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Abstract. 1. As predator and parasitoid insects depend on multiple resources
for adult feeding and reproduction, environmental heterogeneity (EH) is
expected to be a key driver of their species diversity. In temperate regions, the
benefits of EH are expected to vary across spatial scales and seasons, depending
on species life-history traits and temporal fluctuations in resources.

2. We tested the importance of EH at multiple spatial scales on diversity and
abundance of predator and parasitoid insects, and whether its effects changed
across seasons.

3. Insect sampling was carried out in highly fragmented landscapes in a
Mediterranean region (Tuscany, Central Italy). We selected 18 semi-natural
patches, embedded in an intensive agricultural matrix. For each patch, EH was
measured at three spatial scales (micro, patch, and landscape). Five groups of
predator and parasitoid insects were sampled 16 times with pan traps between
March and November, 2012.

4. EH at the landscape scale positively influenced the diversity of predator
and parasitoid insects, while the effects at smaller spatial scales were less evi-
dent. The strength and the direction of EH˗diversity relationship changed
between groups and across seasons, indicating that the mechanisms by which
EH affects predators and parasitoids are various and complex.

5. Conservation strategies aimed at maximising the diversity of predators and
parasitoids should focus more on increasing EH at the landscape scale than at
the local scale.

Key words. Habitat diversity, habitat fragmentation, landscape, scale-depen-
dence, seasonality, temporal dynamics.

Introduction

In recent decades, agricultural intensification has led to
the conversion of large areas of natural and semi-natural
habitats into simplified landscapes (Weibull et al., 2000;

Tilman et al., 2001; Fahrig, 2003; Tscharntke et al.,
2005). The fragmentation of the resulting mosaic of semi-
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natural habitats is well-known to strongly affect the diver-
sity of insect communities (Burel et al., 2004; Vasseur
et al., 2013). Although many empirical and theoretical
studies have shed light on the effects of habitat fragmen-

tation and habitat loss on populations and communities
of primary producers and consumers (Hanski, 1999;
Ewers & Didham, 2006), less attention has been paid to

the impact of this driver on predators and parasitoids (i.e.
the third trophic level; but see Cronin, 2007; Elzinga
et al., 2007; Holzschuh et al., 2010; Coudrain et al., 2013;

Hicks, 2015).
The effects of habitat fragmentation and habitat loss

on the diversity of insect communities have been

widely explained using the ‘island biogeography theory’
(MacArthur & Wilson, 1967) that predicts that bigger
and well-connected habitats support communities with
higher diversity than small and isolated ones. However,

habitat area and connectivity are not always the only pre-
dictors of species presence and persistence (Ye et al.,
2013). Beside semi-natural habitats, also the agricultural

matrix can contribute to maintaining insect diversity by
providing higher diversity of resources (Bertrand et al.,
2016; Martin et al., 2016). The ‘niche theory’ (Hutchin-

son, 1957) predicts that structurally complex environ-
ments are likely to provide more niches and diverse ways
of exploiting the environmental resources and thus can
contribute to increased species diversity (Tews et al.,

2004; Weisberg et al., 2014; Stein & Kreft, 2015). Envi-
ronmental heterogeneity (EH) is expected to be particu-
larly relevant for the diversity of predators and

parasitoids as they depend on the availability of multiple
resources such as nectar and pollen and on a variety of
prey or hosts (Landis et al., 2005; Tscharntke et al.,

2007; Daoust et al., 2012). Considering both spatial and
temporal dynamics of EH is hence necessary to fully
understand the impacts of habitat fragmentation and

habitat loss on the diversity of predator and parasitoid
insects (Aranda & Graciolli, 2015).
Although heterogeneous environments can, generally,

sustain more species by providing complementary habi-

tats and larger trophic resources (Fahrig et al., 2011),
those benefits can vary across spatial scales depending
on species mobility and degree of resource specialisation

(Tamme et al., 2010; Bar-Massada & Wood, 2014;
Hicks, 2015; Stein & Kreft, 2015). Contrary with the
expectations of classical niche theory, Kadmon and

Allouche (2007) predicted that increasing EH increases
the potential number of species in a given area by pro-
viding suitable conditions to a larger number of species,
but also reduces the amount of suitable area available

for each species. According to this hypothesis, species
diversity should increase with EH at large scales, where
communities benefit from niche complementarity, while

being neutral or decreasing at smaller scales, because of
the competition between species (Tews et al., 2004;
Tamme et al., 2010; Gazol et al., 2013). At the local

scale, many empirical studies have demonstrated that
greater plant diversity supports a higher number of

insect predators and parasitoids (e.g. Landis et al., 2005;
Letourneau et al., 2012; Bennett & Gratton, 2013). Simi-
larly, at larger spatial scales, complex landscapes com-
posed of different habitats usually support communities

with higher diversity compared to more homogeneous
landscapes (Tscharntke et al., 2005; Chaplin-Kramer
et al., 2011; Martin et al., 2016). In this context, highly

mobile predators and parasitoids are expected to respond
to EH at relatively large spatial scales (Thies et al.,
2003) because individuals can switch between habitats

where the resources/hosts become available.
In temperate regions, landscapes are dynamic mosaics

of habitats whose quality can strongly vary over seasons

due to vegetation phenology and landscape management,
influencing the insect assemblages differently over time
(Jonsen & Fahrig, 1997; Tscharntke et al., 2005; Kremen
et al., 2007). In agricultural landscapes, the high produc-

tivity of the crop matrix in certain periods of the year
may enhance the amount of available food/prey resources,
potentially increasing insect diversity and abundance

(Tscharntke et al., 2005, 2007; Martin et al., 2016).
Although many studies have explored the general effects
of EH in agricultural landscapes, it is still unclear whether

EH effects can vary over seasons (Tews et al., 2004).
The purpose of this study was to examine the diversity

of five key groups of predator and parasitoid insects in
highly fragmented agricultural landscapes. Two groups of

dipterans (tachinids and predatory hoverflies) and three
groups of hymenopterans (ichneumon, spheciform and
cuckoo wasps) were sampled. The adults of these groups

feed on nectar and pollen, while the larvae have a wide
range of life-styles, spanning from specialist to generalist
predators and parasitoids. First, the importance of EH at

multiple spatial scales on species richness and abundance
was tested. We hypothesised that predators and para-
sitoids will be more influenced by the increment of EH at

the landscape scale rather than at the smaller scales. Sec-
ond, we tested whether the effects of EH changed over
time as a consequence of the temporal fluctuations in
resources in both the semi-natural habitats and the crop

matrix.

Materials and methods

Study area and site selection

The study was conducted in a highly fragmented area
of ca 650 km2 in the Siena province (Tuscany, Central
Italy; Fig. 1a). The climate is temperate Mediterranean

with a mean annual temperature of 15 °C and an annual
precipitation of 750 mm. The landscape is dominated by
intensively farmed crop fields, mainly cultivated with

durum wheat (Triticum durum). Several remnant patches
of semi-natural (open vegetation and forest) habitats are
interspersed within the agricultural matrix. Eighteen

patches of semi-natural habitat were selected (Fig. 1a;
Table S1) with two statistically uncorrelated gradients in
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(i) habitat area and (ii) EH (i.e. Shannon index). These
patches were composed of a mosaic of grassland, scrub-
land and bare ground with little or sparse vegetation
(Maccherini et al., 2011). The mean minimum distance

between focal patches was 2.6 km, and ranged from 0.9
to 4.7 km. The landscape habitat was dominated in spring
by wheat and in summer by harvested and ploughed

fields. During fall the landscape remained unmanaged
until the end of November, when the winter crops were
planted. For a detailed description of the study area and

site selection see Incl�an et al. (2014).

Insect sampling

Seven families of insect predators and parasitoids were
sampled, belonging to two orders: Diptera (fam. Tachini-

dae and predaceous Syrphidae) and Hymenoptera (fam.
Ichneumonidae, Ampulicidae, Sphecidae, Crabronidae
and Chrysididae). The families Ampulicidae, Sphecidae

and Crabronidae were pooled as spheciform wasps (Debe-
vec et al., 2012). Most species at the adult stage are
known to forage on nectar and pollen, behaving as

flower-visitors (Leius, 1960; Pagliano & Negrisolo, 2005;

Fig. 1. (a) Study area with the 18 selected patches in the province of Siena and the three spatial scales used to quantify environmental

heterogeneity (EH): (b) landscape, (c) patch, and (d) micro-scale. The landscape scale EH was measured by the Shannon index based on

the cover of open semi-natural, forest and crop habitats (independently for five buffers of 100, 500, 1000, 1500 and 2000 m). Patch scale

EH was measured by the Shannon index based on the cover of grassland, shrubland and bare ground. Micro-scale EH was calculated

using the first principal component analysis axis of three micro-scale heterogeneity variables combined.
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Rosa, 2006; Stireman et al., 2006; Speight, 2014). The lar-
vae show different feeding strategies, ranging from gener-
alist to specialist predators or parasitoids. Specifically,
tachinid flies, ichneumon wasps and cuckoo wasps are

parasitoids (Gauld & Boton, 1988; Kimsey & Bohart,
1991; Stireman et al., 2006; Cerretti et al., 2014), while
spheciform wasps are predators (Pagliano & Negrisolo,

2005). Ichneumon wasps and cuckoo wasps are known to
be mostly specialised parasitoids (Fitton et al., 1988;
Gauld & Boton, 1988; P€arn et al., 2014), while tachinid

flies have a generally broader host range (Stireman et al.,
2006; Cerretti et al., 2014). Most hoverfly species are
predators, but some can be detritivorous or phytophagous

(Rotheray, 1993). According to the aim of this study only
hoverfly species behaving as predators at the larval stage
were included (see Appendix S1 for the feeding behaviour
of larvae).

The study was conducted from March to November
2012. Yellow pan traps filled with water and 3% dishwash-
ing detergent (SoleTM, Reckitt Benckiser, Milan, Italy) were

used to collect adults of the targeted taxa. Pan traps are a
reliable, efficient and repeatable method for sampling flying
flower-visiting insects when the focus is on a species rich-

ness estimate (e.g. Stireman, 2008). Each trap cluster con-
sisted of a set of five pan traps: three standard yellow bowls
of 500 ml, with 16 cm diameter, and two UV-yellow plastic
bowls of 330 ml, with 10 cm diameter. One UV-yellow and

one standard yellow pan traps were held on a wood support
and one UV-yellow and two standard yellow pan traps were
placed directly on the ground, within a two-meter radius of

the wood support. The contents of the five pan traps were
pooled in the field obtaining one data point per cluster. The
sampling effort was proportional to the patch size: in

patches with an area of 1.5 ha or smaller two clusters of
pan traps were used and an additional cluster was added
every additional ha. All traps were placed at least 20 m

from the patch margin and were always positioned in a
grassland even if the patch was dominated by shrubs. At
each sampling round, the traps were set on day 1 and 2,
and collected on day 3 and 4, after 48 h. The sampling was

performed every 2 or 3 weeks (depending on the weather,
avoiding cloudy and rainy days), covering the period when
insect adults were actively flying (from March to Novem-

ber, for a total of 16 sampling rounds). The order in which
samples were collected at the sites was randomised across
the 16 sampling rounds. Most of the sampled specimens

were identified to species level (Appendix S1 for identifica-
tion literature). Unidentifiable and/or undescribed ichneu-
mon wasps were sorted to morphospecies. Specimens are
preserved at the Museum of Zoology, Sapienza University

of Rome.

Explanatory variables

Environmental heterogeneity. Micro-scale: Around

each trap cluster, we identified a 10 9 10 m grid, com-
posed of three parallel transects of five sampling points

(Fig. 1d). Within each grid, the percentage of the three
types of open semi-natural habitat (grassland, shrubland
and bare ground) was visually assessed, and the Shannon
index was calculated. For each sampling point in the grid,

the grass height and the ground slope were recorded, and
the standard deviation was calculated for both variables.
We then combined the three micro-scale heterogeneity

variables (i.e. micro-scale Shannon diversity, standard
deviation of grass height and standard deviation ground
slope) performing a principal component analysis (PCA),

and used the first PCA axis to obtain a single micro-scale
EH (micro EH). Micro EH accounted for 46% of the
variance, and was positively correlated with micro-scale

Shannon diversity and standard deviation of ground
slope, and negatively correlated with standard deviation
of grass height (Pearson’s correlation coefficients: 0.80,
0.78, and �0.35, respectively).

Patch scale: Within each of the 18 patches, the area
covered by each habitat type was independently calculated
using aerial photographs from Google Earth 6.2 (Google

Inc., Silicon Valley, CA, USA; Fig. 1c). Patch scale EH
(patch EH) was estimated by the Shannon index based on
the cover of grassland, shrubland and bare ground

(min = 0.40, max = 1.03, median = 0.75).
Landscape scale: The EH at the landscape scale (land

EH) was assessed by quantifying the diversity of semi-nat-
ural (both open and forest) and crop habitats in the land-

scape. Polygons of open semi-natural, forest and crop
were identified in Google Earth 6.2 (Google Inc.) and the
percentage cover of the different habitat types was quanti-

fied within five buffers of 100 m, 500 m, 1000 m, 1500 m,
and 2000 m (Fig. 1b), using QGIS (Quantum GIS Devel-
opment Team, 2014). Land EH was measured by the

Shannon index based on the cover of open semi-natural,
forest and crop (e.g. land EH at 1000 m: min = 0.10,
max = 0.95, median = 0.42).

Patch area. The areas of the 18 focal patches of open
semi-natural habitat were quantified by digitising the
boundaries using aerial photographs in QGIS, and it

ranges from 0.29 to 10.82 ha.

Statistical analyses

The effects of the explanatory variables at the three

spatial scales (micro, patch and landscape scale) on the
five predator and parasitoid groups were analysed using
linear mixed-effects models. The response variables were
the pooled number of species and abundance sampled in

every trap cluster (i.e. five traps pooled) separated by sea-
son (spring, summer and fall). For each trap cluster
(n = 83), the 16 sampling rounds in three seasons (spring,

summer and fall) were grouped by pooling the number of
species and abundance. Spring included the first five sam-
plings (16th March–12th May), summer the following six

(26th May–8th August) and fall the last five (26th
August–24th November). Hence, for each trap cluster
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there were three repeated measures (n = 249). The
response variables were log-transformed to improve lin-
earity and to achieve normality and variance homogeneity
of model residuals. The explanatory variables were stan-

dardised by dividing by two times their standard deviation
(Gelman, 2008). All models included trap cluster ID
(n = 83) nested within patch ID (n = 18) as random fac-

tors. This random structure accounted for the spatial and
temporal dependence in the sampling design. The full
model included the following variables:

Response variable (species richness/abundance) ~ area +
Land EH + Patch EH + Micro EH + Land EH 9 sea-
son + Patch EH 9 season + Micro EH 9 season

The full models were simplified using a backward dele-
tion procedure (P < 0.05). The use of model selection
based on P-values has been widely debated in recent years
(Johnson & Omland, 2004; Gelman, 2013). However, the

traditional null hypothesis testing approach is still effec-
tively used to test biological accurate hypotheses in effec-
tively designed studies with low collinearity (Gelman,

2013; Murtaugh, 2014). Here, to evaluate the risk of find-
ing biased effects due to our model section procedure we
presented the coefficients for both full and reduced models

(Table S2). Since the significant variables were very simi-
lar, we presented the effects from the reduced models. In
order to identify the best landscape scale for each group,
the full models were run using the land EH each time

measured at a different spatial scale (100, 500, 1000, 1500,
and 2000 m), and the model with the best goodness-of-fit
(Table S3). The perceived landscape scale differed between

groups, but within each group the direction of the effect
did not change with different buffer radii. In preliminary
analyses, we also tested the effect of semi-natural habitat

connectivity instead of landscape scale EH (Table S4), but
the model fit was always worse. We did not included the
connectivity variable in the model because it was strongly

correlated with landscape scale EH (Table S5). All analy-
ses were performed using R3.2.2 (R Core Team, 2015).
For the linear mixed-effects model analyses were used
‘lme4’ (Bates et al., 2014) and ‘nlme’ (Pinheiro et al.,

2013) packages. For the PCA analyses we used the func-
tion ‘prcomp’ from the ‘stats’ package.

Collinearity between explanatory variables

The selection of the explanatory variables used in the
model was designed to minimise the correlation between
micro, patch and landscape scale environmental variables,
while the five scales of landscape heterogeneity were

highly correlated and therefore tested in separate models
(Table S6).

Results

A total of 6684 individuals were collected belonging to
450 species: tachinid flies with 1528 individuals and 129

species, hoverflies with 1030 individuals and 17 species,
spheciform wasps with 1857 individuals and 76 species,
ichneumon wasps with 1056 individuals and 172 species
(including 25 morphospecies), and cuckoo wasps with

1212 individuals and 56 species (Appendix S1; Fig. 2).
The season with the highest species richness was summer
(296 species), followed by fall and spring (261 and 130,

respectively). Forty-seven percent of the specimens exam-
ined were collected in fall, 40.4% in summer and only
12.3% in spring. Species richness and abundance for each

group were always correlated (Pearson’s correlation coeffi-
cients: tachinids = 0.75; hoverflies = 0.70; spheciform
wasps = 0.85; ichneumon wasps = 0.79; cuckoo

wasps = 0.79).
The effects of EH largely varied across spatial scales

and seasons. We found an overall effect of micro-scale
EH only for tachinid flies: both species richness and abun-

dance were higher in habitats with high micro-scale EH
(Fig. S1). We did not find an overall effect of patch scale
EH on any group. A significant overall effect of landscape

scale EH on species richness of tachinid flies, abundance
of hoverflies, and species richness and abundance of sphe-
ciform and cuckoo wasps was found (Table 1).

We did not find an interaction between micro-scale EH
and season for any group. Only, for species richness of
hoverflies, an interaction between patch scale EH and sea-
son was found, i.e. the number of species was higher in

heterogeneous patches in summer and lower in spring and
fall (Fig. S2). With the exception of the species richness
and abundance of cuckoo wasps, and species richness of

spheciform wasps, the relative importance of landscape
scale EH varied between seasons (Fig. 3). Generally, a
higher species richness and abundance was associated with

heterogeneous landscapes in both spring and summer

Fig. 2. Species richness and relative abundance (%) of (a) tachi-

nid flies, (b) hoverflies, (c) spheciform wasps, (d) ichneumon

wasps and (e) cuckoo wasps across seasons.
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(stronger in spring), while the effect in fall was variable.
Hoverfly species richness and abundance were higher in
heterogeneous landscapes in spring, and lower in summer.
We found a linear positive effect of semi-natural patch

area only on species richness and abundance of tachinid
flies and species richness of cuckoo wasps.

Discussion

Dispersal and foraging of insect predators and parasitoids
can occur at large spatial scales and across multiple habi-
tats (Letourneau et al., 2012; Ekroos et al., 2013) and

there is a growing consensus that investigating EH at mul-
tiple spatial and temporal scales might help to fully under-
stand the negative effects of environmental simplification
on insect communities (Weibull et al., 2000; Vasseur

et al., 2013; Bertrand et al., 2016). EH at the landscape
scale was the main driver of diversity and abundance of
predators and parasitoids, while the effects at smaller spa-

tial scales were less evident. The strength and direction of
the EH-diversity relationship, however, changed across

groups and seasons, indicating that the mechanisms by
which EH affects the diversity of predator and parasitoid
insects are various and complex.

Spatial variations in the effects of EH

According to the expectations of the classical niche the-
ory (Hutchinson, 1957), a positive diversity-EH relation-
ship was found for most of the investigated groups.

Micro-scale EH (i.e. high micro-scale habitat diversity
and ground slope variation, and low grass height varia-
tion) only influenced species richness and abundance of

tachinid flies. A high micro-scale habitat diversity is often
associated with an increased diversity of herbaceous
plants, and can be a major factor in determining diversity
of species feeding on flowers (Bennett & Gratton, 2013).

Furthermore, several species of tachinid flies perch on
landmarks, such as hilltops, to mate (Stireman, 2008) and
are probably positively influenced by ground slope varia-

tion. Considering that this group was also positively influ-
enced by semi-natural habitat area (linear increase in

Table 1. Results from the mixed-effect models testing patch area, season, environmental heterogeneity (EH) measured at the micro, patch

and landscape scale (micro, patch and land EH), and the interaction between EH and season on species richness and abundance of the five

groups.

v2 d.f. P R2mar R2con v2 d.f. P R2mar R2con

(i) Species richness (ii) Abundance

(a) Tachinids 0.490 0.700 0.420 0.598

Area 4.604 1 0.032 Area 10.350 1 0.001

Micro EH 4.573 1 0.032 Micro EH 9.176 1 0.002

Land EH500 5.442 1 0.020 Land EH500 0.157 1 0.692

Season 79.192 2 <0.0001 Season 55.927 2 <0.0001
Land EH500 9 season 7.697 2 0.021 Land EH500 9 season 5.936 2 0.051

(b) Hoverflies 0.641 0.686 0.626 0.678

Patch EH 6.368 1 0.012 Land EH1000 5.285 1 0.022

Land EH1500 4.882 1 0.027 Season 180.410 2 <0.0001
Season 26.480 2 <0.0001 Land

EH1000 9 season

47.156 2 <0.0001

Patch EH 9 season 15.726 2 <0.0001
Land

EH1500 9 season

8.393 2 0.015

(c) Sphecids 0.549 0.612 0.523 0.688

Land EH1000 23 1 <0.0001 Land EH2000 1.162 1 0.281

Season 300.5 2 <0.0001 Season 85.49 2 <0.0001
Land

EH2000 9 season

6.425 2 0.040

(d) Ichneumonids 0.453 0.553 0.450 0.553

Land EH500 0.532 1 0.466 Land EH100 6.584 1 0.010

Season 90.214 2 <0.0001 Season 178.121 2 <0.0001
Land EH500 9 season 16.143 2 0.000 Land EH100 9 season 32.072 2 0.000

(e) Cuckoo wasps 0.300 0.384 0.313 0.462

Area 4.179 1 0.041 Land EH100 24.92 1 <0.0001
andSI100 32.390 1 0.000 Season 41.58 2 <0.0001
Season 41.954 2 0.000

The buffer used for every group is provided for the landscape scale EH. Only the significant and marginally significant variables after a

backward deletion procedure (P > 0.05) are presented. The pseudo-R2’s, R2marginal (R²mar) and R2conditional (R2con) are presented.
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abundance as the patch area increased), this may suggest
that heterogeneous non-crop areas can provide more suit-
able habitats and resources for this parasitoid family,

compared to the wheat dominated agricultural matrix.
Those results are consistent with other studies (Letour-
neau et al., 2012; Incl�an et al., 2014, 2015) that found, for
this parasitoid group, a strong dependence on semi-nat-

ural habitats. According to our first hypothesis, the EH
benefits were stronger at the landscape scale than at the
local (patch and micro) scale. Predators and parasitoids

depend on multiple and interacting resources and often
use more than one habitat type to feed and reproduce
(Landis et al., 2005). As trophic resources (e.g. plant and

prey/hosts) are unevenly distributed between semi-natural
and crop habitats, heterogeneous landscapes likely sup-
port higher resources throughout the seasons (Landis

et al., 2005). Furthermore, flying insects can easily move
between patches and will benefit from the complementary
trophic resources and nesting sites between semi-natural
and crop habitats (Letourneau et al., 2012).

Seasonal variations in the EH effects at the landscape scale

Quality of both semi-natural habitats and the matrix
strongly fluctuate over time due to the temporal turnover of

plant communities, crop or vegetation phenology and farm
management (Burel et al., 2004; Vasseur et al., 2013). As

predators and parasitoids use diverse resources during their
life cycle (Landis et al., 2005), they strongly depend on the
phenology, activity and reproduction of their prey and

hosts (Bianchi et al., 2010). Our results support our second
hypothesis of a seasonality in the EH effect, but the
response varied between groups. In spring, landscape scale
EH always had a strong positive influence on all the groups

of predators and parasitoids, because many species can
benefit from the complementarily of resources between
semi-natural and crop habitats. In summer, the agricultural

matrix is less permeable due to crop harvest, and predators
and parasitoids can use only semi-natural habitats to locate
alternative food sources. The effect of landscape-scale EH

depends on how insects use the different habitat types:
groups that use mainly semi-natural habitats can still bene-
fit from a high landscape heterogeneity, while insects that

rely mostly on crop habitats may be negatively affected.
For example, for spheciform and cuckoo wasps the positive
effect of landscape scale EH was consistent over time, indi-
cating that these groups may be less susceptible to the tem-

poral fluctuation in resources in the agricultural matrix.
Spheciform wasps exhibit a variety of nesting behaviours.
Some species dig galleries in the ground (56% of the species

collected), others build their nests in vegetation (30%), or
are cleptoparasitoids of other nests (14%; Pagliano &
Negrisolo, 2005). They are more likely to benefit from the

high diversity in semi-natural habitats, where they can find
suitable nesting sites, rather than the more homogeneous

Fig. 3. Plots showing the relationship between landscape scale environmental heterogeneity and species richness/abundance of (a) tachinid

flies, (b) hoverflies, (c) spheciform wasps, (d) ichneumon wasps and (e) cuckoo wasps across season. Both species richness and abundance

were log-transformed. Plots were drawn using the ‘effect’ function from the library ‘effects’ in R.
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crop. Cuckoo wasps are parasitoids of other hymenopter-
ans, among which many spheciform wasps (e.g. one of the
most abundant species collected, Hedychrum niemelai Lin-
senmaier 1959, parasitises spheciform species belonging to

the genus Cerceris, among which Cerceris quadricincta
(Panzer 1799), also collected in this study (Agnoli & Rosa,
2017). Their distribution in the landscape probably follow

one of their hosts. On the contrary, we found a negative
effect of landscape scale EH on both the number of species
and abundance of hoverflies in summer. This result might

be explained by the fact that, unlike the other groups,
hoverflies are more common in crop than in semi-natural
habitats (Ekroos et al., 2013). Among the hoverflies col-

lected, 84% belonged to the three highly anthropophilic
species Sphaerophoria scripta (Linnaeus, 1758; 49%),
Eupeodes corollae (Fabricius, 1794; 21%), and Episyrphus
balteatus (De Geer, 1776; 14%), whose larvae feed on

aphids attacking a wide range of plants, including crops
(Speight, 2014). In spring adult hoverflies may feed on flow-
ers in semi-natural habitats and use the agricultural matrix

to lay eggs. Their abundance is therefore expected to benefit
from heterogeneous landscapes. In summer, when the crop
is harvested, the main food resource for the larvae is lost,

causing the disruption of resource acquisition. Hence, the
high landscape EH can be perceived more as habitat frag-
mentation than as an increased number of suitable habitats,
resulting in lower species richness and abundance (Bertrand

et al., 2016). Quite interesting, we found that in summer,
when the matrix is unsuitable due to crop harvesting, the
effect of patch scale EH become important for predator

hoverflies (Fig. S2), suggesting that when the landscape is
disturbed by farming practices hoverflies may avoid this
habitat. Finally, in the fall, the low disturbance levels in the

fields and the large presence of weeds in the fallows together
with the loss of flower resources in the semi-natural patches
(due to the end of the flowering season) probably homoge-

nised the landscape mosaics, causing a weaker EH effect.
We showed that various groups of predators and para-

sitoids were positively influenced by EH and that the
effects changed across groups, spatial scales and seasons.

The same mosaic of semi-natural and crop habitats can
be perceived both as resources and disturbed habitats
according to the season and the investigated group. Most

of the groups benefited from a heterogeneous environ-
ment. However, negative EH-diversity relationships were
also observed for aphidophagous species that strongly rely

on simplified landscapes dominated by crops. When the
agricultural matrix in the landscape is unsuitable due to
crop harvest, an increased landscape scale EH may still
benefit species that forage on both semi-natural and crop

habitats, while EH is associated with a lower number of
species closely associated with the agricultural matrix.
Species closely associated with semi-natural habitats, on

the contrary, may be less susceptible to EH over time.
Our findings agree with other recent studies (e.g. Bianchi
et al., 2010; Holzschuh et al., 2010; Thornton et al., 2011;

Bertrand et al., 2016) and clearly demonstrate that man-
agement strategies aimed at maximising diversity of

predators and parasitoids should focus on the landscape
scale. Our multi-taxon approach showed no consistent
response of the groups to EH, meaning that other vari-
ables such as dispersal ability and the spatial arrangement

of resources in the landscape have to be considered (Bian-
chi et al., 2010; Ekroos et al., 2013). However, precise
information on the dispersal ability and prey/host speciali-

sation are not documented for most species, and more
research is needed to fully understand such complex inter-
actions.

Acknowledgements

We thank Dr. James E. O’Hara (Ottawa) who revised lin-
guistically the manuscript, and Dr. Martin Schwarz (Linz)
for his help in identifying Cryptinae. We are grateful to

three anonymous reviewers for their constructive sugges-
tions, which greatly improved the manuscript.

Supporting Information

Additional Supporting Information may be found in the online
version of this article under the DOI reference: doi: 10.1111/
icad.12249:
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responses depicted in Fig. 3.
Table S3. Akaike information criterion (AICs) obtained

running the full models with area, environmental hetero-
geneity (EH) at the three spatial scales (micro, patch and
landscape scale), season and the interactions EH and sea-

son, as explanatory variables.
Table S4. Results from the models testing the effects of

semi-natural patch area, semi-natural habitat connectivity
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groups.
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mental heterogeneity (land EH) and semi-natural habitat

connectivity (SI), measured at five buffers of respectively
100, 500, 1000, 1500 and 2000 m.

� 2017 The Royal Entomological Society, Insect Conservation and Diversity

8 Daria Corcos et al.



Table S6. Collinearity (Pearson’s correlation) between
semi-natural patch area, and micro, patch and landscape
scale environmental heterogeneity (micro, patch and land
environmental EH).

Appendix S1. Natural enemy groups: species list, their
relative abundance in the study area and feeding beha-
viour of the larvae.
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