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ABSTRACT The ladybeetleCoccinella septempunctataL. is an importantpredatorof aphids in arable
crops, but depends on noncrop landscape elements, such as hedgerows, for hibernation. We studied
theeffectof the shape, area, and fragmentationofnoncrop landscapeelementson thecontrol of aphids
by C. septempunctata using a spatially explicit simulation model. The model is based on a description
of the phenology and population dynamics of aphids and C. septempunctata, as well as the predation
dynamics and dispersal characteristics of C. septempunctata. The study compares biocontrol in 12
landscapes consisting of Þeld crops and hedgerows that differ in the shape, proportion (1, 4, 9, and
16%), and fragmentation of the hedgerow elements (hedgerow area divided into 1, 4, or 16 elements)
in the landscape. Linear hedgerow elements provided better control than square elements in 3 of the
12 simulated landscapes and resulted in similar levels of control in the other nine landscapes. The total
area of hedgerow habitat was the key factor for the control of aphid populations. Landscapes with 9%
and 16% noncrop habitat had large enough local populations of C. septempunctata to control aphid
infestations, whereas landscapeswith only 1% or 4%of hibernation area had no potential for improved
aphid control. In landscapeswith sufÞcient noncrop habitat, the best controlwas achievedwhen small
hedgerow elements were evenly distributed over the landscape.
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NONCROP LANDSCAPE ELEMENTS, such as Þeld margins,
hedgerows, and forestsmay functionas refugehabitats
for natural enemies of Þeld crop pests. Such habitats
provide alternative food sources, hibernation sites,
and shelter from environmental extremes, pesticides,
or disturbances (Landis et al. 2000). Presence of ref-
uge areas may have a profound effect on the survival
of natural enemies and their ability to invade crops
that are infested with pest insects. Increased natural
enemy populations have been observed near Þeld
margins (Kromp and Steinberger 1992, White et al.
1995, Long et al. 1998, Thies and Tscharntke 1999),
uncultivated areas (Thomas et al. 1991, 1992;Colunga-
Garcia et al. 1997; Thies and Tscharntke 1999), hedg-
erows (Landis andHaas 1992, Zhou et al. 1994,Marino
and Landis 1996), trees (Corbett and Rosenheim
1996) and forests (Landis and Haas 1992, Marino and
Landis 1996).Thecontrolofpest insectpopulationsby
natural enemiesmay therefore be affected by the area
and spatial conÞguration of noncrop landscape ele-
ments.

It is difÞcult to assess from empirical studies how
much of a speciÞc noncrop landscape element is
needed for effective biocontrol of predators and what
is the optimal spatial conÞguration of such elements.
For such questions, a modeling approach may be ad-
vantageous. Improved understanding of the relation
between the area and conÞguration of landscape el-
ements that act as refuge habitats of natural enemies
and the suppression of pest insect populations may
contribute to the development of more ecologically
based agricultural production systems with reduced
pesticide inputs.
Aphids are an important group of pests of many

agricultural crops in the temperate zone. Crop injury
is caused by feeding on the phloem, by the production
of honeydew, and by transmission of viruses. Aphids
cause serious economic losses. For example, in the
UnitedKingdom the estimated loss as a result of direct
feeding alone is in the order of £100 million per year
(Tatchell 1989). Lady beetles are known to be an
effective group of aphid predators that are able to
control aphid populations in agricultural crops, but
depend on uncultivated habitats in the landscape for
hibernation such as hedgerows, forest edges, and grass
tussocks (Van Emden 1965, Honĕk 1989, Roach and
Thomas 1991, Maredia et al. 1992, Zhou et al. 1994,
Colunga-Garcia et al. 1997). Lady beetles are an at-
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tractive group for modeling the effects of landscape
conÞguration on predatory impact because their be-
havior and phenology (Hodek and Honĕk 1996), bio-
nomics (Xia et al. 1999a), predation dynamics (Xia et
al. 2003), and, to a lesser extent, thedispersal dynamics
(Van der Werf et al. 2000) are well studied.
We developed a dynamic spatially explicit simula-

tion model for the control of aphids by the aphid
predator Coccinella septempunctata L. in a diverse
landscape. The model includes the phenology, popu-
lationdynamics, anddispersal characteristicsof aphids
and C. septempunctata. The model applies to a land-
scape that consists of landscape elementswith speciÞc
characteristics to support populations of aphid and C.
septempunctata. Compared with other population
models for insects that incorporate spatial processes
(Banks et al. 1988, Corbett and Plant 1993, Brewster et
al. 1997), our model contains a more detailed descrip-
tion of aphid and C. septempunctata phenology, pop-
ulation, and predation dynamics, which results in bi-
ologically realistic simulations of the processes
underlying of aphid control. This enables a credible
evaluation of the pest suppressiveness of landscapes
for the aphidÐC. septempunctata system.
The aim of this study is to investigate the effect of

the area and the spatial conÞguration of landscape
elements that function as hibernation areas for C.
septempunctata on the control of aphids in agricultural
landscapes.

Model Description

Themodel isdeveloped in theGIS softwarepackage
PcRaster (Wesseling et al. 1996). It applies to a land-
scape of 400� 400m,which is built up fromcells, each
measuring 10 � 10 m2. Calculations on the population
dynamics of C. septempunctata and aphids are per-
formed for each individual cell. Dispersal results in a
relocation of individuals between cells. The time step
of the model is 1 h to simulate the rapid dispersal
dynamics of Coccinellidae (Frazer 1988, Duelli 1990,
Iveset al. 1993,VanderWerfet al. 2000).Becausemost
of the dispersal by C. septempunctata occurs predom-
inantly athigh temperaturesduringdaytime, e.g., from
�10 a.m. to 8 p.m. in Utah alfalfa (Van der Werf et al.
2000), ßight activity and predation on aphids is only
simulated during 10 activity hours per day. Many pro-
cesses that are incorporated in the model, such as
insect development, mortality, and searching behav-

ior, are affected by temperature. Because the study of
day-to-day variability of these processes is not the
objective of the currentmodel, constant temperatures
of 15, 20, or 25�C are used. All simulations are con-
ducted for 20�C unless otherwise indicated.

Landscape. The landscape consists of wheat and
hedgerows. The latter landscape elements function as
hibernation sites for C. septempunctata. Wheat and
hedgerows have speciÞc characteristics for maintain-
ing aphid populations during the growing season and
the searching behavior of C. septempunctata. The car-
rying capacity for aphids (K, aphids/m2), which limits
the capacity for aphid population growth during the
growing season, is 5000 aphids/m2 for both wheat and
hedgerows (Sunderland and Vickerman 1980). Be-
cause wheat and hedgerows have pronounced differ-
ences in leaf area index (LAI) and vegetation struc-
ture, thearea searched for aphidsbyC. septempunctata
differs. The different searching areas of C. septem-
punctata inwheat andhedgerows are accounted forby
a “search area index” (SAI, m2m�2) of the landscape
element. Search area index is deÞned as the leaf area
searched for aphids by C. septempunctata per unit of
ground area. Inwheat,C. septempunctata is assumed to
have a searching proÞle that is restricted to the top
leaves, stem, and ear, where themajority of the aphids
are situated (Frazer 1988, p. 235). The SAI in wheat is
assumed to be 0.6. In contrast, in hedgerows the SAI
is assumed to be 4 because of the high leaf area index
and heterogeneous vegetation structure.

Aphid Population Dynamics. Aphids emerge in
early May (Julian date 130, Williams et al. 1999). The
population dynamics of aphids during the growing
season is described by the logistic growth equation
(equation 1).

RA � rgr � A � �1 �
A

K� � P [1]

where RA is the growth rate of the aphid population
(aphids/d), A is the density of aphids (aphids/m2

ground area), rgr is the relative growth rate (d�1), K
is the carrying capacity (aphids/m2 ground area), and
P is the rate at which aphids are removed by C. sep-
tempunctata (aphids/d). The relative growth rate of
the aphid population is 0.25 d�1, which is a represen-
tative value formany aphid species on a range of crops
at 20�C (Girma et al. 1990, Xia et al. 1999b). No aphid

Table 1. Overview of Coccinella septempunctata phenology, development, and predation parameters

Stage Value Egg L1 L2 L3 L4 Pupa Adult Unit Reference

Emergence date 150 Julian date Honĕk, 1989
Reproduction date 180 Julian date Honĕk, 1989
Fecundity 200 Ð Xia et al. 1999a
Residence coefÞcient 0.002 d Ives et al. 1993
Developmental rate 0.172 0.217 0.313 0.222 0.135 0.099 d�1 Xia et al. 1999a
Relative mortality rate 0.017 0.076 0.032 0.022 0.020 0.020 0.027 d�1 Xia et al. 1999a
Search ratea 39.1 35.8 42.8 100.2 139.5 cm2/d Xia et al. 2003
Handling time 0.0323 0.0208 0.0093 0.0056 0.0049 d Xia et al. 2003

a Search rates determined under ambient conditions in the Þeld.
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Fig. 1. Twelve landscapes consisting of wheat crops (white area) and hedgerows (gray area) with 1%, 4%, 9%, and 16%
of hedgerows (from top to bottom) and increasing level of fragmentation (1, 4, and 16 hedgerow elements, left to right).
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dispersal is accounted for in themodel after the initial
colonization of the wheat crops.

Coccinella septempunctata Population Dynamics.
The life cycle of C. septempunctata includes an egg
stage, four larval stages, a pupal stage, and an adult
stage. Each stage has speciÞc developmental rates and
mortality rates (Xia et al. 1999a). Development is
simulated using the mass proportionality transition.
This implies that densities in a stage are shifted to the
following stage according to thedevelopmental rate of
each stage. Themean development time of each stage
equals the reciprocal of the developmental rate (e.g.,
when the egg stagehas a developmental rate of 0.1 d�1

themean developmental time of the egg stage is 10 d).
Mortality is accounted for by incorporation of relative
mortality rates for each stage. The developmental
rates and relative mortality rates for the egg, the four
larval stages, the pupal stage, and the adult stage are
given in Table 1.
Adult C. septempunctata hibernate in hedgerows

and not in wheat crops (Honĕk 1989). Hibernated C.
septempunctata emerge somewhat later in spring than
aphids (Julian date 150,Honĕk 1989) andhave a single
generation per year in Western Europe. After a dis-
persal phase the hibernated female adults of C. sep-

tempunctata are assumed to deposit 200 eggs (Xia et al.
1999a) at the end of June (Julian date 180, Honĕk
1989). The sex ratio of C. septempunctata is set to 0.5.

A disadvantage of the mass proportionality transi-
tion for modeling population development is that the
degreeof varianceproducedexceeds thevariance that
is observed in Þeld situations. However, the assump-
tion of egg deposition at a single day, which produces
less variance than observed in Þeld situations, com-
pensates for the excess of variance produced by the
mass proportionality transition. The resulting popula-
tion development is plausible for Þeld situations.

Coccinella septempunctata Predation Dynamics.
Coccinella septempunctata feed on aphids during the
larval and the adult stages. The predation dynamics of
C. septempunctata are described using a Holling type
2 functional response (equation 2).

PR �
sr � � A/SAI�

1 � sr � ht � � A/SAI�
[2]

where PR is the per capita predation rate (aphids/
C. septempunctata /d), sr is the search rate (m2 leaf
area/d), A/SAI is the aphid density in the searching
area of C. septempunctata (aphids/m2 leaf area), and

Fig. 2. Population dynamics of carnivorous stages of Coccinella septempunctata in landscapes with an area of 16% of
hedgerows from Julian date 130Ð230. The gray area indicates the hibernation period. Legend: hibernated adults (E), Þrst
instars (�), second instars (‚), third instars (f), fourth instars (�), adults (�), population totals (no marker).

Table 2. Overview of Coccinella septempunctata parameters used for the sensitivity analysis

Stage T (�C) Egg L1 L2 L3 L4 Pupa Adult Unit Reference

Developmental rate 15 0.108 0.110 0.133 0.120 0.069 0.061 d�1 Xia et al. 1999a
20 0.172 0.217 0.313 0.222 0.135 0.099 d�1 Xia et al. 1999a
25 0.333 0.5 0.476 0.5 0.278 0.175 d�1 Xia et al. 1999a

Relative mortality rate 15 0.045 0.076 0.031 0.012 0.011 0.019 0.032 d�1 Xia et al. 1999a
20 0.017 0.060 0.032 0.022 0.020 0.020 0.027 d�1 Xia et al. 1999a
25 0.031 0.080 0.045 0.042 0.032 0.035 0.037 d�1 Xia et al. 1999a

Search rate 15 11.7 13.5 19.5 38.4 20.1 cm2/d Xia et al. 2003
20 19.8 30.6 47.7 76.5 51.9 cm2/d Xia et al. 2003
25 41.1 38.4 63.9 99.6 68.7 cm2/d Xia et al. 2003

Handling time 15 0.0417 0.0233 0.0127 0.0066 0.0053 d�1 Xia et al. 2003
20 0.0323 0.0208 0.0093 0.0056 0.0049 d�1 Xia et al. 2003
25 0.0233 0.0143 0.0083 0.0056 0.0049 d�1 Xia et al. 2003
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ht is the handling time (d). Each carnivorous stage of
C. septempunctata has a speciÞc search rate and han-
dling time (Table 1).

Coccinella septempunctata Departure Dynamics.
Adults ofC. septempunctata can disperse by ßight. The
larvae can walk but are assumed to remain in the 10 �
10 m2 cell where the eggs are deposited. Adult C.
septempunctata are assumed to be in a nonmigratory
movement phase where dispersal is directed only by
search for prey and where no long-range dispersal
takes place. The dispersal dynamics of C. septempunc-
tata adults can be characterized by the departure
dynamics, i.e., the number of adults that leave each
cell per unit of time, and by the dispersal kernel
(Brewster and Allen 1997) of the dispersing adults.
DeparturedynamicsofC. septempunctatahavebeen

studied by Ives et al. (1993) who found that densities
of C. septempunctata remaining in aphid-infested
patches of Þreweed followed negative exponential
curves in time. Therefore, the departure dynamics of
C. septempunctata adults in each cell is described by a
fraction of the adult population leaving per unit of
time (relative departure rate), which leads to an ex-
ponential decline of the density of C. septempunctata
adults in time. Relative departure rates of C. septem-
punctata adults are affected by the level of prey avail-
ability (Ives et al. 1993, Xia 1997, Van der Werf et al.
2000). Ives et al. (1993) showed that residence times
of C. septempunctata adults increased linearly from 1
to 25 h with increasing aphid densities. Van der Werf
et al. (2000) found residence times of C. septempunc-
tata adults increasing from 1.6 to 12.5 h in alfalfa Þelds
with increasing densities of aphids.Consequently, res-

idence times of C. septempunctata adults are assumed
to be proportional to the aphid density that is present
in their searching area (equation 3).

RT � rc �
A

SAI
[3]

where RT is the mean residence time (d), rc is the
residence coefÞcient (d/(aphids/m2 search area)),
which is a scaling factor, A is the aphid density
(aphids/m2 ground area), and SAI is the search area
index (m2 leaf area/m2 ground area) of the landscape
element. The residence coefÞcient of C. septempunc-
tata is set to 0.002,which results in residence times that
correspondwith observations of Ives et al. (1993) and
Van der Werf et al. (2000) (Table 1). The relative
departure rate ofC. septempunctata is calculated as the
reciprocal of the residence time.

Coccinella septempunctata Dispersal Dynamics.
Coccinella septempunctata adults that disperse are re-
distributed to all directions in the surrounding land-
scape. The dispersal kernel is rotationally symmetric
and is characterized by a negative exponential decline
in space (equation 4).

C � e�b�x [4]

where C is the density of C. septempunctata (C. sep-
tempunctata /m2 ground area) settling at distance x
from the source (m), and b is the slope of the decline
ofC. septempunctatadensitywith distance (m�1). The
slope of distance distribution curves ofC. septempunc-
tata (b) is estimated by Þtting equation 4 to measured
distance distribution data of C. septempunctata in al-
falfa Þelds (Van der Werf et al. 2000) using the non-

Fig. 3. Density of aphids in wheat at Julian date 230 in twelve landscapes with 1, 4, 9, and 16% of hedgerows divided into
1, 4, or 16 square elements. Landscapes with 1, 4, 9Ð16% hedgerows contained initial numbers of 16.000, 64.000, 144.000, and
256.000 Coccinella septempunctata, respectively, corresponding to 0.1, 0.4, 0.9, and 1.6 lady beetles/m2 over the whole
landscape.
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Fig. 4. Development of aphid populations in wheat in landscapes with an area of 1% (A), 4% (B), 9% (C), and 16% (D)
of hedgerows divided into 1 (E), 4 (�), or 16 (�) square-shaped elements from Julian date 130Ð230. Aphid development
in absence of Coccinella septempunctata is indicated by the solid lines without marker.
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linear regression procedure in Genstat. The negative
exponential model gave a good description of mea-
sured C. septempunctata distance distribution data
with r2 values exceeding 0.95 for three repetitions and
resulted in an average estimate of the slope of b of
0.31	 0.045m�1 (mean	 SEM).Dispersal is assumed

to take place from the center of each 10 � 10-m2 cell.
Because a fraction of C. septempunctata adults only
move for a short distance, a portion of the dispersing
adult population lands in the same cell from which
they took off. Individuals that would be distributed
outside themap area are redistributedwithin themap

Fig. 5. Spatial distribution of aphid density in 12 landscapes with square hedgerow elements with 1%, 4%, 9%, and 16%
of hedgerows (from top to bottom) and increasing level of fragmentation (1, 4, and 16 hedgerow elements, left to right) at
Julian date 230. White and black represent densities of 0 and 5,000 aphids/m2, respectively.
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areabyproportionally increasing thenumbers that are
directly distributed within the map. As a result, there
is mass conservation of individuals in relation to dis-
persal.

Scenario Studies

The model was used to study the effect of the area
and spatial conÞguration of hedgerows and wheat
crops on the control of aphids by C. septempunctata.
Because spatial conÞguration may comprise both the
level of fragmentation and the shape of hedgerow
elements, these aspects were investigated separately.
A Þrst study focused on the effects of the area and

fragmentation of hedgerow elements. The control of
aphids by C. septempunctata is simulated in 12 land-
scapes with square hedgerow elements that vary in
areaandnumber(Fig. 1).The landscapesaredesigned
in suchway that there is a gradient in the area covered
by hedgerows increasing from 1, 4, 9, to 16%, and a
second gradient in which the number of hedgerow
elements increases from 1 in the most clumped con-
Þguration, 4 for the intermediate conÞguration, to 16
for the most fragmented conÞguration.
In a second study, the effect of the shape of hedge-

row elements was investigated. The control of aphids
by C. septempunctata is simulated in landscapes that
contain an area of 9% hedgerows divided into four
elements. The elements have a square, block, cross,
fractal, open square, or line shape. For the shape that
provides the best control, a similar study as for square
elements was then conducted to determine the po-
tential for biocontrol in landscapes containing 1, 4, 9,
and 16% hedgerows elements divided into 1, 4, and 16
elements (Fig. 1).
A third study focused on sensitivity ofmodel output

for uncertain or variable parameters. Because tem-
peratures in May to August may deviate from the
default temperature of 20�C, we included simulations

in which the developmental rates, relative mortality
rates, search rates, and handing times of C. septem-
punctata were to reßect their behavior at 15 and 25�C
(Table 2). In addition, the slope of the distance dis-
tribution curves of C. septempunctata (b, equation 4)
is poorly documented. Therefore, we studied effects
of doubling and halving the parameter b. These sim-
ulationswere conducted for a landscapewith 13.5% of
hedgerows divided into four square elements with
variable sizes.
Initially, aphids are distributed homogeneously

over the landscape at a density of two aphids/m2 in
both wheat crops and hedgerows. In contrast, C. sep-
tempunctata is only present initially in hedgerows at
densities of 10 C. septempunctata adults/m2, which is
suggested as itsmaximumhibernation density (Honĕk
1989). Landscapes with greater areas of hedgerows
give rise to higher numbers of C. septempunctata be-
cause the hibernation density is kept constant. The
number of C. septempunctata are 16.000, 64.000,
144.000, and 256.000 for landscapes containing 1, 4, 9,
and 16% hedgerows, respectively. Simulations were
started when the aphids emerge in spring (Julian date
130) and were terminated when the wheat crop was
harvested on Julian date 230. The total period of sim-
ulation was, therefore, 100 d.

Results

Area and Fragmentation of Hedgerow Elements.

The dynamics of the total population of C. septem-
punctata in the landscape during the growing season
is presented in Fig. 2. Hibernated adults of C. septem-
punctata emerge on Julian date 150 and reproduce at
Julian date 180. At the end of the growing season
(Julian date 230) almost all offspring developed into
adult lady beetles.

Fig. 6. Total number of aphids removed byCoccinella septempunctata in wheat up to Julian date 230 in twelve landscapes
with 1, 4, 9, and 16% of hedgerows divided into 1, 4, or 16 square elements.
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The initial number ofC. septempunctata in the land-
scape has a clear effect on the density of aphids in
wheat at the end of the growing season at Julian date
230 (Fig. 3). The 16.000 and 64.000 C. septempunctata
adults present at the start of the growing season in the
landscapes with 1 and 4% of hedgerows (0.1 and 0.4
individuals per m2, respectively, averaged over the
landscape)were not able to provide adequate control.
In these landscapes, the mean density of aphids at the
end of the growing season was always at least 3,500
aphids/m2. In contrast, the 144.000 and 256.000 C.
septempunctata adults in landscapes with 9 and 16%
hedgerows (0.9 and 1.6 individuals per m2, respec-
tively, averaged over the landscape) suppressed aphid

densities to 1,000 aphids/m2 or less at the end of the
growing season. However, this level of aphid control
wasonlyachieved in landscapeswith4or16hedgerow
elements and not in the landscape elements in which
the overwintering habitat was aggregated into a single
square.When the initial numbers ofC. septempunctata
were too low to provide adequate aphid control, the
conÞguration of the hedgerow elements had no effect
on the level of aphid control (Fig. 4A and B). How-
ever,when the initialC. septempunctatanumberswere
as high as 144.000 and 256.000 per landscape, the con-
Þguration of the hedgerow elements did affect aphid
control (Fig. 4C and D). In all simulations, emerging
C. septempunctata adults were not able to suppress

Fig. 7. Spatial distribution of aphid density at Julian date 230 in six landscapes with a square, block, cross, fractal, open
square, and line shape. All landscapes contain an area of 9% hedgerows divided into four elements.White and black represent
densities of 0 and 5,000 aphids/m2, respectively.
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aphid populations early in the season, rather reduc-
tions of aphid densities took place only after repro-
duction of C. septempunctata (Fig. 4).
The conÞguration of hedgerows resulted in differ-

ent spatial patterns of aphids in the landscape (Fig. 5).
Clumped hedgerow conÞgurations lead to strongly
suppressed aphid densities near hedgerows while
aphids reach densities close to carrying capacity at
greater distances from the hedgerows. The area with
suppressed aphid densities increased with larger size
of the hedgerow, with larger hedgerows providing
greater initial numbers of C. septempunctata. In land-
scapes with 4 and 16 hedgerow elements aphid pop-
ulations show less spatial heterogeneity because of a

more even distribution of C. septempunctata in the
landscape. In landscapes with 16% hedgerows (Fig. 5:
4B and 4C) aphid densities in wheat are reduced to
almost zero with little spatial variation.
The number of aphids removed by C. septempunc-

tata during the growing season is presented in Fig. 6.
In landscapes with 1% of hedgerows the number of
removed aphids increased slightly with fragmentation
of hedgerow elements but it never exceeded 4,000
aphids/m2. In contrast, in landscapes with 4 and 9% of
hedgerows predation levels increased rapidly up to
12,000 aphids/m2 with increasing levels of fragmen-
tation. In landscapes containing 16% of hedgerows,
predation levels did not exceed 10,000 aphids/m2 be-

Fig. 8. Development of aphid populations in wheat in landscapes with a square (�), block (�), cross (�), fractal (‚),
open square (�), and line shape (no marker) from Julian date 130Ð230.

Fig. 9. Density of aphids in wheat at Julian date 230 in twelve landscapes with 1, 4, 9, and 16% of hedgerows divided into
1, 4, or 16 linear elements.

December 2003 BIANCHI AND VAN DER WERF: BIOCONTROL BY LADY BEETLES IN DIVERSE LANDSCAPES 1299



cause of the limited aphid availability, resulting from
early predation impact curtailing aphid population
growth and later C. septempunctata feeding.

Shape of Hedgerow Elements. ModiÞcation of the
shape of the hedgerow elements resulted in differ-

ences in the levelof aphidcontrol (Fig. 7).Landscapes
with square, block, cross, and fractal shapedhedgerow
elements had similar levels of aphid control, whereas
open square and, in particular, line-shaped hedgerow
elements provided improved levels of aphid control

Fig. 10. Spatial distribution of aphid density in 12 landscapes with linear hedgerow elements with 1%, 4%, 9%, and 16%
of hedgerows (from top to bottom) and increasing level of fragmentation (1, 4, and 16 hedgerow elements, left to right) at
Julian date 230. White and black represent densities of 0 and 5,000 aphids/m2, respectively.
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(Fig. 8). Landscapes with linear hedgerow elements
provided themost even distribution ofC. septempunc-
tata hibernation sites over the landscape resulting in
suppressed aphid populations all over the landscape.
In contrast, in landscapes with square, block, cross,
fractal, and open square shaped hedgerow elements,
aphids reached carrying capacity at isolated locations,
far from the nearest hedgerow, at the end of the
growing season (Fig. 7).
The control of aphids by C. septempunctata in land-

scapes with linear hedgerow elements covering an area
of 1, 4, 9, and 16% of the landscape and divided into 1, 4,
or16elements isgiven inFigs.9and10.Linearhedgerow
elements, as compared with square elements, led to
somewhat suppressed aphid densities in landscapes 2A
(�9%), 3A (�12%), and 3B (�31%; Figs. 5 and 10).
Therefore, the shape of hedgerow elements had a mod-
est effect on the potential level of aphid control.

Sensitivity Analysis.Thepotential ofC. septempunc-
tata to control aphids appeared sensitive to changes in
temperature (Table 3). At 15�C, lady beetles have a
low activity, which is reßected in low search rates
(Table 2). In addition, themajority of the lady beetles
were still larvae at the end of the growing season
because of the low developmental rates. The low ac-
tivity combined with the long duration of the larval
stages in which lady beetles are immobile resulted in
poor biocontrol. Temperatures of 20�C provided best
biocontrol. Biocontrol at 25�C was lower than that at
20�C. Although lady beetles are more active at 25�C,
they have a short life span at this temperature, which
is reßected in high relative mortality rates (Table 2).
Hence, at 25�C there are fewerC. septempunctata alive
at the end of the growing season than at 20�C.
Biocontrol by C. septempunctata appeared to be

sensitive to a reduction in dispersal capacity, but less
sensitive to an increase in dispersal capacity.Doubling
the slope of the distance distribution curve (b) re-
sulted in almost complete arrest of lady beetles in
hedgerows (Fig. 11). This led to aphid densities close
to carrying capacity in wheat for all three tempera-
tures (Table 3). HalÞng the value of b resulted in a
moreevensuppressionofaphids in the landscape(Fig.

11). However, the increased dispersal capacity re-
sulted in a reduction of 22% in aphid density at 20�C,
whereas at 15�C and 25�C the increased dispersal ca-
pacity resulted in similar aphid densities as the stan-
dard dispersal capacity (Table 3).

Discussion

The shape of hedgerow elements had only a minor
effect on the control of aphids by C. septempunctata.
Although linear hedgerow elements were clearly the
best shape for hedgerows in landscapes consisting of
9% of hedgerows divided into four elements (Fig. 7),
linear hedgerows only resulted enhanced aphid con-
trol in 3 of the 12 landscapes (Fig. 5 and 10: 2A, 3A, and
3B). In the other landscapes, no effect of element
shape was observed because (1) the number of
C. septempunctatawas too low to cause aphid suppres-
sion at all (1A, 1B, and 1C), (2) the number of C.
septempunctata was sufÞcient to suppress the total
aphid population (4B and 4C), or (3) the level of
fragmentation already ensured an effective distribu-
tion of C. septempunctata over the landscape (3C).
The area of hibernation sites (hedgerows) for

C. septempunctata appeared to be the key factor for
the control of aphid populations in landscapes. The
level of fragmentation of the hedgerow elements
will only affect aphid control when a sufÞcient area of
hibernation habitat is present to maintain effective
densities of C. septempunctata. The simulations indi-
cate that the critical area for this fragmentation
effect lies between 4 and 9% hibernation habitat
(Figs. 3 and 9).
Threshold values have also been reported for the

area of habitat needed for the long-term conservation
of species in landscapes (e.g., Fahrig 2001, With and
Crist 1995). Habitat fragmentation is known to have a
detrimental effect on survival of specieswhen the area
of habitat is below this critical threshold (Fahrig
1998). On the contrary, in the current study we found
that fragmentation of hibernation habitat of C. sep-
tempunctata may result in enhanced levels of aphid
control. The discrepancy between the outcome of
these two types of studies lies in the fact that in
conservation studies the area outside the habitat area
is regarded as completely unsuitable for survival,
whereas in the current study C. septempunctata relies
on hedgerows for hibernation only and that wheat
crops are excellent habitat during the growing season.
The highest predation levels do not necessarily re-

sult in best control (Fig. 3 and 6). For instance, in the
landscape with 4% hedgerows divided in 16 elements
over 12,000 aphids/m2 were removed while the den-
sity of aphids at the end of the growing seasonwas still
3,500 aphids/m2. In contrast, in the landscape with
16% hedgerows divided in 16 elements, complete con-
trol was achieved with a mean predation level of only
10,000 aphids/m2. This difference can be explained by
the huge reproduction capacity of aphids (more than
300 aphids/d at population densities of 2500 aphids/
m2, see equation 1) and the limited capacity of C.
septempunctata to remove aphids. Complete control

Table 3. Sensitivity analysis of the development rates, relative
mortality rates, search rates, and handling times of Coccinella
septempunctata at 15, 20, and 25°C (see Table 2) and the slope of
the distance distribution curve of C. septempunctata (b) on the
aphid density in wheat at the end of the growing season (Julian date
230)

Parameterization
Aphid density
(aphids/m2)

Deviation (%)

15�C, b�2 4830 �108.7
15�C, b 4253 �83.8
15�C, b�1⁄2 4245 �83.4
20�C, b�2 4381 �89.3
20�C, b 2314 0
20�C, b�1⁄2 1807 �21.9
25�C, b�2 4374 �89.0
25�C, b 2838 �22.6
25�C, b�1⁄2 2908 �25.7

Deviations of aphid densities relative to the default parameteriza-
tion (20�C, b) are indicated.
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can only be established when C. septempunctata is
present at large enough densities to remove more
aphidsperunit of time thanare reproduced.When the
capacity of C. septempunctata to remove aphids does
not exceed the aphid reproduction capacity, large
numbers of aphids may be removed without reaching
adequate control.
The potential of C. septempunctata to control aphid

infestations has been studied at 15�C, 20�C, and 25�C.
Biocontrol was best at 20�C. At 15�C, the effectiveness
of C. septempunctata is hampered by low activity and
slow development, whereas at 25�C their survival is
limited because of high respiration cost (Mills 1981).
However, underwarm conditionsC. septempunctata is
likely to havemore than one generation per year. The
occurrence of multigenerations of lady beetles per
year can be expected to boost biocontrol. As to the

dispersal capacity ofC. septempunctata,we assumed in
this study that the lady beetles exhibit short distance
dispersal at a scale of several meters, which is associ-
ated with the searching for prey within foraging hab-
itats.However, lady beetlesmayßybetweenorwithin
foraging habitats at a scale of at least 50 m (Osawa
2000). Coccinella septempunctata is therefore likely to
be more mobile in Þeld situations than in our simu-
lations. The sensitivity analysis revealed that the aphid
densities at the end of the growing season were rel-
atively insensitive for increased lady beetle dispersal.
HalÞng the value of the slope of the distance distri-
bution curve (b) resulted in a 22% reduction of the
aphid density at 20�C and had only a marginal effect
at 15�C and 25�C (Table 2). This suggests that the
simulations may still be noteworthy despite of the
uncertain data on C. septempunctata dispersal.

Fig. 11. Spatial distribution of aphid density at Julian date 230 in nine landscapes with four square hedgerow elements
with different sizes. Simulations conductedwithdevelopmental rates, relativemortality rates, search rates, andhandling times
of Coccinella septempunctata representative for 15, 20, and 25�C are shown from top to bottom. Simulations with double,
standard, and half values of the slope of the distance distribution curve (b) ofCoccinella septempunctata are represented from
left to right. White and black represent densities of 0 and 5,000 aphids/m2, respectively.
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The simulations indicate that landscapes with 
4%
of good quality hibernation area do not maintain a
sufÞcient local populationofC. septempunctata to con-
trol aphid infestations successfully. Long distance mi-
gration of lady beetles from hibernation sites at larger
distances may boost the level of control in such land-
scapes, but then densities of colonizing lady beetles
should be in the order of 10,000 per hectare. Enlarging
the area of noncrop landscape elements that are as-
sociated with C. septempunctata hibernation to 9 to
16% of the landscape could potentially lead to en-
hancedaphidcontrol.Anevendistributionofnoncrop
landscape elements near aphid infested crops is ad-
vantageous, e.g., aswas suggested for grass-sown earth
banks by Thomas et al. (1991, 1992). However, be-
cause the simulations in our study represent the the-
oretical maximal impact of C. septempunctata on
aphids, actual levels of aphid control are likely to be
lower. Yet, in real landscapes in addition to C. sep-
tempunctata, other predators, parasitoids, pathogens,
and fungiwill contribute to biological control of aphid
populations.
The management of refuge habitats of natural en-

emies is a promising approach to enhance their impact
in agroecosystems (Landis et al. 2000, Pickett and
Bugg 1998). Besides empirical studies that investigate
the impact of natural enemies on arthropod pests in
relation to the surrounding landscape, the use of spa-
tially explicit models may contribute to an improved
understanding of these systems by providing a theo-
retical framework in which hypotheses can be formu-
lated and tested. In the current study two hypotheses
have been derived: (1) the area of hibernation habitat
is a key factor for biocontrol provided by predators
and (2) fragmentation of hibernation habitat will only
lead to enhanced levels of biocontrolwhena sufÞcient
area of hibernation habitat is present. These rules of
thumb may be useful for the design and evaluation of
the landscapes with enhanced predator impact and
may contribute to the development of sustainable
agricultural production systems with reduced pesti-
cide inputs.
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Honěk, A. 1989. Overwintering and annual changes of
abundance of Coccinella septempunctata in Czechoslova-
kia (Coleoptera, Coccinellidae). Acta Entomol. Bohemo-
slov. 86: 179Ð192.

Ives, A. R., P. Kareiva, and R. Perry. 1993. Response of a
predator to variation in prey density at three hierarchical
scales: lady beetles feeding on aphids. Ecology 74: 1929Ð
1938.

Kromp, B., and K. H. Steinberger. 1992. Grassy Þeld mar-
gins and arthropod diversity: a case study on ground
beetles and spiders in eastern Austria (Coleoptera: Cara-
bidae; Arachnida: Aranei, Opiliones). Agric. Ecosystems
Environ. 40: 71Ð93.

Landis, D. A., and M. J. Haas. 1992. Inßuence of landscape
structure on abundance and within-Þeld distribution of
European corn borer (Lepidoptera: Pyralidae) larval
parasitoids in Michigan. Environ. Entomol. 21: 409Ð416.

Landis, D. A., S. D. Wratten, and G. M. Gurr. 2000. Habitat
management to conserve natural enemies of arthropod
pests in agriculture. Annu. Rev. Entomol. 45: 175Ð201.

Long, R. F., A. Corbett, C. Lamb, C. RebergHorton, J. Chan-
dler, and M. Stimmann. 1998. BeneÞcial insects move
from ßowering plants to nearby crops. Calif. Agric. 52:
23Ð26.

Maredia, K. M., S. H. Gage, D. A. Landis, and J. M. Scriber.
1992. Habitat usepatternsby the seven-spotted ladybee-
tle (Coleoptera: Coccinellidae) in a diverse agricultural
landscape. Biol. Control 2: 159Ð165.

Marino, P. C., and D. A. Landis. 1996. Effect of landscape
structure on parasitoid diversity and parasitism in agro-
ecosystems. Ecol. Appl. 6: 276Ð284.

Mills, N. J. 1981. Some aspects of the rate of the rate of
increase of a coccinellid. Ecol. Entomol. 6: 293Ð299.

Pickett, C. H., and R. L. Bugg. 1998. Enhancing biological
control: habitatmanagement to promote natural enemies

December 2003 BIANCHI AND VAN DER WERF: BIOCONTROL BY LADY BEETLES IN DIVERSE LANDSCAPES 1303



of agriculturalpests.UniversityofCaliforniaPress,Berke-
ley, CA.

Osawa, N. 2000. Population Þeld studies on the aphidopha-
gous ladybird beetle Harmonia axyridis (Coleoptera:
Coccinellidae): resource tracking and population char-
acteristics. Popul. Ecol. 42: 115Ð127.

Roach, S. H., and W. M. Thomas. 1991. Overwintering and
spring emergence of three coccinellid species in the
Coastal Plain of South Carolina. Environ. Entomol. 20:
540Ð544.

Sunderland, K. D., and G. P. Vickerman. 1980. Aphid feed-
ing by some polyphagous predators in relation to aphid
density in cereal Þelds. J. Appl. Ecol. 17: 389Ð396.

Tatchell, G. M. 1989. An estimate of the potential economic
losses to some crops due to aphids in Britain. Crop Pro-
tection 8: 25Ð29.

Thies,C., andT.Tscharntke. 1999. Landscape structure and
biological control in agroecosystems. Science 285: 893Ð
895.

Thomas, M. B., S. D. Wratten, and N. W. Sotherton. 1991.
Creation of “island” habitats in farmland to manipulate
populations of beneÞcial arthropods: predator densities
and emigration. J. Appl. Ecol. 28: 906Ð917.

Thomas, M. B., S. D. Wratten, and N. W. Sotherton. 1992.
Creation of “island” habitats in farmland to manipulate
populations of beneÞcial arthropods: predator densities
and species composition. J. Appl. Ecol. 29: 524Ð531.

Van der Werf, W., E. W. Evans, and J. Powell. 2000. Mea-
suring and modeling the dispersal of Coccinella septem-
punctata (Coleoptera: Coccinellidae) in alfalfa Þelds.
Eur. J. Entomol. 97: 487Ð493.

VanEmden,H. F. 1965. The role of uncultivated land in the
biology of crop pests and beneÞcial insects. Sci. Hortic.
17: 121Ð136.

Wesseling, C. G., D. J. Karssenberg, P. A. Burrough, and
W.P.A. van Deursen. 1996. Integrating dynamic envi-

ronmental models in GIS: the development of a dynamic
modeling language. Transactions GIS 1: 40Ð48.

White, A. J., S. D. Wratten, N. A. Berry, and U. Weigmann.
1995. Habitatmanipulation toenhancebiological control
of Brassica pests by hover ßies (Diptera: Syrphidae). J.
Econ. Entomol. 88: 1171Ð1176.

Williams, I. S., W. van der Werf, A. M. Dewar, and A.F.G.
Dixon. 1999. Factors affecting the relative abundance of
two coexisting aphid species on sugar beet. Agr. For.
Entomol. 1: 119Ð125.

With, K. A., and T. O. Crist. 1995. Critical thresholds in
speciesÕ responses to landscape structure. Ecology 76:
2446Ð2459.

Xia, J. Y. 1997. Biological control of cotton aphid (Aphis
gossypii Glover) in cotton (inter) cropping systems in
China; a simulation study. PhD dissertation,Wageningen
Agricultural University, The Netherlands.

Xia, J. Y., W. van der Werf, and R. Rabbinge. 1999a. Tem-
perature and prey density on bionomics of Coccinella
septempunctata (Coleoptera: Coccinellidae) feeding on
Aphis gossypii (Homoptera: Aphididae) on cotton. Envi-
ron. Entomol. 28: 307Ð314.

Xia, J. Y., W. van der Werf, and R. Rabbinge. 1999b. Inßu-
ence of temperature on bionomics of cotton aphid, Aphis
gossypii, on cotton. Entomol. Exp. Appl. 90: 25Ð35.

Xia, J. Y., W. van der Werf, and R. Rabbinge. 2003. Multi
stage functional responses in a ladybeetle-aphid system:
scaling up from the laboratory to the Þeld. Environ. En-
tomol. 32: 151Ð162.

Zhou, X., N. Carter, and W. Powell. 1994. Seasonal distri-
bution and aerial movement of Coccinellids on farmland.
Biocontr. Sience Technol. 4: 167Ð175.

Received for publication 31 January 2002; accepted 16 June
2003.

1304 ENVIRONMENTAL ENTOMOLOGY Vol. 32, no. 6


