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year for which pesticide use data are avail- 
able and a year in which nearly 40% of 
soybean acres were planted with Roundup 
Ready varieties (in 1999, more than 40 
million acres were planted with Roundup 
Ready soybeans in the United States). The 
data show a 16% increase in pounds of 
herbicides used and a 12% increase in to- 
tal acreage. This modest increase in herbi- 
cide use is not what one would expect on 
the basis of Benbrook's findings. 

Although the total amount of herbi- 
cides used with soybeans has changed lit- 
tle with the introduction of Roundup 
Ready varieties, the data show a substan- 
tial reduction in the number of applica- 
tions made to soybean acreage. From 1995 
to 1998, the total number of applications 
decreased by 8%, even with the increase in 
total acreage. This demonstrates growers 
using fewer active ingredients and making 
fewer trips over the field, which translates 
into ease of management. 

The primary reason growers have adopt- 
ed Roundup Ready weed control programs 
is the simplicity of a weed control program 
that relies on one herbicide to control a 
broad spectrum of weeds without crop in- 
jury or crop rotation restrictions. Before the 
introduction of Roundup Ready soybean va- 
rieties, growers would choose between many 
herbicides, often applying three or more ac- 
tive ingredients, some of which would cause 
damage to the growing soybean plants, or 
cause harm to corn crops that commonly 
follow soybeans. As for economic benefits, 
the introduction of Roundup Ready varieties 
has provided an overall savings in herbicide 
costs for both adopters and nonadopters of 
the technology. Competition in the soybean 
herbicide market resulted in the manufac- 
turers of other products dropping their 
prices, in some cases by 40%. This resulted 
in an estimated $278 million cost savings 
for soybean growers, or 28% of total herbi- 
cide expenditures. 
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Benefits of Membership 
Explaining the multitudinous forms of so- 
cial aggregation across animal taxa is a 
major challenge in evolutionary biology. 
In their Viewpoint "Complexity, pattern, 
and evolutionary trade-offs in animal ag- 
gregation" in the "Complex Systems" spe- 
cial issue (2 April 1999, p. 99), Julia K. 
Parrish and Leah Edelstein-Keshet con-
tribute to an emerging new framework that 
considers the evolution of animal aggrega- 
tions as by-products or "emergent proper- 
ties" of other natural processes. For in- 

stance, J. R. Pawlik (1)explained the huge 
aggregations of marine invertebrates that 
form some of the world's largest living ag- 
gregations (for example, coral reefs) as the 
by-product of settlement based on attrac- 
tion between individuals of a species. Re- 
lying on conspecific cues for habitat selec- 
tion is likely to naturally lead animals to 
aggregate, as illustrated by colonial and 
noncolonial bird species (2, 3). Mate 
choice is another set of processes that have 
long been understood to explain another 
kind of aggregation, that of display territo- 
ries in promiscuous species [for example, 
leks (4)] and more recently breeding terri- 
tories of monogamous species (5, 6).Ac-
cordingly, we have proposed that colonial 
breeding may be the by-product of the two 
interacting processes of breeding habitat 
selection and mate choice (2, 3). 

The new framework for understanding 
the evolution of animal aggregations has 
important implications that require empha- 
sis. For example, individual animals do not 
necessarily benefit from aggregation, sug- 
gesting that attempts to identify benefits of 
aggregation may be a fruitless approach 
because aggregation is, at least in the first 
step, not a target of selection. Instead, it 
would be more fruitful to identify the 
mechanisms that generate aggregation. We 
agree with Parrish and Edelstein-Keshet 
that it is difficult to argue that all animal 
aggregations have a functional purpose and 
stress that aggregations may form without 
the operation of any Darwinian natural se- 
lection. However, in the case of assem- 
blages of living units, as an emergent prop- 
erty of other behaviors, aggregation may 
become the object of selection. An exam- 
ple is the case of the origin of metazoa, 
which has involved spatial patterns of kin- 
ship in the ancestral cell organisms (7, 8). 
The individual that emerged from such ag- 
gregates of single-cell organisms then be- 
came the object of selection, and evolution- 
ary ecologists now, 800 million years later, 
consider it as the unit of selection. Never- 
theless, it would not be correct to consider 
that such aggregations first evolved be- 
cause of all the properties that are now 
linked to the individual metazoa. This ex- 
ample illustrates the difficulty of distin- 
guishing between the ultimate causes of a 
trait and its emergent properties. 

Finally, the new framework implies that 
aggregated distributions may be the natu- 
ral state of most animals (2, 3). If so, we 
should contemplate the constraints that 
prevent solitary species from aggregating 
rather than exclusively searching for the 
reasons that cause social animals to aggre- 
gate. In studying the evolution of colonial 
breeding, such a reformulation has led to 
unexpected results (9) ,and we anticipate 

that more counterintuitive findings will 
emerge when the new thinking about ani- 
mal aggregation is applied. 
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Response 
We would not characterize animal aggre- 
gations as "emergent properties," or by- 
products, of other natural forces, as  
Danchin and Wagner describe. Rather, we 
submit that aspects of persistent aggrega- 
tions, such as edges, uniform density pro- 
files, and shape, are the emergent proper- 
ties. And although we support the supposi- 
tion that evolution may explain why ani- 
mals aggregate, we do not believe that it 
can necessarily describe how they do it. 

The emerging view that complexity and 
evolution are alternate, antagonistic theo- 
ries describing patterns in nature (I) is sim- 
plistic and obfuscational. It is obvious from 
the inanimate world that self-organization 
is a prevalent schema (2-4). To assume that 
life is not governed, at least in part, by the 
same constraints is difficult to imagine (5). 
At the same time, we recognize evolution 
at the level of the individual by means of 
natural selection as the major structural 
framework shaping life, from cell structure 
to ecosystems. Can these theories be linked 
using animal aggregation as a model? 

The process of animal aggregation is a 
continuum, from territorial individuals that 
gather briefly to mate, through vast single- 
species aggregations, to the more socially 
gregarious groupings in which individuals 
may be related to each other and/or come 
into frequent contact with other known 
group members. Our Viewpoint article, 
and this reply, concentrate on the middle 
of this spectrum-large, persistent groups 
where individuals (i) are not related, do not 
know each other, and may be unlikely to 
interact repeatedly in the sense of recipro- 
cal altruism; (ii) have no sense of the 
whole; and (iii) can move throughout the 
physical group including freedom to come 
and go (that is, membership is fluid). 
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some arrangements of individuals 
over others. This is self-organiza- 
tion. At the same time, these ma- 
neuvers undoubtedly aid the "av- 
erage" group member, and per- 
haps all group members, to the ex- 
tent that defecting loners are im- 
mediate targets. An integrated ex- 
planation of these repeated pat- 
terns is that self-organizational 
constraints produced a range of 
response pathways that themselves 
became the indirect object of se- 
lection, leaving the subset we see 
today, which fulfills the con- 
straints of both theories. 

Complexity theorists have sug- 

Schooling pattern as an emergent property may indi- gested that ecosystems are com- 

redly be an object of natural selection. plex adaptive systems with the 
following properties: (i) diversity 

Consider open-water schooling fish [of and individuality of components; (ii) lo- 
which there are several hundred species calized, nonlinear interactions among 
worldwide (6)] .  Could the classic respons- components; (iii) hierarchical structure as 
es to predators, such as vacuoles, foun- a result of those interactions; (iv) flow of 
tains, and flash expansions, be only the energy, resources, or information as a re- 
result of natural selection? It is unlikely, sult of the structure; and (v) component 
given the number of unrelated species dis- replication or enhancement by means of 
playing them. Biophysical constraints, an autonomous process (such as natural 
such as the interaction between sensory selection) (7, 8). Animal aggregations 
systems and the fluid medium, will dictate such as fish schools, ungulate herds, and 

bird flocks are also complex adaptive sys- 
tems. Members are. in fact. selfish indi- 
viduals that interact at the local neighbor- 
to-neighbor level without knowledge of 
the whole. These interactions result in the 
structures we recognize as schools, herds, 
and flocks that display impressive, coor- 
dinated responses that may be enhanced 
(for example, flash expansion of fish 
schools) or damped (for example, absorp- 
tion of a smaller group into a larger one). 
Information is transferred, passively and 
actively (9),  through these "sensory inte- 
gration systems" (10). Fluid membership 
is not unlike market forces that select for 
efficient individuals, at the expense of in- 
efficient ones. This is the struggle for in- 
dividuality within the emergent con- 
straints of conformity. Heterogeneity is 
maintained because of the rewards of 
winning the resource competition, howev- 
er veiled, within the group. In essence, 
comulexitv sets the environmental theater 
whiie evilution directs the behavioral 
ecology play. 
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CORRECTIONS AND CLARIFICATIONS 

At the end of the legend for Figure 2 in the 
. report "A short Fe-Fe distance in peroxodi- 

ferric ferritin: Control of Fe substrate versus 
cofactor decay?" by J. Hwang et a[. (7 Jan., p. 

3 122), the penultimate term should have 
5 read "+0,25ms.''
3" ........................................................... 


In the NetWatch section of the January 7 is- 
sue (p. 7), there were errors in two items.The 

item "Current retrospectives" should not 
have implied that sugar granule-sized semi- 
conductors developed in 1967 (not 1968, as 
stated in the item) were the "first" semicon- 
ductors. And in the item "Power trip," the 
URL was truncated: it should have read 
ippex.ppplgovlippexl 

The image of Edvard Munch's woodcut 
Evening that accompanied Leon Eisenberg's 
review of Night Falls Fast: Understanding 
Suicide b t  Kay Redfield 
Jamison (Science's Com- 
pass, 24 Dec., p. 2455) was 
incorrectly printed. Because 
of a reversal of color plates 
during the printing process, 
the red in the woodcut was 
replaced by green. A correct 
color representation ap- 
pears at right. 

In the Perspective "Charon's 
first detailed spectra hold 
many surprises" by Eliot 
Young (Science's Compass, 
7 Jan., p. 53), the distance 
of 19,636 km between Plu- 
to and its satellite Charon 
is one and a half times 

Earth's diameter, not circumference. And the 
measurements 2370 km and 1252 km are 
the diameters (not the radii) of Pluto and 
Charon, respectively. 

................................................................ 


In the News Focus article "Unearthing 
monuments of the Yarmukians" by Michael 
Balter (7 Jan., p. 35), the size of the founda- 
tion of a monumental stone building was 
misstated. I t  is 800 square meters, not 
3200 square meters. 

award scholarships to eight doctoral students in 2000. Each 
student selected will receive $25,000 per year for up to three 
years to conduct research in the national parks. The Program is 
underwritten by Canon U.S.A., Inc. 

The 2000 competition will focus on four research topics within 
the biological, physical, social and cultural sciences. The 
research topics' are of critical importance to the management of 
the National Park System and selected by the National Park 
Service. Students applying for 2000 scholarships must submit 
dissertation proposals that address these topics. 

application and guidelines, or contact Dr. Gary Machlis, 
Program Coordinator, Canon National Parks Science Scholars 
Program, Natural Resource Stewardship and Science, National 
Park Service, 1849 C Street, NW (MIB 3127), Washington, DC 
20240, gmachlis@uidaho.edu. 

Applications are due 1 June 2000. Winners will be announced 
in early August 2000. 
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