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ABSTRACT The intensiÞcation of agriculture has caused a decline in the complexity of agricultural
landscapes because of the expansion of arable lands and the removal of natural habitats. These
landscape changes, which have substantial effects on natural enemies (e.g., parasitoids) and on
biological control services, have received considerable attention recently. In the current study, we
analyzed the effects of landscape complexity on cereal aphids and their parasitic wasps in 24 sites
during aperiodof 3 yr. In total, 11 primaryparasitoid species and 6hyperparasitoid species, comprising
5,220 individuals,werecollected inourexperiments.With theexceptionof twoprimaryparasiticwasps
(Trioxys asiaticus Telenga and Toxares sp.) and one hyperparasitic wasp (Dendrocerus carpenteri
[Curtis]), most species were sensitive to landscape complexity after �1 yr. Species diversity, primary
parasitism, and hyperparasitism increased with increasing landscape complexity. However, the rela-
tionship between the population density of active primary parasitoids (effective primary parasitoids)
and landscape complexity was indicated by a quadratic function, not a linear function. The effective
population density of primary parasitoids was maximal (2.04 individuals per 100 wheat stems) if the
percentage of noncrop habitat was 38%. The hypothesis that landscape complexity may enhance the
activity or higher diversity of primary parasitoids and hyperparasitoids was well-supported by our
study. However, the hyperparasitoids had a more sensitive response to landscape complexity than the
primary parasitoids. Further studies should aim to enhance the biological pest control of primary
parasitoids and suppress hyperparasitoids by habitat manipulation. This technique could be used
effectively for pest management in mosaic landscapes through habitat rearrangement and reorgani-
zation.

KEY WORDS biological control, hyperparasitism, mosaic landscape, noncrop habitat, primary
parasitism

Modern intensive agriculture has dramatically
changed the arrangement of arable lands and noncrop
habitats and has caused frequent outbreaks of many
pests (Wu et al. 2008, Gagic et al. 2011, Cobbold and
MacMahon 2012). A linkage between landscape com-
plexity and local biodiversity in arable lands has been
conÞrmed in several groups of organisms (Finke and
Snyder 2010, Holzschuh et al. 2010). Landscape sim-
pliÞcation in modern agriculture may be unfavorable
to many natural enemies that always require alterna-
tive hosts and food in noncrop habitats (Toledo and
Burlingame 2006, Géneau et al. 2012). Structurally
complex landscapes can support multiple ecosystem
services besides biological pest control because of the

high proportion of noncrop habitats in these land-
scapes, e.g., hedgerows, woodlands, streams, fallows,
and grassland (Wratten et al. 2012). These noncrop
habitats may enhance species diversity or the abun-
dance of natural enemies in arable lands, and thereby
suppress pest populations effectively (Clough et al.
2007). Insect parasitoids include a diverse set of taxa
with the potential to reduce pest populations (Me-
nalled et al. 1999, Bianchi et al. 2006, Tscharntke et al.
2012). Primary parasitoids are important as natural
enemies in the control of cereal aphids inChina (Zhao
et al. 2012). Landscape complexity can affect species
interactions, including parasitism by insect parasitoids
(Brewer et al. 2008, Zhao et al. 2013a). In agricultural
landscapes, parasitoids could beneÞt from extra crop
Þeld habitats because of the supply of food, shelter,
favorable microclimates, alternative hosts, or a com-
bination of these resources (Landis et al. 2000, Gagic
et al. 2011). Therefore, the presence of diverse non-
crop habitats in structurally complex landscapes may
greatly enhance the activity and abundance of para-
sitoids (Schmidt and Tscharntke 2005, Steingrover et
al. 2010).
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Recent empirical studies have demonstrated that
the abundance of noncrop habitats within agricultural
landscapes signiÞcantly affects the occurrence of
parasitoids (With et al. 2002, Tscharntke et al. 2005).
Increased landscape complexity has also been shown
to increase primary parasitism and hyperparasitism
(Schmidt et al. 2008, Gagic et al. 2011, Segoli and
Rosenheim 2012). Most studies have focused on the
relationship between primary parasitoids and land-
scape complexity (Roschewitz et al. 2005, Gagic et al.
2011, Macfadyen et al. 2011). However, primary para-
sitoidsmay simultaneouslybedisruptedbyhyperpara-
sitoids, which may affect the biological control of
cereal aphids. In addition, the effects of landscape
complexity on hyperparasitoids and on biological pest
control arepoorly understood(Thies et al. 2005,Gagic
et al. 2011). The relationships among cereal aphids,
primary parasitoids, hyperparasitoids, and landscape
complexity remain largely unknown because of the
joint effects of hyperparasitoids and landscape com-
position on the primary parasitoids of cereal aphids
(Costamagna et al. 2004, Gagic et al. 2011).

In China, agricultural landscapes have been
changed from an original complex pattern, including
a large proportion of natural habitat, to a simple land-
scape, including a large proportion of arable lands
(Zhao et al. 2012, 2013c). During the past decade, for
example, 1.5 million ha of natural habitat has been
converted to arable lands in Ningxia Province, China.
The cereal aphids in wheat Þelds in North China are
attacked by a range of primary parasitoid species (Hy-
menoptera: Aphidiidae), which are attacked by hy-
perparasitoids (Hymenoptera: Pteromalidae; Cyn-
ipoidea: Charipidae). These primary parasitoids are
solitary endoparasites and can act as important bio-
logical control agents inwheat Þelds (Thies et al. 2005,
Gagic et al. 2011). In this study, we examined the
species composition and abundance of primary para-
sitoids and hyperparasitoids in landscapes of different
complexity in spring wheat Þelds. We tested two hy-
potheses: 1) the species diversities of primary parasi-
toids andhyperparasitoids are higher in complex land-
scapes than in simpleones and2)hyperparasitoidswill
offset the effect of complex landscapes on primary
parasitoids, and therefore the level of biological pest
control may remain unchanged or decline in complex
landscapes.

Methods and Materials

Our experimental site was located on the Yinchuan
Plateau in northwest China (38� 26�03� N, 106� 27�02�
E, Fig. 1). Two different regions (towns) differing in
landscape complexity (a noncrop-dominated region
and a crop-dominated region) were selected in our
experiments. The highly noncrop-dominated agricul-
tural region was located in Junmachang town, Xingq-
ing District, Yinchuan city. This region includes het-
erogeneous landscape with a high percentage of
noncrop habitats. Approximately 81% of the 3,769 ha
area in this region was covered by arable or grassland
mosaic. The remaining area was characterized by

patchily distributed fragments of natural and semi-
natural habitats, such as woodlands, wetlands, resi-
dential areas, roads, andbarren land.Nearly 50%of the
grassland sites in this region consist of meadows
(nearly half of which are extensively managed by
mowing at most three times a year), and approxi-
mately half of the grassland sites consisted of exten-
sively and intensively managed pasture. In the non-
crop-dominated region, 13 landscape sites, each with
a 500 m radius, along a landscape complexity gradient
were selected for our experiments. Each landscape
site included from Þve to eight wheat Þelds. These
landscape sites formed a continuous gradient, from
simple landscapes with intensive land use (63% arable
land) to complex landscapeswith a highpercentage of
noncrop habitats (39.6% arable land). Furthermore,
we used the percentage of noncrop habitats in each
landscape to indicate the landscapecomplexity,which
was an appropriate method for landscape analysis and
has been used in many empirical experiments (Ro-
schewitz et al. 2005, Schmidt et al. 2008, Zhao et al.
2013b). The minimum distance between landscapes
sites was 1,000 m. Wheat (Triticum aestivum L.) was
sown and managed according to the guidelines for
integrated production. The crop-dominated agricul-
tural regionwas located inZhangzhen town, Xingqing
District, Yinchuan city, in which most of the land
cover consisted of arable land. Approximately 87% of
the 2,138 ha area of this region was covered by arable
land. The crops grown on these lands included maize
(Zea mays L.), rice (Oryza sativa L.), soybean [Gly-
cine max (L.)], potato (Solanum tuberosum L.), Chi-
nese wolfberry (Lycium chinense Miller), and sor-
ghum[Sorghumbicolor (L.)]. The remaining areawas
characterized by seminatural habitats such as grass-
lands, woodlands, and barren land. In the crop-dom-
inated region, 11 landscape sites, each with a radius of
500 m, were selected, with three to six wheat Þelds in
every landscape site and located along the same type
of landscape complexity gradient as that used in the

Fig. 1. Map of the study area in North China: 24 collec-
tion sites.
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noncrop-dominated region. These landscape sites
were situated along a gradient from simple landscapes
with intensive landuse(89.3%arable land) tocomplex
landscapeswith a high percentage of noncrophabitats
(61% arable land). The distances between different
landscape sites were all �1,000 m. In addition, these
landscape sites were separated by an agricultural ma-
trix and by other crops, such as maize and rice. This
crop-dominated region contains a low percentage of
noncrop habitats and is characterized by landscape
simpliÞcation (intensive agriculture).

The total 24 landscape sites selected in our exper-
iment formedacontinuousgradient, fromsimple land-
scapes with a low percentage of noncrop habitats to
complex landscapes with a high percentage of non-
crop habitats. In every landscape site, three wheat
Þelds were selected for insect investigation. The se-
lected wheat Þelds in different landscape sites were
located at least 1,000mapart, and the Þeldswithin one
landscape site were always closer than 600 m to each
other. The 24 different landscapes sites in which our
samples were collected were identiÞed using a Global
Positioning System and were investigated in 2009,
2010, and 2011. These 24 landscape sites were selected
to encompass landscape complexity gradients from
crop-dominated to noncrop-dominated landscapes.

The habitat diversity in these 24 landscape sites also
had a continuous gradient from high to low diversity.
All selected wheat Þelds were managed under the
sameagricultural practices.TheÞnal plantdensitywas
400Ð450 plants per square meter, with an extra 5%
initially sown to allow losses produced by weeding.
From March to June, none of the landscapes at any of
our experimental sites were sprayed with insecticides.
Wheat was fertilized once with N (nitrogen): P
(phosphorus): K (kalium) � 12: 34: 12 during the
establishment of the crop. In every landscape, the
percentage of noncrop habitats in a circle of 500 m
radiuswas used to indicate landscape complexity. This
method is considered to furnish an appropriate scale
for landscape analysis and has been used in many
studies (Concepcion et al. 2008, Schmidt et al. 2008,
Holzschuh et al. 2010, Jonsson et al. 2012). The same
method has also been applied in many other empirical
studies (Thies et al. 2005, Eilers and Klein 2009).

Field samples were collected to determine the spe-
cies composition of cereal aphids and their parasitic
wasp in different agricultural landscapes. Primary
parasitoids and hyperparasitoids were collected dur-
ing the peak of cereal aphid populations from 10 to 20
May in 2009Ð2011. Both visual observation and hand
collection were performed on warm, mostly sunny
days and not after rain. Every landscape around the
wheat Þelds was examined based on a Þve-point sam-
pling spread across as many wheat Þelds as possible
(Zhao et al. 2012). As a result of crop rotation, the
wheat Þeldswithin a landscape differed over the years
2009Ð2011. To avoid differences in species pools
within the wheat Þelds, the size of the area sampled in
the wheat Þelds was limited to a maximum of 100 by
100 m and a minimum of 30 by 30 m to reduce spatial
autocorrelation (Winqvist et al. 2011). Every sample

conducted for insect sample included 100 stems of
wheat and consisted of 15 min of visual inspection of
thewheatwithin each landscape (1h total search time
per sample). SpeciÞcally, 500 stems at every landscape
site were screened, and the density (mummy and
cereal aphids) was calculated in units of “individuals
per 100 stems.”

Both live and mummy aphids were collected simul-
taneously and taken to the laboratory for rearing (Lee
et al. 2005, Zhao et al. 2012). Cereal aphids that died
during rearing were dissected to determine whether
they were parasitized. All Þeld-collected mummies
were stored in gelatin capsules until the emergence of
adult parasitoids, after which they were identiÞed.
The gelatin capsules were kept in test tubes sealed
with a damp cotton plug and placed in a climate
chamber at 20�C with a photoperiod of 14:10 (L:D) h.
The gelatin capsules with mummies were examined
twice daily for the Þrst month to detect the emergence
of adults, andwere examinedonce a day during thenext
month. Mummies from which a parasitoid did not
emerge for two months were dissected to determine
the cause of nonemergence and were classiÞed as
either aestivating or dead (Lee et al. 2005, Zhao et
al. 2012). All adult parasitoids and hyperparasitoids
were identiÞed to the species level based on their
morphological characteristics and taxonomic clas-
siÞcation. Primary parasitism (� Nprimary parasitoid/
(Naphids � Nprimary parasitoid); i.e., the proportion of cereal
aphids parasitized by the parasitic wasps) and hyper-
parasitism (� Nhyperparasitoid/(Nprimary parasitoid �
Nhyperparasitoid) were then calculated. The biocon-
trol efÞcacy was calculated as the ratio of the
combined density of all parasitoids to the aphid
density (Zhao et al. 2012).

Statistical Analyses. We evaluated the correlation
between landscape complexity and the population
density of cereal aphids, primary parasitoids, and
hyperparasitoids. We conducted our analysis using
Pearson correlation coefÞcientswith a simultaneous
autoregressive error term. The calculations were per-
formed with PROC CORR (SAS Institute Inc. 2006,
Cary,NC). Pearson correlation is a classicalmethod to
determine the relationship between variables. Owing
to great variation in population densities among the
study years, the data from different years were ana-
lyzed independently.

To determine the effects of landscape complexity
and the year of sampling on population density of
cereal aphids, primary parasitoids, and hyperparasi-
toids, a two-way analysis of variancewas conducted to
examine their relationships. In addition, interactions
between landscape complexity and year of sampling
were determined (GLM procedure, SAS Institute Inc.
2006).However,wedidnot Þnd any signiÞcant effects
of the year of sampling on population density of pri-
mary parasitism and hyperparasitism. For this reason,
wedid not conduct a time series analysis of population
dynamics. Instead, we focused on the static relation-
ship between landscape complexity and the biotic
variables. Therefore, the 3 yr of data were combined
to maximize the sample size. The use of this enlarged
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sample could reduce the random error of the analyses
to a considerable extent. The species diversity of pri-
mary parasitoids and hyperparasitoids were estimated
with the Shannon diversity index in each landscape
site. In addition, density, parasitism, and species di-
versity obtained from different landscape sites were
treated as independent variables. Then, we examined
the effects of landscape complexity on these indepen-
dent variables using simple linear regressionmodels at
a given spatial scale (REG procedure, SAS Institute
Inc. 2006). A nonlinear regression model (the qua-
dratic function) was used to examine the relationship
between landscape complexity and the effective pop-
ulation density of the primary parasitoid (SAS Insti-
tute Inc. 2006). In the entire analysis, only variables
that attained a 0.05 level of signiÞcance were entered
into the model.

Results

Three speciesof cereal aphids[Sitobionavenae(F.),
Schizaphis graminum (Rondani), and Rhopalosiphum
padi (L.)]were collected inour experiments. TheÞrst
twospecieswere thedominant species,whichaccount
for �95% of the total cereal aphids in every year
(Table1).Theeffectsof landscapecomplexityon total
population densities of cereal aphids were signiÞ-
cantly negative (R2 � 0.2943; F1,71 � 21.98; P � 0.001).
However, landscape complexity had no signiÞcant ef-
fectsonpopulationdensityof single species(S. avenae:
R2 � 0.3672, F1,71 � 1.47, P � 0.2294; Sc. graminum
R2 �0.1983,F1,71 �0.79,P�0.3771;Fig. 2).Theeffects
of year of sampling and landscape complexity on den-

sity of total cereal aphids were signiÞcant. However,
no interaction between year of sampling and land-
scape complexity was found (Table 2).

In all, 5,220 individuals of primary parasitoid and
hyperparasitoid species were collected in this exper-
iment. Eleven species of primary parasitoids were
identiÞed. Aphidius, including three species, was the
dominant genus and represented 90.54% of the total
primary parasitoids. Aphidius was widely distributed
in all landscape types. Aphidius avenae Haliday, the
dominant species, represented 61.33% of all the pri-
mary parasitoids. Furthermore, the abundance of four
parasitoid species from two family (Aphidiinae: A.
avenae, Trioxys sp., and Praon rhopalosiphum Takada;
Aphelinidae: Aphelinus albipodus [Hayat and Fa-
tima]) was signiÞcantly affected by landscape com-
plexity in all 3 yr (Table 1). In contrast, two parasitoid
species (Trioxys asiaticus Telenga and Toxares sp.)
were not affected by landscape complexity (Table 1).

Six species of hyperparasitoids were collected.
Dominance among the hyperparasitoid species was
not obvious. Three species (Pachyneuron aphidis
[Bouche],Asaphes suspensus [Nees], andAsaphes sp.)
had relatively large populations and attacked a wide
range of primary parasitoids. The relationship be-

Table 1. Pearson correlations between landscape complexity
and pop densities of cereal aphids, primary parasitoid, or hyper-
parasitoid (* P < 0.05, **P < 0.01, ***P < 0.001; ns, nonsig-
nificant)

Species
Pearson correlation coefÞcient

2009 2010 2011

Cereal aphids
S. avenae 	0.818*** 	0.796** 	0.810***

Sc. graminum 	0.684*** 	0.558** 	0.431*

Primary parasitoids
A. avenae 	0.764*** 	0.628** 	0.541**

Aphidius gifuensis
Ashmead

	0.356* 	0.431ns 	0.274*

Aphidius sichuanensis
Chen & Shi

	0.453** 	0.238ns 	0.394*

T. asiaticus 	0.313ns 	0.419ns 	0.102ns
Trioxys sp. 	0.163* 	0.097* 	0.219ns
Lysiphlebus confusus

(Tremblay & Eady)
	0.253ns 	0.083 	0.053ns

Praon volucre (Haliday) 	0.164** 	0.103ns 	0.324*

P. rhopalosiphum 	0.372** 	0.298* 	0.148*

Toxares sp. 	0.094ns 	0.045ns 	0.019ns
Ap. albipodus 	0.234** 	0.388** 	0.327*

Tetrastichus sp. 	0.174* 	0.274ns 	0.208ns
Hyperparasitoids

As. vulgaris 	0.253** 	0.319* 	0.318ns
As. suspensus 	0.453** 	0.326ns 	0.287**

P. aphidis 	0.786*** 	0.631** 	0.549**

Ah. aphidivorus 	0.364* 	0.217ns 	0.198*

D. carpenteri 	0.653ns 	0.124ns 	0.265ns
Alloxysta sp. 	0.476** 	0.215* 	0.369*

Fig. 2. Effects of landscape complexity on population
density of cereal aphids [Œ, total cereal aphids; 
, S. avenae
(F.); �, Sc. graminum (Rondani)]. Calculated using peak
population densities.

Table 2. Effects of year variable and landscape complexity on
pop density of cereal aphids, primary parasitoid, and hyperpara-
sitoid

Variables F values P values

Population density of cereal aphids
Year 15.23 �0.001
Landscape complexity 23.14 �0.001
Year � landscape complexity 0.13 0.7195

Population density of primary parasitoid
Year 0.16 0.6904
Landscape complexity 71.43 �0.001
Year � landscape complexity 0.02 0.8879

Population density of hyperparasitoid
Year 0.21 0.6482
Landscape complexity 64.32 �0.001
Year � landscape complexity 0.08 0.7781
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tween landscape complexity and abundance of the
other three species (Asaphes vulgaris Walker, Aphi-
dencyrtus aphidivorus [Mayr], and Dendrocerus car-
penteri [Curtis]) varied greatly in different years. Al-
most all hyperparasitoid species were affected
signiÞcantly by landscape complexity with the excep-
tion of one species, D. carpenteri (Table 1). The re-
lationship between the species diversity of primary
parasitoids, the species diversity of hyperparasitoids,
and landscape complexity is shown in Fig. 3. Species
diversity increased with increasing landscape com-
plexity, and these two variables had a signiÞcant linear
relationship (Fig. 3A and B; primary parasitoids, R2 �
0.795, F1,71 � 14.36, P � 0.001; hyperparasitoids, R2 �
0.6288, F1,71 � 34.23, P � 0.001).

Both primary parasitism and hyperparasitism in-
creasedwith increasing landscapecomplexity (Fig. 3C
and D). However, hyperparasitism was more sensitive
to landscape complexity than primary parasitism,
which had a higher slope than primary parasitism
(hyperparasitism: 0.43 vs. primary parasitism: 0.13).
The year of sampling had no signiÞcant effects (Table
2). In addition, no signiÞcant interaction effects be-
tween the year of sampling and landscape complexity
were found for the primary parasitoids (Table 2). The

level of hyperparasitism even reached 70% in complex
landscapes (Fig. 3D). In addition, landscape complex-
ity has signiÞcant effects on hyperparasitism. How-
ever, no signiÞcant interaction effects between the
year of sampling and landscape complexity on density
of hyperparasitoids were found (Table 2).

The total mummy population density and the pop-
ulation density of hyperparasitoids were signiÞcantly
affected by landscape complexity and increased with
increasing landscape complexity (Fig. 4A and B). The
relationship between the effective population density
of primary parasitoids (nonparasite) and landscape
complexitywas describedwell by a quadratic function
(Fig. 4A; R2 � 0.4972; F1,71 � 26.37; P � 0.001). As
landscape complexity increased, the effective popu-
lation density of primary parasitoids Þrst increased
and then decreased. The effective population density
of primary parasitoids reached a maximum (2.04 in-
dividuals per 100 stems) when the percentage of non-
crop habitat in the landscape was 
38% (Fig. 4A).

Discussion

The hypothesis that landscape complexity had sub-
stantial effects on the species diversity of primary

Fig. 3. Effects of landscape complexity on species diversity of parasitic wasps, primary parasitism, and hyperparasitism.
A)The relationship of landscape complexity anddiversity of primary parasitoids. B)The relationship of landscape complexity
and diversity of hyper-parasitoids. C) The relationship of landscape complexity and primary parasitism. D) The relationship
of landscape complexity and hyper-parasitism.
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parasitoids andhyperparasitoidswaswell supported in
our study. The species diversity of the parasitic wasp
increased with increasing landscape complexity. The
results of this study can be explained in two ways.
First, the primary parasitoids and hyperparasitoids ap-
pear to be closely linked spatially and temporally with
noncrop habitats and may need to switch to alterna-
tive host species in autumn because the regions that
are dominated bywheat typically cannot provide con-
tinued food resources and shelter (Kruess 2003, Thies
et al. 2011). In addition, these speciesmay also require
alternative hosts to overwinter as prepupae within the
host and hatch from mummies in the spring. Hence,
within Þeld populations of primary parasitoids and
hyperparasitoids colonizingwheat Þelds in springmay
be strongly affected by the habitat composition of the
surrounding landscapes (Lindborg et al. 2008, Thies et
al. 2011). These parasitoids may have evolved to adapt
well to interannual landscape changes (Landis et al.
2000, Brewer and Elliott 2004). Second, many other
alternative foods, including nectar-containing plants,
could supply food resources and shelter to adult para-
sitoids in structurally complex landscapes (Kruess and
Tscharntke 1994,Menalled et al. 1999).Manyprevious
studies have found that nectar is often a more suitable
food source than the honeydew produced by cereal
aphids (Diekotter et al. 2007, Holzschuh et al. 2007).
In this context, primary parasitoids and hyperparasi-
toids could have evolved adaptations to optimize the
exploitationof nectar (Royamaet al. 2005, Steingrover
et al. 2010).

In this study, primary parasitism and hyperparasit-
ism were also found to be signiÞcantly greater in the
complex landscape than those in the simple landscape,
as also reported by other studies (Tscharntke et al.
2005, Toledo and Burlingame 2006). The possible rea-
son for the observed differences between complex
and simple landscapes is that landscape complexity
inßuences primary parasitism and hyperparasitism at
a landscape scale (Thies and Tscharntke 1999, Kruess
2003). This result indicates that extra Þeld habitats

enhance the immigration andmobility of these species
among different habitats (Chaplin-Kramer et al.
2011). Several previous studies have also demon-
strated that landscape complexity enhances parasitoid
populations because a higher percentage of noncrop
habitats can provide food, shelter, favorable microcli-
mates, alternative hosts, or combinations of these re-
sources (Roland andTaylor 1997,Menalled et al. 1999,
Brewer and Elliott 2004). However, several other
studies have indicated that primary parasitism did not
differ signiÞcantly among landscapesof different com-
plexity (Costamagna et al. 2004). The possible reason
for these Þndings was that landscape complexity cre-
ated a contrast, and thus offset the effects of hyper-
parasitoids. More importantly, we hypothesize that
“bank plants” existed in noncrop habitats, which can
supply alternative food requiredbyparasitoids and act
as a rearing and release system in agricultural land-
scapes (Parolin et al. 2012a). Therefore, bank plants
can release a large number of parasitoids into wheat
Þelds to suppress cereal aphids (Parolin et al. 2012b).
For these reasons, bank plants are important for pest
management, and thorough screening is necessary to
identify and preserve these plants (Landis et al. 2000).
In the current study, the bank plants remained largely
unknown. We refer to several studies that have fo-
cused research on the phenomenon of bank plants
(Landis et al. 2000, Parolin et al. 2012b).

A mosaic landscape consisting of arable lands and
noncrop habitats (grasslands and woodlands) could
enhance biological pest control and suppress pest
damage (Landis et al. 2000, Tscharntke et al. 2012).
Because landscape complexity affects the activity of
primary parasitoids, a landscape perspective is impor-
tant for pest population management (Landis et al.
2000). The current study demonstrated that the pop-
ulation density of hyperparasitoids can also increase
with increasing landscape complexity. More research
is needed to clarify the ways in which landscape com-
plexity can be optimized for biological pest control
and for reducing the effects of hyperparasitoids (Jon-

Fig. 4. Effects of landscape complexity on population density of primary parasitoid and hyperparasitoid (●, total mummy
density; Œ, effective density of primary parasitoid [nonparasitized]). Calculated using peak population densities. A) The
relationship of percentage of noncrop habitats and density of primary parasitoids. B) The relationship of percent of noncrop
habitats and density of hyper-parasitoids.
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sson et al. 2008, Gagic et al. 2011). Furthermore, the
effects of landscape complexity on biological control
services may be applied in habitat management
(Costamagna et al. 2004, Lu et al. 2012).

Overall, the results of the study support the hy-
pothesis that landscape complexity enhances the pop-
ulation density of primary parasitoids and hyperpara-
sitoids. In addition, species at a higher trophic level
(hyperparasitoids) were more sensitive to landscape
complexity than those at a lower trophic level (pri-
mary parasitoids). The factors causing these differ-
ences are complex and cannot be generalized in a
short-term context (French et al. 2001, Hui et al. 2012,
Segoli andRosenheim2012).Further interpretationof
these differences will require studies of interspeciÞc
relationships caused by species speciÞc, realized host
range, overwintering requirements, and microclimate
requirements of primary parasitoids and hyperparasi-
toids (Kavallieratos et al. 2004, Lu et al. 2012). The
effects of landscape complexity on tritrophic interac-
tions shouldbeconsidered in sustainablemanagement
of cereal aphids.
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