The
nature of this interaction differed: caterpillar density had
synergistic two- and three-way interactions among fragmenta-
tion and location variables, whereas herbivory principally
(except for area x location) exhibited antagonistic interactions
(figure 4b). The one exception was that fragment area appeared
to synergistically combine with location to depress herbivory
rates relative to large fragments in cool locations.

At the third trophic level, effect sizes suggest parasitoid
attack rates were significantly influenced by individual dri-
vers, but parasitoid density was not (table 1). By contrast,
parasitoid density was impacted by two-way interactions
between fragmentation and location variables but parasitoid
attack rates were not. Both variables had significant three-
way interactions (table 1), with the interaction effect on
parasitoid density being synergistic but the effect being
antagonistic on parasitoid attack rates (figure 4c).

4. Discussion

Contemporary ecological research recognizes the importance
of studying the simultaneous impact of multiple drivers of
global environmental change [6-9], and our results suggest
that focusing on a single driver will provide only restricted

insight into the impacts of global changes on species and
their interactions. Here, we found evidence that temperature
(using latitude as a surrogate) and the degree of habitat frag-
mentation (represented simultaneously by proximity to
fragment edges and the area of forest fragments) both exerted
influences on the density and trophic interactions of all levels
of a tri-trophic food chain in New Zealand. The two drivers
of environmental change interacted non-additively across
all trophic levels. The nature of these interactions however,
depended upon the biotic measure and the trophic level.

(a) Simultaneous global environmental change drivers
In the majority of cases, the optimal model analysing habitat
fragmentation and location included a three-way interaction
term; and in many cases, significant two-way interactions
were found. This suggests that non-additive interactions are
the norm rather than the exception in this study system. In the
wider literature, non-additive impacts of multiple drivers are
also considered to dominate studies that have investigated the
simultaneous impacts of multiple drivers [2,7]. Although these
non-additive interactions are often assumed to be synergistic
innature [11,53], several meta-analyses have found similar num-
bers of studies displaying antagonistic interactions between
drivers [2,7]. In one of these reviews, community-level studies
largely exhibited antagonistic interactions, whereas studies at
population level largely exhibited synergistic responses [2].
Our results parallel these general findings, with fragmentation
and location mostly exerting antagonistic interactions on the
ecological processes we examined, yet exerting synergistic
interactions on the density of consumers (figure 4b,c).

(b) Trophic-level responses
Altered dynamics of biotic interactions are an ‘insidious
and functionally important hidden effect’” of anthropogenic
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Figure 4. The nature and magnitude of interaction effects among fragment
area (A), distance to habitat edges (E) and temperature differences as rep-
resented by a latitudinal gradient of study locations (L) on three trophic
levels: (a) the host plant M. excelsum, (b) the herbivore C. scriptaria and
() the parasitoids A. declanae and Meteorus puchricornis. Effects were classi-
fied by calculating the difference between the sum of individual effect sizes
and the interactive effect sizes, with positive values representing synergistic
effects and negative values representing antagonistic effects. Only treatment
combinations that exhibited significant interactions (p << 0.05) in linear
mixed effect models are displayed.

environmental modification [54]. Non-additive effects have
been analysed with respect to differential effects on trophic
levels and reviewed by Mullan Crain et al. [2]. They found
that autotrophs exhibited antagonistic responses, whereas
heterotrophs exhibited synergistic responses. Here, we
found this was also the case: multiple drivers did exert antag-
onistic impacts on plant density and growth, and synergistic
responses were found for insect densities (figure 4b,c). This
may perhaps be related to the trophic-level hypothesis [55],
whereby there is a loss of biological insurance (i.e. the
capacity for diverse communities to be more resilient to per-
turbations (sensu [56]) as taxonomic, physiological and
genetic diversity is reduced towards apex populations [52]).
Multiple drivers have been found to exert more negative
impacts on these top trophic-level organisms [2].

For the higher trophic levels, the synergistic nature of
global change impacts on the herbivore and parasitoid may
be explained by a combination of factors. Firstly, as

fragmentation occurs, the proportion of habitat near edges
increases geometrically [57] and environmental conditions
in the remaining habitat are altered (such as air temperature
and moisture, vapour pressure deficit, soil moisture and light
intensity) [58]. This is commonly hypothesized to impact
species that require habitat interior microclimate conditions
[58]. Cleora scriptaria is known to typically inhabit forested
areas [59] where conditions are cool and moist. A change in
the quantity of core habitat will result in microclimatic altera-
tions, and it has therefore been suggested [59] that herbivory
rates may be negatively impacted by degradation of this
habitat. If C. scriptaria do not fare well in the more extreme
temperatures that are typical of matrix environments, then
it is likely that they will suffer from habitat fragmentation
associated with microclimates that are warmer and less
humid, and from warmer and more extreme environmental
conditions. Secondly, any ecological effect that reduces the
density of the herbivore is likely to have a cascading effect
on the density of the parasitoids. This is likely to be the
case for one of the species analysed, M. pulchricornis, as
this species responds positively to increased larval densities
of C. scriptaria as a result of frequency-dependent prey-
searching behaviour [60]. As such, the synergistic interaction
between habitat fragmentation and location on the herbivore
C. scriptaria (figure 4) is likely to pre-define a similar synergis-
tic interaction for the parasitoid M. pulchricornis, assuming
this species does not switch between hosts. Our data suggest
this trophic interaction between the herbivore and parasi-
toid is more heavily controlled by bottom-up, rather than
top-down, processes because the pattern of global change
interactions on the two trophic levels is consistent.

Our data have shown that non-additive interactions more
effectively explain the simultaneous impacts of habitat frag-
mentation and climate (latitudinal surrogate) on biota than
the additive effects of single drivers, in line with the majority
of global change studies that have investigated multiple drivers
[7]. Furthermore, our data lend support to more traditional con-
cerns that the detrimental effects of global change drivers are
exacerbated in higher trophic levels. What remains uncertain,
however, is whether these synergistic effects at high trophic
levels may be ameliorated by the antagonistic nature of global
change drivers acting on species interactions. Bringing this
into a global context, whether investigating individuals,
species, functional groups or communities there will always
be relative ‘winners’” and ‘losers” with global change. With
human activities exerting increasing and more numerous press-
ures on ecosystems, the overall magnitude of change is likely to
be considerable. If this study provides insights into widespread
trends, the impacts on biota are likely to be predominantly
detrimental. As Paine ef al. [14] describe, and as we have
empirically demonstrated, ecological surprises are likely to be
commonplace. This research highlights the requirement to con-
sider multiple drivers of global environmental change and
multiple biotic measures when predicting the effects of, and
solutions to, anthropogenic impacts on biodiversity.
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