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Abstract. A 2-year study was conducted to evaluate the role of winter wheat, Triticum
aestivum L., as a potential relay crop to conserve arthropod natural enemies and sup-
press cotton aphids, Aphis gossypii Glover, in seedling cotton. The results suggested that

the natural enemies that moved from the adjacent wheat fields to cotton fields with the
maturity and harvest of wheat could keep the cotton aphid population at the edges (0–
4 m) of cotton fields under the action threshold of 100 aphids/m2. Data also suggested

that the wheat strip served as a reservoir to conserve arthropod predators and ‘‘relayed’’
its predators to cotton when wheat matured and senesced.
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Introduction

The cotton aphid, Aphis gossypii Glover (Homoptera: Aphididae) is a
serious worldwide pest of cotton (Paddock, 1919; Isley, 1946) and the
primary pest of seedling cotton in China (Zhu and Zhang, 1950; Fan et
al., 1991). Because of extensive dependence on insecticides for its con-
trol, cotton aphids have developed resistance to many chemical insec-
ticides (Herron et al., 2001). As a result, chemical control of cotton
aphids in cotton has become inconsistent and cost prohibitive in many
agroecosystems (Hardee, 1993). With the introduction and adoption of
transgenic Bollgard cotton in China, the cotton aphid, instead of the
cotton bollworm, Helicoverpa armigera (Hübner), has become one of
the most important pests in cotton agroecosystems. Alternative ap-
proaches are necessary to develop ecologically intensive and economi-
cally viable cotton aphid management strategy for seedling cotton.
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Host plant species diversity is a key characteristic of an agroeco-
system (Altieri and Letourneau, 1982) and can be utilized as an ap-
proach to conserve and enhance populations of natural enemies, and
consequently to reduce the chemical dependency in agroecosystems.
Root (1973) stated that greater numbers of natural enemy species may
exist in a diverse habitat than in a monoculture setting owing to the
availability of alternative food sources from alternative insect prey or
host. Various crop species can increase the populations of natural
enemies in cotton agroecosystems when they are planted in cotton fields.
For instance, populations of green lacewings, Chrysoperla spp. (Neu-
roptera: Chrysopidae), have been shown to increase in cotton strip-
cropped with sorghum, corn or alfalfa (Smith and Reynolds, 1972;
Massey and Young, 1975). It has also been reported that strip-cropping
has a potential role in increasing predator numbers and reducing the
abundance of cotton aphids in Texas cotton (Parajulee et al., 1997;
Parajulee and Slosser, 1999; Slosser et al., 2000).

Wheat, Triticum aestivum L., is one of the most important grain crops
in the Cotton Belt in China. It is planted in the winter and harvested in
the summer; many natural enemies overwinter within wheat fields and
reproduce in the spring. In Hebei Province of China, approximately 50
generalist natural enemy species occur in wheat cropping systems, pri-
marily feeding on cereal aphids, Schizaphis graminum Rondani and
Macrosiphum avenae F. (Homoptera: Aphididae). Most of these
arthropod predators in wheat are also natural enemies of cotton aphids
(Zhao, 1995). Compared with monoculture cotton, populations of nat-
ural enemies can be increased significantly and cotton aphid populations
can be significantly reduced in cotton inter-cropped (Wang, 1993; Xia,
1997) or strip-cropped with wheat (Parajulee and Slosser, 1999).

An understanding of temporal and spatial movement of natural
enemies from wheat to cotton fields is a necessary first step toward
developing a management plan to maximize the effectiveness of the
relay cropping system. The objectives of this study were to: (1) deter-
mine the influence of wheat planted adjacent to cotton on wheat aphids,
cotton aphids and their natural enemies, (2) determine the spatial dis-
tribution of wheat aphids, cotton aphids and their natural enemies in
the fields, and (3) investigate the time of migration of primary natural
enemy species from wheat to cotton fields.

Materials and methods

This study was conducted in Raoyang County, Hebei Province of China
(38� 15¢ N, 115� 40¢ E) in 2001 and 2002. Wheat was planted on 9
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October at the rate of 690 seeds/m2 and harvested on 7 June of the
following year in both years. Transgenic Bt cotton (Deltapine NuCOTN
33B) containing the Bollgard gene expressing Cry1 A(c) (Monsanto, St.
Louis, MO), was planted at the rate of 5 plants/m2 on 25 April and
harvested before 5 October each year. Cotton fields were fertilized with
150–50–25 kg/ha (N–P–K) each year and furrow irrigated four and five
times in 2001 and 2002, respectively. No pesticides were used during the
study.

Experimental units were 40 m · 100 m cotton plots, planted adjacent
to 40 m · 100 m wheat plots, with 10 and 9 replications in 2001 and
2002, respectively. Cotton plots and wheat plots were randomly assigned
along the longer side of the plots and a 0.3 m strip of bare soil separated
the plots. Five, 1-m2 sites were marked along the width of the experi-
mental plots at 0 m (border), 2, 4, 8 and 16 m outward from the wheat–
cotton border in both wheat and cotton plots. Each 1-m2 site included
two rows of cotton or six rows of wheat; therefore, 2-row cotton · 1 m
and 6-row wheat · 1 m served as sample units.

Arthropod species sampled included two groups of predator species
and aphid species. The predator species were selected based on their
abundance in wheat and cotton, their potential to control wheat and
cotton aphids, and their movement potential between wheat and cotton
fields (Zhao, 1995). Predator species included lady beetles, Propylaea
japonica Thunberg (Coleoptera: Coccinellidae) and Coccinella septem-
punctata L. (Coleoptera: Coccinellidae), and spiders, Eringonidium
graminicola Sundevall (Araneida: Linyphidae), and Misumjenops tri-
cuspidatus F. (Araneida: Thomisidae). Aphid species sampled included
wheat aphids, S. graminum and M. avenae, and cotton aphids.
Arthropod species were counted visually on all plants within each
sample unit in cotton. Predatory arthropods in wheat were counted on
all plants within each sample unit, but only 10 wheat plants were
sampled for wheat aphids. Arthropods were sampled at 5-day intervals
between 18 May and 2 June in 2001 and between 13 May and 2 June in
2002 in wheat plots, and between 13 May and 17 June in 2001 and
between 18 May and 17 June in 2002 in cotton plots.

Arthropod abundance as affected by distance from the wheat–cotton
border was analyzed using one-way ANOVA, and means were sepa-
rated by least significant difference. In the cases of significant differences
in arthropod abundance between distances, regression analyses were
performed to examine the relationships of arthropod numbers and the
distances from the wheat–cotton border. An estimation curve method
based on the significance of all model effects was used to evaluate the
relationship between arthropod abundance and distance from the
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border. If there were more than one significant model effects, the model
with the highest r2 was selected.

Results

Abundance of wheat aphids, lady beetles and spiders in wheat fields

The distance from the wheat–cotton border affected arthropod abun-
dance in wheat. On 18 May 2001, abundance of wheat aphids varied
significantly between distances. The numbers at 16 m were 1.5 times
higher compared to the numbers at 0 m (F ¼ 5.09; df ¼ 1, 18;
p ¼ 0.037) (Table 1). Aphid numbers were lowest at the edges and their
numbers increased as the distance increased from the border of field;
regression analysis showed a linear relationship between aphid abun-
dance and the distance from the field edge (Table 3). On 28 May 2001
(1 week before the harvest of wheat), there were significant differences
between wheat aphids at different distances from the border (F ¼ 3.038;
df ¼ 4, 45; p ¼ 0.027), and density of wheat aphids at 0 m was twice
that of at 8 and 16 m. In 2002, the only significant differences with
respect to wheat aphid numbers occurred on 2 June when aphids were
significantly more abundant at 0 m compared to that at 2, 4 and 16 m
from the field border (F ¼ 2.745; df ¼ 4, 40; p ¼ 0.042) (Table 1).

The abundance of lady beetles in wheat was affected by distance from
the wheat–cotton border. Before wheat senesced, the abundance of lady
beetles tended to increase as the distance from the wheat–cotton border
increased (Table 1). This relationship was significant on 18 May 2001
(F ¼ 10.38; df ¼ 4, 45; p < 0.001), 23 May 2001 (F ¼ 3.81; df ¼ 4, 45;
p ¼ 0.009), and 18 May 2002 (F ¼ 2.74, df ¼ 4, 40; p ¼ 0.042) (Tables 1
and 3). However, when wheat matured and was 1 week away from
harvest (2 June 2001), lady beetles were more abundant near the border
and were 2.7 times more abundant at 4 m compared to that at 16 m
(F ¼ 4.60; df ¼ 1, 16; p ¼ 0.046). The same trend was observed on 2
June 2002, with 2.3-fold higher abundance of lady beetles at 4 m
compared to that at 16 m (F ¼ 5.52; df ¼ 1, 16; p ¼ 0.032). This rela-
tionship was best described with quadratic models (Table 3).

Abundance of spiders decreased with an increase in distance from the
border on 18 May 2001 and 13 May 2002 (Tables 1 and 3). Spiders at
0 m were 4.3 times and 2.5 times more abundant than those at 16 m on
18 May 2001 (F ¼ 7.42; df ¼ 1, 18; p ¼ 0.014) and 13 May 2002
(F ¼ 6.02; df ¼ 1, 16; p ¼ 0.026), respectively. These data indicate that
lady beetles and spiders spatially partitioned their resource habitat in
wheat field.
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Abundance of cotton aphids, lady beetles and spiders in cotton fields

In general, cotton aphid abundance increased as the distance from
wheat–cotton border increased (Table 2), with significant relationships
observed in six out of eight sample dates (F ¼ 4.45; df ¼ 4, 45;
p ¼ 0.057 on 18 May; F ¼ 10.536; df ¼ 4, 45; p < 0.001 on 28 May;
F ¼ 22.847; df ¼ 4, 45; p < 0.001 on 2 June; F ¼ 4.529; df ¼ 4, 45;
p ¼ 0.004 on 7 June; F ¼ 14.431; df ¼ 4, 45; p < 0.001 on 12 June;
F ¼ 10.188; df ¼ 4, 45; p < 0.001 on 17 June). Abundances of cotton
aphids at 0, 2 and 4 m were less than the action threshold of 100 aphids
per plant (Zhang and Yuan, 1982) on all sampling dates (Figure 1).
However, at 8 and 16 m, populations of cotton aphids increased to
levels above the action threshold on 2 June; they were reduced on later
dates (Figure 1). Similar results were observed in 2002, with significant
relationships on sample dates between 2 June and 17 June (F ¼ 1.529;
df ¼ 4, 40; p ¼ 0.186 on 2 June; F ¼ 3.534; df ¼ 4, 40; p ¼ 0.015 on 7
June; F ¼ 2.554; df ¼ 4, 40; p ¼ 0.054 on 12 June; F ¼ 2.117; df ¼ 4, 40;
p ¼ 0.094 on 17 June) (Tables 2 and 3). It is noteworthy that the sig-
nificant relationships were observed after the wheat crop was termi-
nated. Also, abundances of cotton aphids at all sampled distances (0, 2,
4, 8 and 16 m) were lower than the action threshold on all sampling
dates except at 16 m on 7 June in 2002 (Figure 1).

Populations of lady beetles were relatively low in the cotton field
prior to 7 June (before wheat harvest) in both years. Considerable in-
creases in lady beetle numbers were observed on 7 June in both years
(Figure 2), coinciding with wheat harvest. In general, abundance of lady
beetles increased as the distance from the wheat–cotton border in-
creased (Table 2). In 2001, lady beetles were more abundant at distances
near the wheat–cotton border just after wheat harvest (7 June)
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Figure 1. Average abundance of cotton aphids (numbers/m2) at different distances from
the border in cotton fields.
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(F ¼ 6.76; df ¼ 1, 18; p ¼ 0.018) (Tables 2 and 3). In 2002, the highest
numbers of lady beetles were observed closer to the wheat–cotton
border right after wheat harvest as in 2001, but the effect continued for
2 weeks in 2002 (Table 2). This relationship was best described with
quadratic models (Table 3).

Abundance of spiders at wheat–cotton border was significantly
higher than those at other distances on 28 May 2001 (F ¼ 4.23; df ¼ 4,
45; p ¼ 0.005) and 7 June (F ¼ 6.33; df ¼ 18; p ¼ 0.022) (Table 2).
Following wheat harvest, spider abundance was greatest in the plot
interior and the numbers did not significantly vary across different
distances. No significant differences were observed in numbers of spi-
ders at any distances in 2002 (Table 2).

Discussion

Although some cropping patterns such as intercropping are practiced
to protect highly erodable land from soil erosion, fertilizer manage-
ment, or weed control (Vandermeer, 1989; Theunissen, 1994), they can
also enhance insect predator populations through their contribution to
habitat diversification (Alderweireldt, 1994; Theunissen, 1994; Mineau
and Mclaughlin, 1996; Obrycki and Kring, 1998; Mensah, 1999;
Parajulee and Slosser, 1999; Prasifka et al., 1999). Relay intercropping
is a pattern that allows planting of one inter-crop species before an-
other so that their life cycles partially overlap (Kass, 1978) and provide
a predator reservoir before the arrival of key pests of the primary crop
(Gold et al., 1990; Lys and Nentwig, 1992). The success and efficiency
of natural enemies in the control of pest populations in relay inter-
cropping largely depends on the crops chosen, the time of maturity of
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Figure 2. Average abundance of lady beetles (numbers/m2) at different distances from
the border in cotton fields.
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the crops and the behavior of pests and beneficial arthropods (Para-
julee et al., 1997).

The results of the present study indicated that numbers of lady beetles
and their prey, wheat aphids, were lower at the wheat–cotton border than
they were at central parts of wheat fields prior to wheat maturity in both
years. However, after wheat senesced, abundance of wheat aphids de-
creased within the wheat field while the abundance of lady beetles and
spiders increased near the wheat–cotton border. Although number of
cotton aphids in cotton fields were higher than wheat aphids in wheat
fields right before wheat was harvested, relatively few lady beetles were
found in cotton fields prior to wheat harvest. However, immediately
following wheat harvest, significant numbers of lady beetles were found
in cotton fields adjacent to wheat, indicating that the wheat strip served as
a reservoir to conserve arthropod predators. This event also coincided
with increased cotton aphid activity in cotton. In a cotton-lucerne relay
system in Australia, Mensah (1999) reported that the populations of
predatory arthropods recorded on cotton declined with increasing dis-
tance from the lucerne strip.

In general, the number of seedling cotton aphids between 0 and 4 m
distances were less than 100 individuals/m2, far below the action
threshold. At 8 and 16 m, natural enemies in cotton fields apparently
kept the populations of cotton aphids under the threshold for up to
2 weeks following wheat harvest. Our results suggest that the natural
enemies from the adjacent wheat fields could suppress seedling cotton
aphids at least up to 4 m from the wheat–cotton border. This distance
is well within the most common cotton–wheat intercrop system (three
rows of wheat with two rows of cotton) in northern China (Xia, 1997).
However, further studies are warranted to quantify the intensity and
direction of predator movement from wheat to cotton. Nevertheless,
these results indicate that a strip planting of wheat can conserve nat-
ural enemies of cotton arthropods and act as a relay crop to transfer
natural enemies into adjacent cotton plots, with a significant potential
to suppress cotton aphids.
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