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Abstract

Context We address the issue of adapting landscapes

for improved insect biodiversity conservation in a

changing climate by assessing the importance of

additive (main) and synergistic (interaction) effects of

land cover and land use with climate.

Objectives We test the hypotheses that ant richness

(species and genus), abundance and diversity would

vary according to land cover and land use intensity but

that these effects would vary according to climate.

Methods We used a 1000 m elevation gradient in

eastern Australia (as a proxy for a climate gradient)

and sampled ant biodiversity along this gradient from

sites with variable land cover and land use.

Results Main effects revealed: higher ant richness

(species and genus) and diversity with greater native

woody plant canopy cover; and lower species richness

with higher cultivation and grazing intensity, bare

ground and exotic plant groundcover. Interaction

effects revealed: both the positive effects of native

plant canopy cover on ant species richness and

abundance, and the negative effects of exotic plant

groundcover on species richness were greatest at sites

with warmer and drier climates.

Conclusions Impacts of climate change on insect

biodiversity may be mitigated to some degree through

landscape adaptation by increasing woody native

vegetation cover and by reducing land use intensity,

the cover of exotic vegetation and of bare ground.

Evidence of synergistic effects suggests that landscape

adaptation may be most effective in areas which are

currently warmer and drier, or are projected to become

so as a result of climate change.

Keywords Climate change � Landscape adaptation �
Land cover � Land use � Synergistic effects �
Biodiversity � Insects � Ants � Species richness �
Species turnover

Introduction

Within fragmented, human dominated landscapes,

native vegetation cover continues to decline and land
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use intensity continues to increase, further threatening

terrestrial biodiversity, ecosystems and environmental

services (Sala et al. 2000; Oliver and Morecroft 2014).

Predicted increases in global mean surface tempera-

tures of 1.4–4.8 �C by the end of the twenty-first

century are likely to exacerbate these threats (IPCC

2014; Williams et al. 2014; CSIRO and Bureau of

Meteorology 2015). The importance of these separate

threatening processes are well known, but only

recently has attention turned to understanding the

interactions between them (de Chazal and Rounsevell

2009; Mantyka-Pringle et al. 2012; Staudt et al. 2013;

Oliver and Morecroft 2014; Gibb et al. 2015). For

example, in 2014, 602 decision makers and scientists

were asked to rank priority research questions, that if

answered would increase the effectiveness of policies

for the management of natural resources in the United

States. ‘‘How does the configuration of land cover and

land use affect the response of ecosystems to climate

change?’’ was ranked 11th among the top 40 priority

questions from a total pool of more than 500 (Fleish-

man et al. 2011; Rudd and Fleishman 2014).

Despite a dearth of evidence, it is believed that

biodiversity in fragmented landscapes is more vulner-

able to climate change impacts than those in relatively

undisturbed continuous landscapes (Mantyka-Pringle

et al. 2012). Therefore, to maintain and restore

biodiversity, ecosystems and environmental services

into the future, decision makers and scientists must

seek to better understand synergistic effects between

land cover and land use change and climate change

(Mawdsley et al. 2009). Synergistic effects describe

the simultaneous actions of separate processes that

have a greater total effect than the sum of the

individual effects alone (Brook et al. 2008). They are

the result of multiplicative interactions between

threatening processes such as land use, land cover

and climate change in contrast to additive effects.

Observed and predicted effects of climate change on

populations, species and ecosystems have been reported

in severalmajor reviews (Walther et al. 2002; Root et al.

2003; Bellard et al. 2012; Williams et al. 2014).

However, because most research has focused on

relatively undisturbed ecosystems, interactions between

land cover and land use change and climate change,

have largely been ignored. Oliver andMorecroft (2014)

found that although some recent studies have investi-

gated the effects of multiple threatening processes on

biodiversity (see Eglington and Pearce-Higgins 2012;

Williams et al. 2014), empirical evidence of interac-

tions, or synergies, between threatening processes is

rare. Two recent studies have explicitly tested for

interactions. Mantyka-Pringle et al. (2012) undertook a

meta-analysis of 1319 studies to identify interactions

between climate change and habitat loss onbiodiversity.

They found that, averaged across species and geo-

graphic regions, habitat loss and fragmentation effects

were greatest in areas with higher mean temperatures

and where mean precipitation had decreased over time.

Gibb et al. (2015) analysed a global database of 1128

local ant assemblages and similarly found a greater

effect of disturbance on ant species richness and

evenness in more arid environments.

Risk of species or population extinction may be

higher than previously thought where interactions

among threatening processes exist (Brook et al. 2008).

A failure to account for these interactions could result

in the implementation of landscape adaptation strate-

gies that are at best inefficient and at worst detrimental

to species persistence (Brook et al. 2008; Staudt et al.

2013). For example, Sala et al. (2000) explored

scenarios of global biodiversity change for the year

2100 with and without interactions among the major

causes of biodiversity decline. Their analyses high-

lighted the sensitivity of projected biodiversity change

to assumptions about synergies. They concluded that

the interactions among stressors represented one of the

largest uncertainties in the projection of future global

biodiversity change.

Here we address the issue of adapting landscapes

for biodiversity conservation in a changing climate by

testing the importance of additive (main) and syner-

gistic (interaction) effects of climate, land cover and

land use on terrestrial biodiversity. Our study took

place in a fragmented landscape, outside of the

protected area network, and mostly on private land

managed for agricultural production. Within this

landscape we expected to observe interactions

between land cover and/or land use effects with

effects due to climate.We sampled a 1000 m elevation

gradient as a proxy for a climate gradient. Contempo-

rary climate gradients (latitude and elevation) are a

practical approach for understanding the effects of

climate on terrestrial biodiversity and have been used

by many authors to predict responses to climate

change (see Progar and Schowalter 2002; Andrew

et al. 2003; Andrew and Hughes 2004, 2005; Botes

et al. 2006; Yates et al. 2011; Frenne et al. 2013).
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We focus on insects, a mega-diverse component of

terrestrial biodiversity that performs fundamental

ecosystem functions in terrestrial environments.

Insects are ectothemic, characterized by small body

size and complex life cycles, and so are particularly

sensitive to climate (Progar and Schowalter 2002;

Andrew 2013). Insect focused climate change research

is however scant, especially so in Asia, Africa and

Australasia, and in particular where habitats are

modified and landscapes are fragmented. Available

research has concentrated on changes in abundance

and/or distribution shifts of single species due to

climate change, most commonly butterflies in Europe

(Wilson et al. 2007; Felton et al. 2009), or insects of

concern to primary producers (Andrew et al. 2013a).

Within the insects, we target the ants (Family:

Formicidae), a ubiquitous and diverse insect group that

has received relatively little climate change research

(Andrew et al. 2013a; Gibb et al. 2015), and we do so

through an investigation of communities rather than

single species. Ant communities have a long history of

use as indictors of disturbance (Andersen and Majer

2004; Solar et al. 2016) and play crucial roles in

ecosystem functioning on all continents except Antarc-

tica; as invertebrate and seed predators, seed dispersers,

detritivores, herbivore ‘‘farmers’’, in bioturbation and

mutualisms, and as a food source for other invertebrates

and vertebrates (Lach et al. 2010). They are fundamental

to providing ecosystem services and habitat engineering

(Folgarait 1998), and among the insects are diverse and

relatively well known. Worldwide, there are more

described ant species (at least 15,000, AntWiki 2016),

thanbird species (at least 9000, http://www.environment.

gov.au/node/13867), with many thousands more ant

species collected, but awaiting formal description. In

Australia, more than 1500 ant species have been descri-

bed (AntWiki 2016) compared to 828bird species (http://

www.environment.gov.au/node/13867). Ants are there-

fore an exemplar taxon for the study of climate and cli-

mate change impacts on biodiversity generally, and

insects specifically (Andrew 2013).

Methods

Study area and sites

The study was conducted in northern New South

Wales, Australia, and spanned a 270 km longitudinal,

and a 1000 m elevation gradient (154–1047 m,

Fig. 1). Modelled average annual rainfall and maxi-

mum temperature at our sites ranged from 530 mm

and 27 �C in the west to 890 mm and 20 �C in the east

(Xu and Hutchinson 2011). Rainfall is highest in

summer and uniform across other seasons (OEH

2014). Within the study area native vegetation has

been extensively cleared with only 31 % of the area

described as ‘‘intact’’ (native vegetation in which the

structure has not been substantially altered by human

activities, or has been altered and has since recovered;

OEH 2010; Dillon et al. 2011). The study area contains

some of the most fertile soils in Australia and land use

is dominated by livestock grazing (of modified

pastures 37 %, of native vegetation 12 % by area)

and cropping (dryland 27 %, irrigated 4 %), with land

used minimally for agriculture, or used for conserva-

tion, representing 14 % of the region (BRS 2009).

Intact native vegetation is dominated by grassy

woodlands and dry sclerophyll forests at higher

elevations and semi-arid woodlands at low elevations

(Keith 2004). Across the study area we established 2–8

sites (20 9 50 m) on each of 27 farms to sample the

range of land cover and land use states available.

Farms were part of an environmental monitoring

program and were selected by the local catchment

management authority. An additional eight sites

located within crown land on travelling stock routes/

reserves (TSRs) were also part of the monitoring

program and were included in the study (121 sites in

total, see Fig. 1). TSRs varied widely in their land

cover and grazing intensity and so tenure was not

considered further.

Response variables

Ground-active arthropods were sampled at each site

using 10 pitfall traps open for 14 days in summer 2009

(see Supporting Information). More than 210,000

arthropods were collected and sorted into major

groups. Ants represented 63 % of all specimens and

were further sorted to morphospecies. Morphospecies

were identified to genus and where possible species

using the keys available at McAreavey (1957),

Heterick (2001), McArthur (2010), Heterick and

Shattuck (2011) and AntWiki (2016). Mounted spec-

imens were supplied to Dr Steve Shattuck (Australian

National Insect Collection, CSIRO, Canberra) for

confirmation of identifications and provision of
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additional species names. Dr Brian Heterick con-

firmed morphospecies and provided species names for

the genus Melophorus. A mounted reference collec-

tion was deposited in the Zoology Museum at the

University of New England, Armidale.

The (morpho)species dataset (referred to as species

from hereon) was used to generate the response

variables for ant community structure: species rich-

ness (total number of species recorded at each site);

genus richness (total number of genera recorded at

each site); log abundance (natural logarithm of the

number of ant specimens recorded at each site); and

species diversity [Shannon: H0 = -
P

i pi loge (pi),

where pi is the proportion of the total count arising

from the ith species (Magurran 1991), calculated using

PRIMER V6, Clarke and Gorley (2006)]. The full

species by sites matrix (excluding species recorded

from only one site) was used to explore responses in

ant community composition.

Explanatory variables

Soils

Inherent soil chemistry and texture have a strong

association with ant community structure and

composition (Boulton et al. 2005). At each site a

single soil core was taken at the south–west corner and

separated into depths of 0–5 and 5–10 cm. Field

texture was assessed and converted to approximate

clay content (range 3.8–65 %)—according to McDon-

ald and Isbell (1998). At each site soil pH was

measured for 10 randomly located soil cores bulked at

depths 0–5 and 5–10 cm (range 4.1–7.4). Soils were

dried and sieved to\2 mm prior to pH analysis in 1:5

CaCl2 suspension (Rayment and Lyons 2010). Per-

centage clay content and pH values were averaged

across the two depths at each site.

Climate

For each site’s location we generated modelled long-

term climate (annual averages/totals for the 30 years,

1976–2005); and recent climate (monthly averages/to-

tals for the 48 months immediately prior to sampling,

January 2005–December 2008). We used the

1976–2005 period because it is a standard baseline

used for climate change assessments (Xu and Hutchin-

son 2011), and we used the 2005–2008 period to

ensure that any effects of more recent climate did not

go undetected. We also generated a climate dataset

using just the month during which sampling took

Fig. 1 Study area, site locations and modelled long-term aridity surface (aridity is highest where shading is lightest)
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place, and the month prior. We constructed this recent

weather dataset because weather conditions varied

over the 10 weeks during which all sites were

sampled, and this variation may have affected ant

activity and, therefore, pitfall trap samples. Site

locations were submitted to ANUCLIM V6.1 (Xu

and Hutchinson 2011) and modelled climate data

extracted at those locations for; average minimum and

maximum temperatures (�C), average solar radiation

(MJ per m2), total rainfall (mm), and total pan

evaporation (mm).

Extracted climate data were co-linear (r[± 0.95,

P\ 0.001) for all pairs of variables within the long-

term and the recent climate datasets. For all subse-

quent statistical modeling we therefore used the single

composite climate index—Aridity:

Aridity ¼ 1� Rain

Evap

where Rain and Evap are the total rainfall and pan

evaporation in mm for the period of interest. Our index

of aridity ranges from 0 to 1 with more arid

environments approaching 1. Aridity integrates rain-

fall with the effects of temperature, humidity and wind

speed so is appropriate for climate change research

because: (1) these variables are predicted to change

significantly over coming decades (Thuiller 2007;

Chown et al. 2010; IPCC 2014), and (2) temperature

and water availability are of fundamental importance

to insect physiology, behaviour and ecology (Andrew

2013). We did not use potential evapo-transpiration in

our aridity index due to its relationship with land cover

variables (UNEP 1992). The index of aridity at each

temporal scale was significantly correlated

(P\ 0.001) with elevation, longitude and to a lesser

extent latitude, (long-term climate (range

0.346–0.742), r = -0.98,-0.95, 0.58; recent climate

(range 0.356–0.788), r = -0.99, -0.93, 0.71; recent

weather (range 0.461–0.821), r = -0.79, -0.82,

0.35, respectively, see Figure S1 Supporting

Information).

Land cover and land use

Land cover variables were visually assessed at each

site and those submitted to modeling were: canopy

cover [sum of percentage crown cover of native

overstorey and midstorey woody plants [1 m in

height (range 0–90 %)]; and bare ground [percentage

cover of exposed soil (range 0–97 %)] (Table 1).

Native plant ground cover (\1 m in height) and litter

cover were significantly correlated with other land

cover/use variables so were not submitted to

modelling.

Land use variables assessed at each site and

submitted to modeling included: a semi-quantitative

land use intensity (LUI) index (range 0–0.92), which

was based on the sum of scores for cultivation (C) and

grazing (G) severity and age:

LUI ¼ Cs þ Ca þ Gs þ Gað Þ
12

where both severity (s) and age (a) took values

between 0 and 3 (Severity: 0 = no evidence,

1 = light, 2 = moderate, 3 = severe. Age: 0 = no

evidence, old = 1, not recent = 2, recent = 3, see

Supporting Information). Scores were allocated

based on field assessment and/or landholder inter-

view. A single land use intensity index was prefer-

able to separate grazing and cultivation indices to

reduce model complexity, and to provide a greater

range of possible scores, with those [0.5 revealing

both grazing and cultivation histories at sites. The

variable exotic groundcover (total projected foliage

cover of all non-native vascular plants \1 m in

height) was also submitted to modeling. High values

of exotic groundcover are indicative of a history of

heavy grazing and soil disturbance (McIntyre et al.

1995; Dorrough and Scroggie 2008; Lewis et al.

2009) (Table 1). Different land cover and land use

states were present across the full environmental

gradient (correlation between land cover/use inten-

sity and aridity r\ |0.2|).

Statistical modeling

Ant community structure

Our modeling approach assessed the importance of

additive (main) and synergistic (interaction) effects of

climate, land cover and land use on the structure of ant

communities. Our a priori hypotheses were that ant

richness (species and genus), abundance and diversity

would vary according to land cover and land use

intensity but that these effects would vary according to

climate. We also expected a soil type effect. Prior to

model fitting, explanatory variables (Table 1) were

converted to z-scores and assessed for evidence of

Landscape Ecol (2016) 31:2415–2431 2419

123



correlation. Models were fitted using mixed effects

modeling with the package lme4 (Bates et al. 2014)

within the R statistical environment (R Core Team

2014). Mixed models allowed for the specification of a

random error term farm to describe the spatial

clustering of sites within farms, with each farm given

a unique identifier. Semi-variograms of standardized

residuals extracted from the full model did not reveal

evidence of further spatial auto-correlation for any

response variables (see Supporting Information).

All richness response variables were fitted using

generalized linear mixed models with a Poisson error

distribution and Laplace approximation of the model

likelihood. Abundance, although a count, was trans-

formed [loge (x ? 1)] and fitted using a linear mixed

model (LMM) with a Gaussian distribution. Abun-

dance data were transformed due to strong patterns

observed in the residual spread of a Poisson GLMM,

which was observed even when a site level random

effect was included to account for overdispersion.

Species diversity data were also modelled using a

LMM with a Gaussian normal distribution. For all

Poisson GLMMs we assessed the degree of overdis-

persion and apart from the models of the raw

abundance counts, none was evident. Exploratory

analyses found no support for non-linear relationships

(see Supporting Information).

The initial model included the additive effects of all

explanatory variables, and the random intercept for

Farm (e):

Response� b1 þ b2Aridityþ b3Canopy

þ b4Bare ground þ b5LUI þ b6Exotic

þ b7pH þ b8Clayþ eFarm

where b1 is the intercept and remaining b2 through to

b8 are the estimates of the coefficients for each fixed

effect.

First we assessed the evidence supporting the

hypothesis that the effects of aridity varied according

to one or more of the land cover or land use variables.

We separately fitted each potential interaction

between the climate and land cover or land use fixed

effects and estimated the changes in the Akaike

Table 1 Climate, land cover and land use intensity variables used in model fitting

Category Variable (potential range) Biological justification and other comments

Climate Aridity: long-term climate

(continuous variable 0–1)

Combines data on rainfall and evaporation, the latter influenced by temperature,

solar radiation, wind speed and humidity; time-scale biologically meaningful

to meta-population processes. More arid sites have higher values

Aridity: recent climate (continuous

variable 0–1)

As above; time-scale biologically meaningful to demographic processes. Tested

as an alternative to long-term climate in models of total abundance and

species diversity

Aridity: recent weather (continuous

variable 0–1)

As above; time-scale biologically meaningful to feeding and foraging

processes. Tested as an alternative to long-term climate in models of total

abundance and species diversity

Land cover Canopy cover (0–100 %) Clearing native trees and shrubs impacts biodiversity (Dorrough et al. 2012)

Bare ground (0–100 %) Increased land use intensity (grazing and farming) reduces native plant

groundcover and litter and increases bare soil cover affecting ground-active

invertebrate biodiversity (Bromham et al. 1999)

Land use Land use intensity (Integers 0–12

converted to a proportion)

As above. A semi-quantitative index based on the sum of scores for cultivation

and grazing severity and age (see ‘‘Methods’’ section). More intensively

managed sites have higher values

Exotic groundcover (0–100 %) The conversion of ground layer vegetation from native perennial to exotic

dominated is linked with past intensive agricultural land use (Dorrough and

Scroggie 2008)

Soils pH (0–14) Soil chemistry and texture shown to have a more consistent association with ant

community structure and composition than plant richness or biomass (Boulton

et al. 2005)

Clay content (0–100 %) As above
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Information Criterion for a small sample (AICc) (see

Burnham and Anderson 2002) compared to the full

additive model. The coefficient and profile-likelihood

confidence intervals (CIs) were also estimated for each

interaction. For models fitted using LMM, we used

maximum likelihood (ML) estimation rather than

REML to estimate AICc (Zuur et al. 2009), thoughML

was used to estimate coefficients and associated

confidence intervals. Interactions were considered to

have some support if they: resulted in a lower AICc

than the full additive model; and the estimated effect

coefficient for the interaction did not approach 0; and

the associated profile 95 % CIs did not include 0. All

interactions that met these criteria were retained in the

final model fitting. Fixed effect coefficients and

associated profile 95 % CIs were estimated from the

final model (additive fixed effects plus any supported

interactions) using ML estimation. These were used to

estimate the direction and strength of the relationship

between the response variable and each fixed effect.

Information criteria such as AICc provide estimates

of which model within the model set is the most likely

given the data, with the aim to identify the most

parsimonious model, but provide little indication of

the model fit to the data. To provide an indication of

the full model goodness-of-fit, we implemented the

methods of Nakagawa and Schielzeth (2013) and

estimated the variance explained by the fixed effects

alone (marginal R2) and that explained by both the

fixed and random effects (conditional R2). The differ-

ence between the marginal and conditional R2 indicate

the amount of variability explained by the random

effects. AICc and model R2 were all estimated using

the package MuMIn (Barton 2016).

Ant community composition

Rather than using distance based methods (Warton

et al. 2012) or modeling each individual ant species

separately, we chose to simultaneously model the

entire ant community (with the exception of 64 species

only recorded at a single site) using a binomial

Generalised Linear Mixed Model (GLMM) with lme4

within the R package. One strength of the GLMM

approach to species community compositionmodeling

is the potential for including infrequent species in

models. These species can contribute to overall

community estimates and their individual species

responses can be estimated. This is particularly

important in ecological datasets of community com-

position which often contain few common and many

infrequent species.

The presence/absence of ant species was simulta-

neously modelled across all sites using an approach

that has primarily been used for jointly examining

species and trait responses (see Gelfand et al. 2003;

Dorrough and Scroggie 2008; Pollock et al. 2012).

Trait data were unavailable so we modelled the

occurrence (presence/absence) of species in response

to environmental predictors only. Farm, and Site

nested within Farm, were each treated as random

intercepts, to account for the correlation among

sampling sites. Species was also treated as a random

intercept, allowing for differences in species preva-

lence to be accounted for in the model. In addition, we

also specified species random slopes, which allowed

each species random effect to vary according to

climate, land cover, land use and soil. Hence we

simultaneously modelled the overall community level

responses, and the individual species deviation from

these trends.

Due to model complexity and computational

demands our initial full model contained fewer fixed

effect explanatory variables than the full models of ant

community structure. For each of our climate, land

cover, land use and soil categories, we selected the

single most important variable based on a Bray Curtis

dissimilarity matrix (presence/absence data) submit-

ted to the Bioenv function (Clarke and Ainsworth

1993) in the R package Vegan (Oksanen et al. 2008).

Bioenv identified the reduced suite of variables with

the greatest rank correlation with the dissimilarity

matrix as: aridity (climate), canopy cover (land cover),

exotic groundcover (land use) and clay content (soils).

Also, to further simplify model complexity we only

assessed additive (main) effects of these four variables

on ant community composition and did not explore

potential interactions among them.

The initial GLMMmodel consisted of: the additive

effects of aridity, canopy cover, exotic groundcover,

and clay content as fixed effects; random effect

intercepts of site within farm; and random intercept

and slope terms for species, with the species random

slopes estimated with respect to aridity, canopy cover,

exotic groundcover, and clay content. All continuous

explanatory variables were converted to z-scores.

Ninety-five percent confidence intervals (CIs) around

each of the model parameters (fixed and random) were
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estimated using 500 parametric bootstrap simulations.

Estimates for the fixed effects were used to infer

community level responses to each variable (i.e. the

average response across all species), while estimates

of the standard deviation for the species random slopes

suggested those variables for which among species

variation was high. This was visually explored further

by plotting individual species conditional modes (also

known as the Best Linear Unbiased Predictors,

BLUPs) and associated approximate 95 % CIs for

each random slope. Variables with relatively large

estimates of the standard deviation and substantial

among species variation away from a conditional

mode of 0 suggested considerable influence on

community composition owing to that variable. We

also explicitly tested whether the model was improved

by incorporating a simple phylogenetic structure

within the species random component of the model.

This was achieved by nesting species within sub-

family and then comparing the model AICc estimates

with the initial model.

Results

More than 132,000 ants were identified to 228 species

from 50 genera. An average of 20.8 species (range

6–50), and 11.8 genera (range 5–25) were recorded

from sites (see Figure S2 and Figure S3 Supporting

Information). More than half of all species belonged to

eight genera (Camponotus 29 species,Melophorus 17,

Iridomyrmex 16, Pheidole 15, Monomorium 14,

Meranoplus 11, Stigmacros 11, and Rhytidoponera

10), and more than half of all specimens belonged to

two species (Iridomyrmex rufoniger and Rhytidopon-

era metallica). Eleven species accounted for 85 % of

all specimens (I. rufoniger, R. metallica, Pheidole

sp.7, Monomorium rothsteini, Iridomyrmex suchieri,

Pheidole sp.2, Monomorium sordidum, Nylanderia

rosae, Iridomyrmex purpureus, Cardiocondyla nuda

and Iridomyrmex mjobergi).

Ant community structure

Synergistic (interaction) effects: do the effects

of climate vary depending on land cover and land use?

There was no evidence of varying effects of climate

across ranges in indices of land cover or land use for

genus richness or species diversity. The AICc for the

interactions in these cases were greater than the full

additive model and estimates of the response coeffi-

cients and associated confidence intervals (CIs) were

centered on 0. The models of species richness and

abundance did reveal evidence of a positive interac-

tion between aridity and canopy cover and a negative

interaction between aridity and exotic cover for the

model of species richness. Model estimates suggested

that the positive effects of canopy cover on species

richness and abundance were greater in more arid

areas, while the negative effects of exotic cover on

species richness were greater in more arid areas

(Fig. 2). For species richness the model with both

interaction terms was well supported compared to the

additive model—AICc model weights suggested it

was 7 times more likely to be a better model given the

data (DAICc = 3.90). In the case of abundance the

interaction model had only a marginally lower AICc

estimate (DAICc = 0.87) and relative model likeli-

hoods based on AICc model weights suggested it was

only 1.5 times more likely than the additive model.

Additive (main) effects

The model estimates indicated that species richness

increased with canopy cover, but decreased with bare

ground, land use intensity and exotic groundcover

(Fig. 2). Higher clay content and pH were also

associated with lower species richness. The fixed

effects model for species richness suggested a good fit

to the data (R2 = 0.64), with additional variation

explained by the farm random effect (Table 2).

The model estimates for genus richness were

generally consistent with results for species richness

(Fig. 2). The model provided a reasonable fit to the

data (R2 = 0.47) but in this case no additional

variation was attributable to the farm random effect

(Table 2).

The model estimates indicated that ant abundance

increased with aridity (Fig. 2). There were weak

trends associated with a negative effect of clay content

and pH on abundance. The fixed effects model

provided only a poor fit to the data (R2 = 0.14), and

a large amount of variance was associated with the

random farm effect (R2 = 0.36, Table 2). We also

fitted alternative models of abundance using aridity

based on recent climate and recent weather (see

‘‘Methods’’ section). Recent climate resulted in a
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marginally better fit (full model AICc’s recent

climate = 266.7 cf long-term climate = 267.2),

though the fixed effect estimate and CI’s were almost

identical. In contrast, the fit with recent weather was

substantially worse (AICc = 274.0).

Themodel estimates indicated that species diversity

declined with increasing exotic groundcover and clay

content (Fig. 2). There was little support for remaining

variables. The model for species diversity provided a

poor fit to the data (R2 = 0.28) and no additional

variation was attributable to the farm random effect

(Table 2). Because abundance affects measures of

species diversity, alternative models were also fitted

with aridity based on recent climate and recent

weather (see ‘‘Methods’’ section), but neither resulted

in a lower AICc or improved model fit.

Species richness within genera

Models of species richness within genera were

constructed for the eight genera representing more

than 50 % of all species (see Figure S4 Supporting

Information). Only Camponotus reveled evidence of

interactions, and suggested that the already strong

Fig. 2 Fixed effect

estimates of model

coefficients and 95 %

confidence intervals for

models of ant richness,

diversity and abundance

(LUI land use intensity)

Table 2 Estimates of mixed model fit to the data for models of ant richness, abundance and diversity

Response R2 (marginal) R2 (conditional) Null AICc Full AICc

Species richness 0.65 0.74 934.5 794.9

Genus richness 0.47 0.47 668.2 603.7

Abundance (loge) 0.14 0.36 262.2 264.7

Species diversity 0.28 0.28 214.8 198.1

Estimates of the variance explained by the fixed effects (marginal R2) and both the fixed and random effects (conditional R2) for the

full model are shown. The relative fit of the full model (fixed and random effects) compared to the null model (random effects only) is

indicated via estimates of the Akaike Information Criterion (AICc). The full model is the additive model and any supported

interactions. The full model was not necessarily the ‘‘best’’ model. The null model contains only the farm random effect and no fixed

effects. See text for full details
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negative effect of exotic groundcover became increas-

ingly negative in more arid areas (Fig. 3). Model

estimates suggested effects of aridity varied among

genera, with a positive effect on the richness of

Melophorus and Monomorium, and a negative effect

on the richness of Pheidole.

There were some consistent trends among genera

(Fig. 3). Observed effects of exotic groundcover on

species richness were all negative (for Camponotus,

Melophorus, Pheidole, Monomorium, Meranoplus,

Stigmacros). Observed effects of canopy cover on

species richness were all positive (for Camponotus,

Stigmacros, Rytidoponera). Observed effects of bare

ground were all negative (for Pheidole,Monomorium,

Meranoplus, Stigmacros). The species richness within

all genera except Iridomyrmex was therefore affected

by land cover and/or land use variables. Soil variables

were again important with lower species richness

within genera generally associated with increasing

clay content (Melophorus, Iridomyrmex, Pheidole),

and increasing soil pH (Melophorus, Monomorium)

(Fig. 3). Model fits are provided in Table 3.

Ant community composition

Estimates of AICc suggested that models without sub-

family provided a better fit to the data

(DAICc = 18.42), so sub-family was not pursued

Fig. 3 Fixed effect

estimates of model

coefficients and 95 %

confidence intervals for

models of ant species

richness within the most

diverse genera (LUI land use

intensity)
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further. Estimates of the standard deviation of the

random intercept terms (species, farm, and site within

farm) revealed that most of the random variation was

among species (r = 1.78) rather than among sites

within farms (r = 0.49), or among farms (r = 0.38).

Most species were infrequent, with low likelihoods of

occurrence (reflected in the low fixed effect intercept

estimate, Fig. 4a), but some were ubiquitous con-

tributing to the high standard deviation for the species

level random intercept (Fig. 4b). Variation in species

occurrences was best explained by the random com-

ponent of the model (marginal R2 = 0.07, conditional

R2 = 0.66).

The fixed effect estimate for aridity approached

zero (Fig. 4a), but the strongly positive standard

deviation of the random slope (Fig. 4b) revealed large

variation in species response (turnover) along the

aridity index gradient. This is further demonstrated in

Fig. 5a with species in the upper tail more likely to

occur in more arid areas and those in the lower tail

more likely to occur in more humid areas.

The fixed effects estimates for both exotic ground-

cover and clay content were negative, revealing a

decline on average in the likelihoods of occurrence of

species with increasing exotic groundcover and clay

content (Fig. 4a). For canopy cover the effect was

positive revealing an increase on average in the

likelihoods of occurrence of species with increasing

canopy cover (Fig. 4a). The positive random effects

for clay content, but to a lesser extent, exotic

groundcover and canopy cover, suggested that some

species responded differently with respect to these

overall predictions (Figs. 4b, 5).

Overall our model finds that the turnover in species

composition is most strongly associated with climate

and soils, evidenced by the large random effect

(Figs. 4b, 5). However, main effects showed that

decreases in exotic groundcover, and to a lesser extent

increases in canopy cover, would increase the proba-

bility of occurrence of most species. Decreasing clay

content is also expected to increase the probability of

occurrence of most species. Yet the high among species

variation revealed by the random effects, particularly

with respect to clay content, but to some degree canopy

cover and exotic groundcover, revealed that some

species will respond more strongly, and others less so,

than the overall average predictions (Fig. 5).

Discussion

Within a fragmented human-dominated landscape we

explored the notion of adapting landscapes for

improved biodiversity conservation, by addressing

Table 3 Estimates of the goodness-of-fit (R2, variance

explained) for mixed models of species richness within eight

ant genera

Genus Marginal R2 Conditional R2

Camponotus 0.38 0.47

Melophorus 0.39 0.47

Iridomyrmex 0.18 0.18

Pheidole 0.23 0.23

Monomorium 0.35 0.41

Meranoplus 0.21 0.37

Stigmacros 0.57 0.57

Rhytidoponera 0.08 0.08

Estimates of R2 are shown for the fixed effects (marginal R2)

and fixed and random effects (conditional R2)
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(B) Random effects: Species

Fig. 4 Fixed effect estimates and 95 % bootstrap confidence

intervals (a), and estimates of the standard deviation for species

random effects (b) from a binomial GLMM of ant species

occurrence. Species random effects include a random intercept

and random slopes for aridity, canopy cover, exotic ground-

cover and clay content (exotic GC exotic groundcover)
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the importance of additive (main) and synergistic

(interaction) effects of land cover, land use and

climate on ant communities. We found strong evi-

dence of main effects due to land cover and land use,

but not climate, for the total richness of species and

genera recorded from sites. Similar findings have been

reported for ant community richness across the

Subantarctic-Patagonian transition zone in southern

Argentina where vegetation cover and disturbance by

cattle were found to be more important than climate

(Fergnani et al. 2010). In our study, richness increased

with canopy cover but decreased with our index of

land use intensification, exotic groundcover and bare

ground. Local effects of tree and shrub cover loss and

habitat disturbance through land use intensification on

the structure of ant communities are well documented

in Australia (Bromham et al. 1999; Hoffmann and

Andersen 2003; Andersen and Majer 2004) and

elsewhere (Bestelmeyer and Wiens 1996; Boulton

et al. 2005; Solar et al. 2016). We add to this

knowledge and provide clear empirical evidence for

the potential of landscape adaptation to maintain and
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Fig. 5 Estimates of the conditional modes and approximate

95 % confidence intervals for 164 ant species in response to

aridity, canopy cover, clay content and exotic groundcover.

Estimates are derived from a binomial GLMM random intercept

and random slope model of species occurrences. Each bar

shows the deviance of each species away from the average

response. The further the mode (the dot), is away from 0 then the

less like the average response it is. The greater the spread across

all the species the greater the variance among species for that

variable. If species cluster near the 0, then there is little variation

among species for that variable and the majority of species are

represented by the average response (e.g. exotic ground cover).

In contrast for clay content, the fixed effect was negative but

there was much variation among species, revealing that most

species will still be expected to respond negatively, but some

more so and some less so that the average
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restore the species richness of ant communities at the

site scale.

We hypothesised that our study would reveal that

main effects attributable to land cover and land use

intensity would vary according to climate, meeting the

definition of a synergistic effect. We found that not

only did higher native tree and shrub cover, and lower

exotic plant groundcover have a general positive effect

on ant community species richness, but that these

effects interacted with climate to create an even

greater effect in hotter and drier areas. Our study is

therefore among very few that have demonstrated

evidence of interactions or synergistic effects between

land cover and/or land use and climate. Importantly,

the findings reported by these few studies are consis-

tent and suggest that the effects of land cover and land

use intensity change are likely to be greatest in areas

which are currently warmer and drier, or are projected

to become so (Mantyka-Pringle et al. 2012; Gibb et al.

2015). Implications of these findings for natural

resource management in general and landscape adap-

tation in particular are discussed in the recommenda-

tions section below.

Maintaining site-level species richness in a chang-

ing climate is an important conservation goal. How-

ever, understanding patterns of species turnover along

environmental gradients and how these may be

affected by climate change is also fundamental to

conservation planning and management. As has been

found in other studies, our analyses of species

composition revealed a large turnover of species along

our climate/elevation gradient (Botes et al. 2006;

Wilson et al. 2007; Longino and Colwell 2011;

Munyai and Foord 2012; Werenkraut and Ruggiero

2012) and our clay content gradient (Boulton et al.

2005; Werenkraut and Ruggiero 2012). So while

climate is clearly important, other factors such as soil

type also describe important variation in species

turnover. However, despite these strong and not

unexpected trends, our analyses still revealed addi-

tional trends on community composition related to

land cover and land use. In agreement with the

findings for richness, we found an overall increase in

the likelihood of occurrence of individual species

associated with increasing canopy cover and decreas-

ing exotic groundcover. We did show that some

species will respond more strongly, and others less so,

to these overall average predictions. This result

demonstrated that considerable variation in species

responses was left unexplained by the fixed effects and

that other factors need to be explored to further explain

among species variation.

Predictions for different species and functional

groups

Understanding variability among species and predict-

ing which will respond positively or negatively to

climate change, and by how much, is a current

challenge for climate change adaptation scientists

(Dawson et al. 2011). A new avenue of research is

addressing this knowledge gap by focusing on the

morphological and functional traits of arthropods and

exploring how these traits may predispose different

taxa to different responses to climate change and other

anthropogenic disturbances (Gibb et al. 2014; Yates

et al. 2014). For example, Gibb et al. (2014) found a

range of traits of foliage-living spiders were correlated

with a 900 km climate gradient in south-eastern

Australian Themeda triandra grasslands. In particular,

larger spider species and species that were active

hunters (e.g. crab spiders, Thomisidae) were more

common in warmer climates. The authors proposed

that strong climate-trait correlations may help predict

shifts in the functional traits (and therefore species) of

assemblages in response to climate change. Future

work on the samples collected in this study will

similarly address the morphological traits of common

ant species to identify how these traits vary along the

land-use/cover and climate gradients both within and

across species.

Ants have a long-established and stable functional

trait typology making them an ideal study group for

understanding the extent of general versus idiosyn-

cratic responses to climate and land use change, and

land use intensification (Hoffmann and Andersen

2003). They are grouped into seven functional groups

at genus and species-group levels based on their

responses to environmental stress and disturbance

(Andersen 1995). Our results for genera that are

characteristic of some of these functional groups

suggest a range of potential responses to a warming

and drying climate.

The genus Iridomyrmex is ubiquitous and abundant

in the Australian environment and is characteristic of

the Dominant Dolichoderinae functional group. Iri-

domyrmex are highly active and aggressive and exert a

strong competitive influence on other ants (Andersen
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1995). Species of Iridomyrmex can also have a wide

thermal tolerance, for example the widely distributed

I. purpureus is surface active at soil surface temper-

atures ranging from 13 �C to 63 �C (Andrew et al.

2013b). Within our study, Iridomyrmex were found at

all sites spanning a 1000 m elevation gradient and

represented 40 % of all specimens collected. Their

richness was unaffected by climate, land cover or land

use intensity (Fig. 3). We would therefore expect

climate change to have little impact on species within

this dominant functional group.

The genus Camponotus (Subordinate Camponotini

functional group) is also ubiquitous in the Australian

environment but is behaviorally submissive to the

Dominant Dolichoderinae (Andersen 1995). Although

its abundance at sites tends to be relatively low, it is a

diverse genus (Andersen and Yen 1985), and recorded

the most species in our study. Our analyses found

strong evidence of declines in the richness of

Camponotus as tree and shrub cover decreased and

exotic cover increased. We also found that the

negative effects of exotic cover on the richness of this

genus became more negative in more arid areas

(Fig. 3). We therefore suggest that a warming and

drying climate may have negative impacts on the

Subordinate Camponotini, and that these impacts may

be intensified due to the submissive nature of these

species when in the presence of the ubiquitous

Dominant Dolichoderinae.

Species that may benefit from climate change are

those within the Hot-Climate Specialists functional

group, dominated by the genera Melophorus, Mera-

noplus and someMonomorium (Hoffmann and Ander-

sen 2003). Hot-Climate Specialists possess a range of

physiological, morphological and behavioural traits

which reduce their interaction with other ants, espe-

cially the Dominant Dolichoderines (Andersen 1995).

In particular, they can be exceptionally thermophilic

and forage when few or no other ants are active. For

example, the central Australian antMelophorus bagoti

is most active in the field when soil surface temper-

ature is 60 �C, and can tolerate soil surface temper-

atures up to 70 �C (Christian and Morton 1992). In

contrast, the Dominant Dolichoderinae Iridomyrmex

purpueus has been shown to cease foraging when soil

surface temperatures exceed 63 �C (Andrew et al.

2013b).

Within our study, the Hot-Climate Specialists

Melophorus and Monomorium increased with our

index of aridity, although this was not the case for

Meranoplus (Fig. 3). As the climate warms and the

surface soil temperatures increase past thermal thresh-

olds earlier in the day, species which are thermophilic

but subordinate to Dominant Dolichoderinae will have

more opportunities to forage. We might therefore

expect that climate change will favour expansions in

the distributions of these thermophilic species. This is

particularly important for insect biodiversity because

recent genetic analyses suggest that Melophorus may

actually contain well over 1000 Australian species,

andMonomoriummay contain 750 Australian species,

making them both among the most diverse ant genera

worldwide (Andersen 2016).

Recommendations for landscape adaptation

within fragmented landscapes

Within our study area, minimum and maximum

temperatures are projected to increase by up to

1.0 �C by 2030, and by up to 2.7 �C by 2070 (OEH

2014). A 3.0 �C change in mean annual temperature

corresponds to a shift in isotherms of approximately

300–400 km in latitude (in the temperate zone) or

500 m in elevation (Hughes 2000), or half of the

elevation gradient explored in this study. Projected

changes in climate are therefore expected to result in

major changes to the structure, composition and

distribution of insect communities in our study area,

and indeed globally (see Wilson et al. 2007).

Our study adds to a growing body of evidence

suggesting that land managers and policy makers have

an opportunity to mitigate against the negative impacts

of climate change. Landscape adaptation via manage-

ment actions directed towards increasing native veg-

etation cover, and reducing exotic cover and land use

intensity have much potential. Oliver and Morecroft

(2014) have suggested that landscape adaptation based

on these management actions can reduce the annual

mean temperature at sites by up to 3.8 �C. Findings by
Gibb et al. (2015) suggest that in warmer drier

environments reductions in micro-climate that may

result from habitat restoration could be equivalent to a

change in mean annual temperature of up to 9 �C.
In light of the above we are encouraged by a review

of 22 years of recommendations for biodiversity

management in a changing climate which found that

the most frequent management recommendation for

biodiversity conservation in a changing climate was to
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restore habitat (e.g. improve native vegetation condi-

tion and increase native vegetation cover) and

‘‘soften’’ management practices within the agricul-

tural matrix (e.g. reducing land use intensity, Heller

and Zavaleta 2009; see also Prober et al. 2014). Our

study supports these management recommendations,

but also suggests that these management actions may

be most effective in areas which are currently warmer

and drier, or are projected to become so as a result of

climate change.

Conclusions

It has been suggested that within fragmented, human

dominated landscapes, science has insufficient knowl-

edge to predict population persistence and species

distributions due to climate change, and that practical

solutions to biodiversity conservation under a chang-

ing climate will be found in adapting the landscape

(Opdam and Wascher 2004). Our study does provide

new knowledge that may assist with such predictions

and demonstrates that landscape adaptation has much

potential to mitigate the negative impacts of climate

change. In particular, management actions directed

towards increasing native vegetation cover, and

reducing exotic cover and land use intensity are within

our capability. Of particular note, our results support

emerging knowledge that due to synergistic effects,

landscape adaptation may be most effective in those

areas which are currently warmer and drier, or are

projected to become so as a result of climate change.
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