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Abstract Effects of large-scale cultivation of trans-

genic crops on agricultural biodiversity remain

unclear, particularly in the context of complex

ecological interactions between transgenic crops and

other organisms. Here we conducted a comprehensive

survey to investigate the number of species, popula-

tion abundance, community evenness and dominance

of insects and weeds as well as leaf damage to weeds in

Bt and non-Bt cotton fields at 27 sites across northern

China. The role of neighbouring crop diversity around

cotton fields in controlling insects and weeds in the

cotton fields was also assessed. In addition, we

conducted a 3-year field experiment to verify the

results of the survey. Weed diversity in Bt and non-Bt

cotton fields was similar, but the species number and

diversity indices of insects are significantly decreased

in Bt fields aligning with reduced leaf damage to

broadleaf plant species including cotton as well as

crops in neighbouring plots. The leaf damage to Bt and

non-Bt cotton negatively associates with the diversity

of neighbouring crops in cotton fields. Our study

demonstrates the neighbouring crop diversity medi-

ates the effects of Bt crops on agricultural diversity in

complex interactions among transgenic crops, in-field

weed and insect communities, and neighbouring

crops.

Keywords Neighbouring crop diversity � Ecosystem
services � Non-target insects � Leaf damage �
Transgenic cotton

Introduction

Genetically modified (GM) crops have been cultivated

worldwide for 2 decades and the cultivation area

exceeded 185 million hectares in 2016 (ISAAA 2016).

Although GM crops benefit crop production and

enhance food security by reducing chemical pesticides

usage, concerns about the biosafety of the cultivation

of GM crops are multi-fold. For example, gene flow

from GM crops to their wild relatives may lead to

introgression of transgenes in progeny (Ellstrand et al.

2013; Liu et al. 2013; Baltazar et al. 2015), which

could form feral weeds and volunteers (Heard et al.
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2003; Marquardt et al. 2012). Long-term cultivation of

insect-resistant GM crops may cause resistance of

target insects to GM crops (Tabashnik et al. 2013; Jin

et al. 2015). In addition, GM crops interact with non-

target organisms (Marvier et al. 2007; Carrière et al.

2009; Whitehouse et al. 2014), soil animals and

microbes (Li and Liu 2013; Liu et al. 2015) and

aquatic organisms (Rosi-Marshall et al. 2007; Liu

et al. 2016). It is important to understand how GM

crops affect other organisms in agricultural ecosys-

tems, particularly in the long term and at a large scale.

Laboratory and greenhouse assessments found that

insect-resistant GM crops expressing Bacillus

thuringiensis (Bt crops) may have negative effects

on non-target species such as pest predators (Chen

et al. 2009; Lawo et al. 2010) and on parasitoid species

(Sanders et al. 2007) because of Bt ingestion or lower

nutrient quality of Bt plants (reviewed in Yu et al.

2011). These indoor results suggest the existence of

unintended impacts of Bt crops in nature that have to

be considered in their environmental release (Meissle

and Romeis 2009; Álvarez-Alfageme et al. 2010; Zhao

et al. 2013).

Besides laboratory or greenhouse assessment, field

investigation is a higher-tier test (Romeis et al. 2006;

Chen et al. 2009; Balog et al. 2010). The results of the

effects of Bt crops on organisms are inconsistent in

field studies. Some detected significant changes in the

abundance of some non-target taxa with the cultiva-

tion of Bt crops (e.g., Naranjo 2005), while others did

not (Romeis et al. 2006; Wolfenbarger et al. 2008;

Chen et al. 2009). A major reason for this inconsis-

tency is that most field studies are site-specific

considering the limited variability of the environment

such as biodiversity, climate and biogeography. To

address the ecological consequences induced by the

cultivation of GM crops, the complex ecological

interactions among GM crops, insects and other

organisms should be systematically assessed across

space and time (Andow and Zwahlen 2006).

Insects may respond differently to Bt crops and

provide feedback on ecosystem functionalities.

Although Bt crops suppress target insects, they could

induce outbreaks of non-target pests (Zeilinger et al.

2016). Such outbreaks are likely to result in changes in

the community composition of insects in agricultural

ecosystems. Moreover, target insects may also adapt

to Bt crops by evolving resistance to Bt transgenes,

threatening the long-term efficiency of Bt crops

(Zhang et al. 2011; Smagghe et al. 2012; Jin et al.

2015). The effect of Bt crops on insects may also

propagate to other trophic levels such as weeds (Norris

and Kogan 2005) and to neighbouring fields of non-Bt

crops (Lu et al. 2012).

In this study, we investigated insect and weed

diversity in 27 cotton fields (including Bt and non-Bt

cotton) across the North China Plain (NCP). Bt cotton

is one of the top four cultivated GM crops worldwide

and has been cultivated for 2 decades and over 3.6

million hectares per year in China alone (ISAAA

2016). We conducted a detailed survey of the species

and abundance of weeds and insects as well as the

damage to broadleaf species and neighbouring crops.

Specifically, we addressed the following questions: (1)

whether Bt cotton affects the community composition

of insects in the Bt cotton field as well as in

neighbouring fields of other crops; (2) whether Bt

cotton affects herbivory damage to weeds and neigh-

bouring crops; (3) whether the diversity of neighbour-

ing crops affects the ecosystem services (e.g.,

herbivory damage) of Bt cotton. An independent

experiment was also conducted to further verify the

findings based on the survey data sets.

Materials and methods

Study region

According to the Statistical Yearbooks and Rural

Statistical Yearbooks of China, in 2012 we selected

three provinces (Hebei 483kha ? Henan

186kha ? Shandong 673kha = 1.34 9 106 ha),

which covered 30.9% of the national cotton area

(4.34 9 106 ha), to conduct a field survey (see next

section). The cultivation of Bt cotton started in 1997.

Field survey

Twenty-seven cotton fields ([ 1 ha) were randomly

selected in Hebei, Henan and Shandong provinces and

the survey was conducted from 9 August to 28

September 2012 (Fig. 1). Cotton leaves were selected

randomly in these fields and the concentration of Bt

proteins in cotton leaves was measured using the

ELISAmethod to determine whether the cotton was Bt

or non-Bt cotton (Fig. S1; Liu et al. 2015). Five leaves

were sampled to conduct ELISA analysis from five
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cotton plants in each plot. In total, 22 of the 27 field

sites were identified as Bt fields, and 5 sites were non-

Bt fields (Fig. 1; Table S1).

In these cotton fields, the abundance and species of

insects and weeds were recorded. For insect investi-

gation, five plots (5 m 9 5 m) per cotton field were

randomly selected. Then, four cotton plants were

randomly chosen per plot, and insects (mainly arthro-

pods) and leaf damage were assessed for all leaves of

each plant. All insects were assessed on the adaxial

and abaxial leaf surface and preserved in 75% alcohol

for identification.

For weed investigation, three plots (1 m 9 1 m)

per cotton field were randomly selected, and the leaf

damage to broadleaf weeds was checked using the

method of Schuldt et al. (2010). In brief, leaf damage

was assessed visually by assigning one of five

predefined percentage classes (0%,\ 5%,

5–15%,[ 15–35% and[ 35%) (Schuldt et al.

2010). In the statistical analyses, we used the mean

percentage of leaf damage for each percentage class

(0%, 3%, 10%, 25% and 55%). The actual mean

amount for the estimated percentage was checked

using the method of Schuldt et al. (2010). Leaf holes

obviously from a disease or mechanical damage were

not included.

Three plots per crop species were selected ran-

domly in all neighbouring crop fields around each

investigated cotton field, some of which share a ridge

with the cotton field or have a distance\ 5 m. Four

neighbouring crop plants per plot were also assessed

for leaf damage using the method of Schuldt et al.

(2010).

Independent field experiments and measurements

As a complementary approach to the above field

survey, we conducted an independent field experiment

to measure the same variables as in the field survey.

The experiment was carried out at Shunyi, Beijing

(116�3605500E, 40�1002700N). A Bt transgenic cotton

(33B) expressing Cry1Ac and a non-transgenic cotton

(cultivar 33) have been consecutively cultivated

(using progeny seeds) since 2010 in three randomly

Fig. 1 Field investigation in cotton fields and cultivation history of neighbouring crops. a Survey locations, indicated by red dots.

b Field survey photos for insects and weeds in cotton fields and neighbouring crops
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distributed blocks (35 m 9 50 m for each block),

respectively. The field measurements were done on 1

October 2012.

Calculation of biodiversity indices

We calculated the following biodiversity indices for

insects and weeds respectively: (1) the Shannon-

Wiener index H0 = -
P

PilnPi, where Pi is the

proportion of individuals in the ith taxon, (2) the

Pielou evenness index: J = H0/lnS, where S is the

species richness, and (3) the Simpson dominance

index: D = 1–
P

Pi
2. These indices were calculated

using the ‘‘vegan’’ package in R software (R Devel-

opment Core Team 2008).

Statistical analysis

For the site survey data, we used non-parametric

Kruskal-Wallis analysis to test the effects of Bt cotton

cultivation (Bt vs. non-Bt cotton) on the abundance,

species number and three biodiversity indices of

insects and weeds as well as on the leaf damage. The

Kruskal-Wallis test was preferred as it is robust to

unequal sample sizes (5 non-Bt sites vs. 22 Bt sites)

and non-normally distributed data. For leaf damage, a

multiple regression model was employed to analyse

the correlation of leaf damage percentages of broad-

leaf weeds with the species number, weed height,

abundance and leaf number of the weed species.

A Tukey’s HSD test was employed for multiple

comparisons of leaf damages among broad-leaf weed

species and among crop species. For the independent

Shunyi experiment, one-way ANOVA was employed

to test the difference of abundance, species number

and the three biodiversity indices of insects and weeds

between Bt-transgenic cotton (33B) and non-trans-

genic cotton (cultivar 33) blocks.

To assess the effect of Bt cotton on the community

composition of insects, we employed a permutational

multivariate analysis of variance (PERMANOVA)

(Anderson 2001) using the ‘‘adonis’’ and ‘‘vegdist’’

functions in the ‘‘vegan’’ package of R software (R

Development Core Team 2008). We applied no

standardisation procedures. Each test was run through

4999 permutations. We performed pairwise tests to

identify differences among specific groups for each

factor or factor interaction.

To determine the contribution of species to the

differences in insect communities between the two

cotton types (i.e., Bt vs. non-Bt cotton), we conducted

a similarity percentage (SIMPER) analysis using the

‘‘simper’’ function in the ‘‘vegan’’ package of R

software. In SIMPER, the overall percentage contri-

bution of each measurement (abundance) to the

average dissimilarity between Bt and non-Bt cotton

was used to order their importance in discriminating

two sets of samples (Clarke 1993).

A contrast test was employed to test whether the

number of crop species affected leaf damage to cotton.

A correlation test was employed to study the relation-

ship among the number of neighbour crops species,

leaf damage to crops, insect diversity (abundance,

number of the species, Shannon-Wiener index) and

weed diversity (abundance, number of species, Shan-

non-Wiener index), using an average value per site in

27 surveyed sites. Statistical analysis was conducted

with R software (R Development Core Team 2008).

Results

Insects in Bt and non-Bt cotton fields

We found 15.8 9 103 insect individuals on

42.5 9 103 cotton leaves from 580 cotton plants, with

an average abundance of 42 insect individuals per

cotton plant. Except 107 unknown insect individuals,

37 species were identified. The dominant species were

Bemisia tabaci and Aphis gossypii, accounting for

42.3% and 34.0% of total abundance, respectively,

followed by Empoasca flavescens, Theridion

octomaculatum, Erigonidium graminicolum, Leis

axyridis and Liriomyza sativae. The top ten insect

species were found in[30% of plots (Fig. S2). Each

plot had 8.5 species and 109 individual insects on

average.

Bt cotton fields showed significantly fewer insect

species (Fig. 2; v2 = 8.69, P = 0.003; Table S2),

lower Shannon-Wiener index (v2 = 7.30, P = 0.007)

and Simpson index (v2 = 5.80, P = 0.02) values than

non-Bt cotton fields, while the abundances of total

insects (v2 = 0.67, P = 0.41) and the Pielou index

value (v2 = 1.28, P = 0.26) were not significantly

different (Fig. 2).

The PERMANOVAS test of community composi-

tion detected a significant effect of Bt cotton on the
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composition of the insect community (F1,133 = 5.12,

P\ 0.001). The SIMPER analyses indicated that this

significant difference in insect community was mainly

attributed to the differences in four species: A.

gossypii, B. tabaci, E. flavescens and T. octomacula-

tum. Together, these four species accounted for [
73.5% of the dissimilarity of the insect community

between Bt and non-Bt cotton fields (Table 1).

Thirteen species were only found in Bt cotton fields,

while only one was a unique species in non-Bt cotton

fields, i.e., Pectinophora gossypiella. The target insect

of Bt cotton, Helicoverpa armigera, did not show a

significant difference in its abundance, with an

average of 0.70 versus 0.37 larvae per plant

(F1, 46 = 1.26, P = 0.27).

In the Shunyi site, the PERMANOVAS test of

community composition also detected a significant

effect of Bt cotton on the composition of the insect

community (F1,8 = 5.49, P = 0.014). The cultivation

of Bt cotton decreased the abundance of all insects

(one-wayANOVA,F1,8 = 25.3,P = 0.001; Table S2),

but did not significantly affect the species number or

Shannon-Wiener, Simpson and Pielou index values of

insects (P[ 0.05; Table S2).

Weeds in Bt and non-Bt cotton fields

In total, 6.69 9 103 weed individuals and 34 species

were found in the surveyed fields. The most abundant

species were Eleusine indica and Digitaria san-

guinalis, accounting for 28.4% and 25.6% of total

abundance, respectively, followed by Portulaca oler-

acea, Acalypha australis, Cyperus iria, Amaranthus

viridis, Chenopodium album, Setaria viridis, Eclipta

prostrata and Convolvulus arvensis. These top ten

species were found in[ 19% of plots (Fig. S2). On

average, each plot showed 5.30 species and 76.9

individuals. The abundance, species number and

diversity indices for weeds were not significantly

different between the surveyed Bt and non-Bt cotton

Fig. 2 Effects of Bt cotton cultivation on insect diversity in

fields. The overall abundance of total insects and the Simpson

diversity index value were not significantly different between Bt

and non-Bt cotton fields. Non-transgenic cotton fields had more

insect species and higher Shannon-Wiener values than trans-

genic cotton fields
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fields (Fig. S3; Table S2). There was also no signif-

icant difference in weed community between non-Bt

and Bt cotton fields when weed species were separated

into moncot and dicot species. This result was

consistent with the results from the independent

Shunyi experiment (ANOVA, P[ 0.05).

Leaf damage to broad-leaf weeds in Bt and non-Bt

cotton fields

Mean herbivory-induced damage to eight dominant

broad-leaf weed species was 10.6%, with significant

differences among weed species (F7,49 = 5.65,

P\ 0.001; Table S3) and Physalis minima was the

most damaged species (30.9 ± 8.63% of leaf surface),

followed by Lepidium apetalum, Eclipta prostrata,

Chenopodium album and Portulaca oleracea

(Table S3). The damage to broad-leaf weeds between

Bt (9.17% of leaf surface on average) and non-Bt

cotton fields (15.26%) was significantly different

(Kruskal-Wallis test, v2 = 4.71, P = 0.03), although

the mean height (v2 = 0.98, P = 0.32) and abundance

(v2 = 0.31, P = 0.57) of broad-leaf weeds were sim-

ilar. After conducting stepwise procedures in multiple

regression, a linear regression (Y = 14.2 - 0.26 9 A;

R2 = 0.08, P = 0.04) was fitted, suggesting that leaf

damage to broad-leaf weeds (Y) was negatively related

to weed abundance (A).

Herbivory-induced damage to cotton

and neighbouring crops

The leaf damage to Bt and non-Bt cotton was not

significantly different, with an average of 10.19% and

10.63% in surveyed sites, respectively. This result was

consistent with the results of Shunyi experiments,

although the magnitude of the damage was much

higher (26.55% for Bt cotton and 25.06% for non-Bt

cotton, P[ 0.05) in Shunyi.

We found up to five neighbouring crop species

around one cotton field. In total, 12 neighbouring crop

species were found and their mean overall percentage

of herbivory-induced damage was 10.58% (Table 2).

These crop species showed significant differences in

leaf damage (Table 2; F12,371 = 30.12, P\ 0.001).

Leaf damage to eggplant and cabbage was the worst

([ 20%), followed by soybean, sweet potato, radish

and millet (Table 2). Sorghum and maize were the

least damaged crop species. Between Bt and non-Bt

cotton fields, only leaf damage to the neighbouring

Table 1 SIMPER analysis of insect assemblages from Bt (transgenic) and non-Bt cotton fields

Pest or predator Mean abundance

Species Contr (%) SD Non-Bt cotton Bt cotton Sum (%)

Bemisia tabaci Pest 16.90 13.64 33.16 48.93 31.15

Aphis gossypii Glover Pest 13.19 12.87 20.64 41.95 55.47

Larvae of Empoasca flavescens Pest 6.89 6.34 12.36 4.43 68.17

Theridion octomaculatum Predator 2.91 3.73 4.72 3.00 73.53

Empoasca flavescens Pest 2.00 2.47 2.04 2.98 77.23

Liriomyza sativae Pest 1.61 1.80 2.28 1.49 80.20

Erigonidium graminicolum Predator 1.50 1.93 2.00 2.47 82.95

Ants – 1.45 4.42 3.00 0.06 85.63

Larvae of Harmonia axyridis Predator 1.18 2.23 0.76 2.31 87.80

Thrips flavus Schrank Pest 1.06 1.85 1.92 0.24 89.75

Clubiona japonicola Predator 0.97 2.34 1.40 0.75 91.53

Larvae of Chrysopinae Predator 0.58 0.93 0.80 0.38 92.61

Helicoverpa armigera Pest 0.57 1.04 0.32 0.89 93.67

Dysdercus cingulatus Pest 0.52 0.69 0.68 0.54 94.61

The 14 highest-ranking species contributing to the dissimilarity between Bt and non-Bt cotton fields are listed. Bt cotton is genetically

modified to express Bacillus thuringiensis (Bt) toxins; non-Bt cotton is a conventional isoline. Contr, average contribution to overall

dissimilarity; SD, standard deviation of contribution; Sum, ordered cumulative contribution. Bold numbers indicate higher abundance

123

Transgenic Res



sweet potato (24.7 vs. 15.9%; v2 = 4.09, P = 0.04)

and peanut (14.9 vs. 8.94%; v2 = 9.08, P = 0.003)

plants showed a significant difference. Regression

analysis showed a marginally significant trend of

herbivory-induced damage to crops with weed abun-

dance (R = - 0.35, P = 0.07), but herbivory-induced

damage to crops was not correlated with insect

diversity.

Effects of crop diversity on leaf damage

The leaf damage to cotton was significantly different

when cotton was cultivated with different neighbour-

ing crops (Fig. 3; v2 = 34.59, P\ 0.001). Contrast

tests indicated that cotton cultivated without neigh-

bouring crops had more leaf damage than that with

neighbouring crops (t = 4.95, P\ 0.001). Cotton with

one crop species (maize) had less leaf damage

percentage than with more crop species (Fig. 3;

t = - 4.01, P = 0.001); however, two crop species

(maize ? soybean) had more leaf damage than those

with more neighbouring crops (Fig. 3; t = 2.55,

P = 0.012). Other crops (except cotton) did not show

a consistent trend of leaf damages with the species

number of crops (Fig. 3; Table S4).

Discussion

In this study, we investigated the effects of Bt cotton

on insect and weed communities and leaf damage and

how these effects correlate to neighbouring crops by

conducting a large-scale survey. We found that large-

scale cultivation of Bt cotton affected the composition

of the insect community with lower insect diversity

index values and therefore reduced the leaf damage to

broad-leaf weeds and neighbouring crops.

The abundance of cotton bollworm (Helicoverpa

armigera), a target insect species of Bt cotton, was

comparable in Bt and non-Bt cotton fields. This is not

consistent with Wu et al. (2008) who found that the

cultivation of Bt cotton decreased the abundance ofH.

armigera in a Bt cotton field and neighbouring crops in

northern China. A possible reason is the adaptation of

the insects to Bt cotton due to resistance evolution.

Indeed, some long-term experiments have observed

this resistance (Zhang et al. 2011; Smagghe et al.

2012; Jin et al. 2015). In addition, consecutive

cultivation in Shunyi using progeny seeds decreased

the Bt concentration in Bt cotton plants (Table S1),

which decreased the effectiveness of Bt cotton in

killing H. armigera. H. armigera did not selectively

feed on Bt or non-Bt cotton leaves collected from the

Shunyi site (Liu et al. 2019).

We found significant effects of Bt cotton on the

composition of the insect community in this study,

although the overall abundance of insects was not

significantly different between Bt and non-Bt cotton

fields. Besides target insects, the cultivation of Bt

crops could directly affect non-target insects in

agricultural ecosystems by ingestion of the Bt plants

(Meissle and Romeis 2009) or indirectly through a

food chain for predators (Chen et al. 2009; Zhao et al.

2013) or a niche replacement for pests (Marvier et al.

Table 2 Mean (± SD) leaf

damage to neighbouring

crops cultivated near Bt and

non-Bt cotton fields

#HSD test results; different

letters in a column indicate

a significant difference at

P\ 0.05. The cultivation of

Bt cotton significantly

reduced the leaf damage

percentage of sweet

potatoes (24.7 vs. 15.9%;

t = -2.32, P = 0.02) and

peanuts (14.9 vs. 8.94%;

t = -2.83, P = 0.008)

Crops Species No. of plots Leaf damage (%)# Min. Max.

Eggplant Solanum melongena 8 29.89 ± 12.23a 10.06 43.05

Cabbage Brassica rapa 36 21.30 ± 13.14ab 1.00 46.43

Soybean Glycine max 204 18.53 ± 13.88b 0.00 55.00

Sweet potato Ipomoea batatas 120 17.63 ± 9.68bc 0.60 41.07

Radish Raphanus sativus 12 17.51 ± 10.05bcd 0.75 27.50

Millet Setaria italica 12 16.85 ± 12.19bcd 3.71 38.50

Mung bean Vigna radiata 35 12.37 ± 7.08 cd 1.77 30.24

Pepper Capsicum annuum 36 11.04 ± 8.01de 0.00 25.86

Cotton Gossypium arboreum 605 11.01 ± 9.03de 0.42 36.41

Peanuts Arachis hypogaea 144 9.94 ± 7.11de 0.00 39.26

Sesame Sesamum indicum 24 4.23 ± 4.61ef 0.20 17.72

Sorghum Sorghum bicolor 12 1.39 ± 2.88ef 0.00 8.130

Maize Zea mays 312 1.38 ± 2.49f 0.00 18.14
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2007; Lu et al. 2010). Based on a meta-analysis of 42

field-based studies, Marvier et al. (2007) found the

abundance of non-target invertebrates in Bt maize and

cotton fields without insecticides was higher than in

non-Bt fields with insecticides, but was lower than in

non-Bt fields without insecticides (2007). Field mon-

itoring results showed no significant difference in the

abundance of non-target insects between Bt and non-

Bt cotton fields (Romeis et al. 2006; Wolfenbarger

et al. 2008; Balog et al. 2010; Carpenter 2011).

Our results demonstrated that non-Bt cotton plots

had more insect species than Bt cotton plots. Some

insect species showed higher abundance in Bt cotton

than in non-Bt cotton fields, such as B. tabaci, A.

gossypii Glover and Harmonia axyridis; in contrast,

some species showed lower abundance, such as E.

flavescens, T. octomaculatum, ants and Thrips flavus

Schrank. This is because different insect species had

different responses to Bt cotton. Spider mites were

observed with higher abundance in Bt cotton than in

non-Bt cotton fields (Wu and Guo 2005). The abun-

dance of cotton jassid, whitefly and thrips was not

different in Bt and non-Bt cotton fields in Pakistan

(Arshad and Suhail 2010). The population density of

the mired bug increased on cotton and neighbouring

crops from 1997 to 2008 with Bt cotton cultivation in

China, but this may relate to a decreased use of

insecticides (Lu et al. 2010). The adoption of Bt cotton

decreased the abundance of aphids but increased the

abundance of predators (ladybirds, lacewings and

spiders), also with reduced insecticide use in cotton

fields (Lu et al. 2012). These results suggested that the

cultivation of Bt crops had variable effects on insects,

depending on the insect species and field agricultural

management such as use of insecticides.

Here, we found no significant effect of Bt cotton on

weed diversity. Insect-resistant GM crops are

expected to affect the weed community by affecting

the diversity of insects, because weeds serve as

alternative hosts and provide food sources for insects

(Norris and Kogan 2005). However, the long-term

effects of GM crops on weeds is still unclear. To our

knowledge, there have been no direct studies on weed

effects of insect-resistant crops. The weed effects of

GM herbicide-tolerant (GMHT) crops have been

explored. A survey of glyphosate-tolerant cotton, corn

and soybean in six US states showed that 36–70% of

growers reported less weed pressure and\ 7% of

growers indicated greater weed pressure than for non-

transgenic crops (Kruger et al. 2009). In a UK GMHT

oilseed rape field, Bohan et al. (2005) found total

weeds were not different between GMHT and con-

ventional fields, but there were fewer dicots and more

monocots in GMHT than in conventional crops. In the

current study, the diversities of dicot and monocot

weeds were also not significantly different between Bt

Fig. 3 Leaf damage to

crops against the species

number of neighbouring

crops in fields. Numbers

above bars indicate the

species number of

neighbouring crops near

cotton in the investigated

sites
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and non-Bt cotton fields. However, Bt cotton

decreased the leaf damage to broad-leaf weeds, which

might result from the decreased insect diversity in Bt

cotton fields.

Neighbouring crops provide ecological services

mainly via the movement of insects that damage crops.

In this study, crop diversity did not affect insect

diversity in cotton fields but decreased leaf damage to

cotton. Compared with the investigated sites with

neighbouring crops, the Shunyi base without neigh-

bouring crops showed higher damage magnitude in

cotton leaves. Leaf damage to crops depends on the

preference of insects, e.g., leaves of eggplant and

cabbage were seriously damaged by pests in fields.

The neighbouring maize crop decreased but the

soybean crop increased the leaf damage to cotton

(Fig. 3). To improve pest management in agricultural

systems, secondary plants are added to provide

additional shelter or food to beneficial organisms

(Parolin et al. 2012). The decreased abundance of

pests in Bt cotton fields provides biocontrol services to

neighbouring crops (Lu et al. 2012). Through field

investigations, Ouyang et al. (2012) found that neigh-

bouring maize helps predatory beetles to enhance

biological control for pests in cotton fields. We found

weed abundance was negatively related to crop leaf

damage, which indicates weed diversity benefits insect

damage to crops. Thus, the ecological effects of Bt

cotton are complex in fields and indirectly related to

neighbouring crop diversity via insect movement and

host service of weeds.

Crop diversity, therefore, should be considered in

integrated pest management systems (IPMs) based on

a landscape view. However, the cultivation area of

crops depends on the financial benefits and labour cost

of crop planting. For example, planting cotton and

sweet potato needs a lot of labour but gets small

economic returns, resulting in decreased area trends in

China. The cultivation area of cotton increased after

the commercial release of Bt cotton in 1997 because

Bt cotton needs less insecticide spray (Fig. 1c).

However, it started to decrease in 2009, which is

likely because the resistance of insects leads to

decreased efficacy of Bt cotton (Jin et al. 2015). The

cultivation area of soybean showed a similar trend for

cotton, while tubers showed an opposite trend

(Fig. 1c). The cultivation area of maize and peanuts

increased significantly from 1952 to 2014 (Fig. 1c). A

single Bt crop is not a permanent solution for resolving

pest pressures in agricultural ecosystems. A refuge

strategy and pyramided GM crops have been

employed to delay the evolution of pest resistance to

GM crops, but larger refuges are needed with other

pest management tactics (Carriere et al. 2016). The

small holder-based cropping ecosystems in China

provide natural refuges, neighbouring maize, peanuts,

soybean and vegetables near Bt cotton (Wu 2007;

Qiao et al. 2010; Jin et al. 2015). Here, our results

highlight the role of neighbouring crops in reducing

herbivory.

Conclusion

In conclusion, field investigation results showed

cultivation of Bt cotton in northern China has signif-

icant effects on the insect community and leaf damage

to weeds and neighbouring crops. To maximise the

ecosystem services of transgenic crops and minimise

the potential ecological risks, our results highlight that

cultivating transgenic crops should take into account

the diversity of neighbouring crops and weeds, with

insect movement and host service of plants. This not

only facilitates the role of transgenic crops in pest

management in agricultural ecosystems but also the

sustainable development of small holder-cropping

systems.
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