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in Multiple Crops in China in Areas
with Bt Toxin—Containing Cotton
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Transgenic cotton that has been engineered to produce insecticidal toxins from Bacillus
thuringiensis (Bt) and so to resist the pest cotton bollworm (Helicoverpa armigera) has been
widely planted in Asia. Analysis of the population dynamics of H. armigera from 1992 to

2007 in China indicated that a marked decrease in regional outbreaks of this pest in multiple crops
was associated with the planting of Bt cotton. The study area included six provinces in northern
China with an annual total of 3 million hectares of cotton and 22 million hectares of other crops
(corn, peanuts, soybeans, and vegetables) grown by more than 10 million resource-poor farmers.
Our data suggest that Bt cotton not only controls H. armigera on transgenic cotton designed to
resist this pest but also may reduce its presence on other host crops and may decrease the need

for insecticide sprays in general.

become an important tool for insect pest

management worldwide and, in 2007,
were grown on a total of 42.1 million ha, ac-
counting for about 37% of all the transgenic
crops (/). One of these, Bt cotton, produces in-
secticidal toxins from Bacillus thuringiensis (Bt)
and occupied 14 million ha worldwide and 3.8
million ha in China in 2007 (/). Bt cotton can
suppress populations of a target pest with a nar-
row host range, e.g., pink bollworm (Pectinoph-
ora gossypiella) (2), but its long-term and wider
ecological consequences are unknown.

The cotton bollworm, Helicoverpa armigera,
is one of the most serious insect pests of cotton,
corn, vegetables, and other crops throughout
Asia. There are four generations of H. armigera
per year in northern China. In general, wheat is
the main host crop of first-generation H. armigera
larvae, and cotton, corn, peanuts, soybeans, and
vegetables are the major hosts for subsequent
generations (3). Because of its long-distance mi-
grations between provinces and dispersal among
different host crops, provincewide outbreaks of
H. armigera on cotton and other crops were
common in the early 1990s in China (3). Bt
cotton was first approved for commercial use
in 1997 in China and remains the only Bt crop
registered. By 2001, Bt cotton had been ex-
tensively planted, especially in northern China,
which resulted in increased yields and de-
creased use of insecticides (4).

We conducted long-term and large-scale field
monitoring of H. armigera during 1992-2007 in
multiple crops in six provinces (Hebei, Shandong,
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Jiangsu, Shanxi, Henan, and Anhui), covering
38 million ha of farmland in northern China
(fig. S1), in which 3 million ha of cotton and 22
million ha of other host crops (comn, peanuts,
soybeans, and vegetables) were cultivated annu-
ally by more than 10 million small farmers. Our
results indicated that both the egg density of
H. armigera on cotton and the larval density on
other major host crops were negatively corre-
lated with the number of years after the intro-
duction of Bt cotton in the period of 1997-2006
(Figs. 1 and 2). Before Bt cotton commercial-
ization, the H. armigera population was fairly
high on cotton and other host crops over the
period from 1992 to 1996. However, population

density of H. armigera was drastically reduced
with the introduction of Bt cotton, especially
during the period from 2002 to 2006 (table S1).
Using stepwise regression, we evaluated the con-
tribution of temperature, rainfall, and deploy-
ment of Bt cotton on the population density of
H. armigera in six provinces (Table 1). For all six
provinces in northemn China, Bt cotton acreage
correlated best with the reduction in H. armigera
populations (Table 1). For the second and third
generations, the deployment of Bt cotton con-
tributed more to the reduction of H. armigera
density than temperature and rainfall during
1997-2006 and was the key factor for its long-
term suppression in all the six provinces of north-
emn China (R* = 041 to 0.91, P < 0.05; Table 1).
These results indicate that the regional occur-
rence of H. armigera on cotton and other major
host crops in northern China was suppressed by
the deployment of Bt cotton.

We also sampled H. armigera in cotton fields
from 1998 to 2007 at Langfang Experiment Sta-
tion in Hebei Province (5). The densities of eggs
on Bt and non-Bt cotton and larvae on non-Bt
cotton were negatively associated with the num-
ber of years after Bt cotton commercialization
(R* = 0.52 to 0.63, P < 0.05). The population
density of H. armigera can be described by the
linear regression model (Fig. 3). The data also
showed that the densities of H. armigera eggs
were not significantly different between Bt and
non-Bt cotton over the period of 1998-2007 (P >
0.05) (Fig. 3A). However, larval densities on non-
Bt cotton were significantly higher than those
on Bt cotton from 1998 to 2006 (P < 0.05) (Fig.
3B), with an exception in 2007 when the pop-

Fig. 1. Egg densities of
H. armigera from 1997 to
2006 on cotton in north-
em China. (A) Relation be-
tween egg density of the
second generation (®) and
planting year of Bt cot-
ton. Linear model of egg
density (black line), y =
157,076.05 — 78.21x, F =
32.16, df = 1,549, P <

0.0001, R* = 0.06. (B)
Relation between egg den-
sity of the third genera-
tion (®) and planting year
of Bt cotton. Linear model
of egg density (black line),
y = 94,644.36 — 47.15«,
F=2642, df = 1,558, P <
0.0001, R* = 0.05. Data
are means = SEM. Values
in parentheses are the
numbers of sampling sites
for each year.

A 1500

= 1200

=

2 o900

3

w 600 B

=T}

G

. (52)

s 300 5

4 §[46) 8650
0 Il 1 1 1 1 L L Il Il J

1997 1998 1999 2000 2001 2002 2003 2004 2005 2006
Year

B 900

£ 750 |

= (55)

= 600 [

=

5 450

e

é'ﬁ 300

Z 150
0 L L 1 1 L 1 1 1 1 J

1997 1998 1999 2000 2001 2002 2003 2004 2005 2006

Year

SCIENCE www.sciencemag.org



ulation density was low and larval density was
not significantly different between the two treat-
ments (P > 0.05). Using Bt cotton also reduced
the duration of H. armigera’s oviposition period
on cotton, because of decrease of moth density.
Three peaks of egg density, representing the sec-
ond, third, and fourth generations, respectively,
were detected each year from 1998 to 2000, and
in recent years, there was only one oviposition
peak evident in the second generation, and no
evident peak in generations 3 or 4 (fig. S2). The
abundance of each generation and the peak du-

ration of the third and fourth generations de-
creased linearly as Bt cotton commercialization
proceeded through 1998 to 2007 (fig. S3). Thus,
all data indicate that the commercial use of Bt
cotton in northern China was associated with
long-term areawide suppression of H. armigera
after 10 years.

Regional control of H. armigera in multiple
crops in China has been attained in recent years
through the use of Bt cotton. Our results sug-
gest that Bt cotton led to reduced populations
of H. armigera not only on cotton but also on
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other host crops. This may be because cotton
usually is the main host for the moths of the
first generation to lay eggs and acts as the source
of the subsequent generations on other host
crops (6). Bt cotton kills most of the larvae of
the second generation and, accordingly, works
as a dead-end trap crop for H. armigera pop-
ulation. Interest in trap cropping, a promising
agroecological approach for insect pest control,
has increased considerably for modern agricul-
ture (7, &), but few trap crops were used on such
a large scale as that of Bt cotton in northemn
China, which shows that Bt crop can have a

;I?J;rrﬁg.erlf frr\:)?rl] f;;; Eezso&f A RN g great advantage to expand the traditional view
0;1 corn, peanuts, soybeans, 4000 | of a trap crop. This dependence; on Bt cotton
and vegetables in northern % might also contribute to a reduction in both oc-
China. (A) Relation between 2 3000 F currence of H. armigera and the need for in-
larval density of the second & secticide sprays in non-Bt host crops such as
generation (®) and planting g 2000 F corn, soybeans, peanuts, and vegetables.

year of Bt cotton. Linear mod- & However, a major challenge for planting Bt
el of larval density (black line), = 1000 F cotton for pest control is the potential for insects
y =480,293.95 — 239.28%, F = to evolve resistance to Bt. Continuous mono-
16.50, df = 1,466, P = 0 L L L L ) " 1 " 1 ) culture of varieties that express the same Bt toxin

0.0001, R = 0.03. (B) Rela-
tion between larval density of
the third generation (®) and
planting year of Bt cotton.
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could select for resistance, particularly when the
amount of Bt toxin decreases as the plants age
(9, 10). A promising resistance management
strategy entails the use of plants with a high

B s000

Linear [nodel of larval density dose of toxin in combination with the mainte-
(black line), y = 551,611.74 — 4000 } nance of “refuge” crops that encourage prolifer-
274.83x, F = 2145, d; = = ation of Bt-susceptible insects within the pest
1462, P < 0.0001, R* = 8 ;.00 | population (/7-13). To this end, the U.S. En-
0.04. Data are means + SEM. ¢ vironmental Protection Agency requires that
Values in parentheses are the E, 2000 F each cotton farm set aside some land for cotton
:::ﬁbeer:rof sampling sites for 3 that does not produce Bt if farmers plant trans-
year. 1000 F genic Bt cotton producing CrylAc toxic protein
(14-16). Although successful in the United
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Table 1. Effects of temperature, rainfall, and deployment of Bt cotton on the
population density of H. armigera in northern China. Stepwise regression
analysis was used for analyzing the association between population density
(egg density on cotton or larval density on other host crops) of H. armigera
and temperature (Temp.), rainfall, and deployment of Bt cotton. F,

Year

Egg density of H. armigera

in cotton fields

States (17), this strategy is difficult to implement
in China because of the challenges associated
with educating and monitoring millions of small

generation; R?, coefficient of determination. Only variables from which the
regression coefficient met the criteria of P < 0.05 are shown. NS, without
significant effects (P > 0.05) on population density. + and — represent
positive and negative associations between the population density and the
factors, respectively. *P < 0.05; **P < 0.01.

Larval density of H. armigera
on other major host crops

Province F Regression coefficient 2 Regression coefficient 2
Temp. Rainfall % Bt cotton Temp. Rainfall % Bt cotton
Hebei 2nd NS NS —1.2224* 0.4392* +0.1767* NS —2.4917** 0.8672**
3rd NS NS —2.1250** 0.7868** NS NS —2.3092** 0.7216**
Shandong 2nd NS NS -1.2932** 0.6023** +0.1482* NS —1.4253** 0.7561**
3rd NS NS —1.8528* 0.4508* NS NS —1.5658** 0.6724**
Jiangsu 2nd NS NS -1.5974* 0.5617* NS NS —2.3208** 0.6073**
3rd NS NS -1.2019* 0.4079* NS NS —2.5182** 0.7124**
Shanxi 2nd NS —0.0080* —3.1825** 0.8537** NS NS —3.5959** 0.6308**
3rd NS —0.0023* —4.3043** 0.9145** NS NS —5.3844* 0.5342*
Henan 2nd NS NS -1.9166** 0.7431** NS NS —1.5024** 0.6065**
3rd NS NS —-1.0534* 0.5236* NS NS —1.8253** 0.6017**
Anhui 2nd NS NS —2.8418* 0.4876* NS NS —2.8676* 0.4568*
3rd NS NS —2.1755* 0.5831* NS NS —2.2374* 0.4809*
Northern China 2nd NS NS —1.5425** 0.6675** NS NS -1.7971** 0.7866**
3rd NS NS —2.1414** 0.8973** NS NS —2.2161** 0.8794**
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Fig. 3. Egg and larval
densities of H. armigera
on cotton at Langfang
site, Hebei Province, Chi-
na, from 1998 to 2007.
(A) Relation between egg
density on Bt cotton (red
circles) and non-Bt cotton
(black dircles) and planting
year of Bt cotton. Linear
model on Bt cotton (black
line), y = 185,476.90 —
92.42x, F = 69.05, df =
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1,58, P < 0.0001, R? =
0.54. Linear model on
non-Bt cotton (red line),
y=171,365.94 — 85.37x,
F=6259,df =158, P<
0.0001, RZ = 0.52. (B)
Relation between larval
density on Bt cotton (red
circles) and non-Bt cotton
(black circles) and survey
years. Linear model on
non-Bt cotton (black line),
y = 87,107.86 — 43.41x,
F=9756,df =158, P <
0.0001, R = 0.63. Data
are means £ SEM. There
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are six samples for each 0
point in the graphs.

farmers. In China, a multiple cropping system
consisting of soybeans, peanuts, corn, and vege-
tables is common. These crops also serve as
hosts for H. armigera, and, because they do not
express Bt toxin, they serve as refuges for non-
resistant insects (/(). Because cotton is not the
only host crop, Bt cotton comprises about 10%
of the major host crops in any province or
throughout northern China. This accidental ap-
proach to refuge management appears to have,

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

Year

so far, warded off the evolution of resistance
(10). Nevertheless, as a result of decreased spray-
ing of broad-spectrum pesticides for controlling
cotton bollworm in Bt cotton fields, mirids have
recently become key pests of cotton in China
(18, 19). Therefore, despite its value, Bt cotton
should be considered only one component in
the overall management of insect pests in the
diversified cropping systems common through-
out China.
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Can Catch Shares Prevent

Fisheries Collapse?

Christopher Costello,™* Steven D. Gaines,” John Lynham®t

Recent reports suggest that most of the world’s commercial fisheries could collapse within decades.
Although poor fisheries governance is often implicated, evaluation of solutions

remains rare. Bioeconomic theory and case studies suggest that rights-based catch shares can
provide individual incentives for sustainable harvest that is less prone to collapse. To test
whether catch-share fishery reforms achieve these hypothetical benefits, we have compiled a
global database of fisheries institutions and catch statistics in 11,135 fisheries from 1950 to
2003. Implementation of catch shares halts, and even reverses, the global trend toward
widespread collapse. Institutional change has the potential for greatly altering the future of

global fisheries.

Ithough the potentially harmful con-
Asequences of mismanaged fisheries were

forecast over 50 years ago (I, 2), evi-
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dence of global declines has only been seen quite
recently. Reports show increasing human impacts
(3) and global collapses in large predatory fishes

(4) and other trophic levels (3) in all large marine
ecosystems (LMEs) (6). It is now widely be-
lieved that these collapses are primarily the re-
sult of the mismanagement of fisheries.

One explanation for the collapse of fish stocks
lies in economics: Perhaps it is economically op-
timal to capture fish stocks now and invest the
large windfall revenues in alternative assets, rather
than capturing a much smaller harvest on a reg-
ular basis. Although this remains a theoretical
possibility for extremely slow-growing species
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