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recorded for GRBs. In addition, most of the
previous GRBs detected at similar distances
were much fainter than GRB 130427A. It is
estimated that events like GRB 130427A will
be detected only a few times per century on
Earth. The relative proximity provides a rare
opportunity to study such an extreme cosmic
explosion in great detail and will perhaps lead
to more insight than numerous studies of less
spectacular events.

At the time of Tycho Brahe, astronomers
relied entirely on the human eye to detect the
light from celestial objects. Today, a wide
range of observatories on the ground and in
space allow the sky to be observed over a wide
range of frequencies from low-frequency
radio waves to very energetic y-rays. The four
papers describe how GRB 130427A has pro-
vided exceptionally detailed information on
GRBs based on observations using many of
these new observational facilities. GRB phe-
nomenology is very rich: The collapse of the
core of the dying massive star leads to the for-
mation of a highly magnetized neutron star or
a black hole. One of the main criteria neces-
sary for the formation of a GRB is believed to
be a very rapid rotation of this newly formed

compact object. Somehow this system man-
ages to launch a very energetic, highly relativ-
istic jet (in which the particles move at close
to the speed of light) along the rotation axis of
the compact object, and the prompt emission
phase is believed to originate from shocks
within this relativistic jet. Shortly after the
jet collides with surrounding medium, creat-
ing what is known as external shocks, which
gives rise to the much-longer-lasting after-
glow emission phase. Both the prompt emis-
sion and the afterglow have been studied in
unprecedented detail using data from the
Swift and Fermi satellites as well as data from
ground-based optical telescopes. The prompt
emission from the burst lasted about 5 min
and was recorded at a very wide frequency
range from optical light (4), x-rays (2) to very-
high-energy y-rays (3, 5). The most energetic
photon detected from the burst had an energy
of 128 GeV. The afterglow emission was fol-
lowed over several weeks from the radio band
to y-rays (2, 4, 5), and finally the associated
supernova light was also detected (6).

As described in the four papers, the full
data set can be reasonably well interpreted
within the current theoretical framework

PERSPECTIVES

sketched above, but there are challenges to
understanding all the details in this amazing
dataset. This is good news because it leaves us
with the expectation that Nature has here given
us precious new clues on how to improve our
models and reach a deeper understanding of
the end life of massive stars.
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On Tropical Forests and Their Pests

Phyllis D. Coley and Thomas A. Kursar

iologists have long been intrigued
B by the diversity of tropical forests,

where 1 hectare may hold more than
650 tree species—more than in all of Can-
ada and the continental United States. Eco-
logical theory suggests that if species are too
similar in their resource use, one will out-
compete the others; hence, neighboring spe-
cies must exploit different niches if they are
to coexist. However, given that plants in one
hectare of rainforest experience very simi-
lar physical environments, ecologists have
struggled to demonstrate sufficient niche
differentiation to support such high diversity
(1). In addition to the puzzle of high local
diversity, tropical forests also have high spe-
cies richness overall. Recent studies show
that interactions with pests may promote
local plant diversity, accelerate plant evolu-
tion, and enhance the proliferation of spe-
cies over evolutionary time.
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Neighboring trees will experience sim-
ilar abiotic challenges, such as the need
to acquire light, water, and nutrients. It is
therefore not surprising that neighbors in
both temperate and tropical forests tend to
have similar traits for resource acquisition
(2-5). The diversity of tropical forests thus
requires the existence of other niche dimen-
sions along which species can differenti-
ate, leading to a diversity of ways to make
a living and thereby permitting coexistence.
The origin and maintenance of high plant
diversity in the tropics has been attributed to
greater climatic stability, productivity, age,
and area of the tropics than elsewhere. But
these same factors also enable higher pest
diversity. Biotic interactions, particularly
between plants and their herbivores, may
thus be stronger in the tropics (6, 7).

The evolutionary arms race between
plants and their herbivores has produced a
staggering array of plant defenses. For exam-
ple, the leaves of a single tropical tree may
contain hundreds of distinct chemical com-
pounds that preclude attack by almost all her-
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Interactions with pest species may help
to explain the high plant species diversity
in tropical forests.

bivore species. An infinite number of defen-
sive combinations are possible, with each
combination susceptible only to a small sub-
set of adapted, specialized herbivores. More-
over, the extent of herbivory may depend
on the defensive profiles of the neighbors.
Neighbors with similar defenses could share
specialized herbivores and suffer more dam-
age, whereas a neighbor with a locally novel
profile would not be vulnerable to the com-
mon herbivores and would have a fitness
advantage (see the figure).

Consider, for example, /nga, a genus with
more than 300 species, of which 45 can coex-
ist in just 25 ha. In these as in all other tropi-
cal trees, 75% of the lifetime damage by her-
bivores happens during the few weeks of leaf
expansion, as young leaves are tender and
high in protein. To defend themselves, /nga
leaves make a battery of chemical compounds
and also have extrafloral nectaries that pro-
duce sugar to attract predatory ants as body-
guards against herbivores. Some species have
normal greening, but others delay greening to
minimize resources in the leaf during the vul-
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Defense strategies. Two species of coexisting /nga (Leguminosae) (9) from the Amazon illustrate different
defenses. (A) Inga auristellae. The leaves are light pink because they contain anthocyanin, an antifungal
compound. They have delayed greening, hang down because they are expanding very quickly, are produced
synchronously, have large extrafloral nectaries on the leaves, and produce chemical defenses. The caterpil-
lar is a looper [Coenipeta (Noctuidae)] whose translucent body takes on the color of the food it is eating. (B)
Inga cayennensis. The young leaves have normal greening, are covered in protective hairs, expand slowly,
are produced continuously, have smaller extrafloral nectaries with low ant visitation rates, and produce a dif-
ferent set of chemical defenses. The herbivore is a katydid [Orthoptera (Tettigoniidae)]. The photo was taken
in French Guiana, where both species shown above are found.

nerable leaf expansion period (see the figure).
Leaf expansion rates differ widely, with rapid
expanders minimizing the vulnerable period.
Leaf production can also be synchronous to
satiate herbivores. Thus, young leaves have
an arsenal of chemical, physical, and pheno-
logical defenses.

The few studies that have examined
neighbors for divergence in defenses were
conducted in the tropics, investigating dry
forest trees in Mexico (8), rainforest trees
in the Amazon (9), and understory shrubs in
Panama (/0). They all found that neighbors
were more dissimilar in defenses than would
be expected at random. Neighbors possessed
similar adaptations to meet their local abi-
otic challenges (2-5, 9, 11), but differed in
defenses against herbivores (8—10). Thus,
niche differentiation with respect to defenses
against pests may be the primary mechanism
for coexistence in tropical forests.

Evidence from several lineages of tropi-
cal trees and shrubs shows that closely related

species have diverged in defenses while dif-
fering little in nondefense traits (9—12). This
supports the Red Queen hypothesis (13),
which states that antagonistic interactions
between hosts and their pests lead to natu-
ral selection for beneficial adaptations and
counteradaptations in both groups. Because
herbivores are continually evolving counter-
adaptations to plant defenses, plant defensive
traits should evolve faster than adaptations to
a more static abiotic environment.

In addition to promoting local diversity
and accelerating defense evolution, plant-
herbivore interactions may also enhance
rates of speciation in the tropics. Plant radia-
tions on islands and in mountains have been
attributed to divergence in floral traits asso-
ciated with shifts in pollinators or to diver-
gence in traits for the physical environment.
In contrast, none of the species-rich gen-
era that constitute a large fraction of tree
diversity in the lowland tropics have been
explained by such mechanisms. The evolu-

tionary arms race between plants and her-
bivores may be the missing explanation.
Evidence in other systems shows that sep-
arate populations in different environments
will diverge in their adaptations, and when
populations reunite and interbreed, hybrid
phenotypes can be inferior, leading to selec-
tion for reproductive barriers. Because
defenses evolve more quickly than other
traits, we suggest that divergence in defen-
sive genes may be the main factor selecting
for the evolution of reproductive isolation,
thereby promoting speciation (6, 7). Addi-
tionally, selection for divergence in defenses
can be genetically linked to reproductive
barriers (/4). For example, selection on leaf
secondary metabolites could change the
compounds expressed in floral scents, shift-
ing pollinator preferences and hastening
reproductive isolation.

For plant-herbivore interactions to
explain high coexistence and diversity in
the tropics, it is critical that herbivore pres-
sure be greater in the tropics than in the
temperate zone. Herbivore diversity, abun-
dance, and host specificity, as well as rates of
herbivory, are generally thought to be
higher in the tropics. Conversely, temperate
plants experience stronger abiotic selection
due to a more severe and variable climate.
Nonetheless, a robust answer to the role
of herbivores in the maintenance and ori-
gin of plant diversity across latitudes needs
more exploration. Given advances in meta-
bolomics that allow chemical defenses to
be quantified and in DNA sequencing for
phylogenetics and species designations,
progress is limited mainly by the need for
time-intensive studies of plants and their
enemies in the field.

References and Notes
. S.]. Wright, Oecologia 130, 1 (2002).
. C.Baraloto et al., ]. Ecol. 100, 690 (2012).
D.T. Palow et al., Funct. Ecol. 26, 1144 (2012).
B. E. Sedio et al., ]. Ecol. 100, 1183 (2012).
. X.Liuetal., Funct. Ecol. 27, 264 (2013).
. E.G. Leigh et al., Biotropica 36, 447 (2004).
. D. W. Schemske et al., Annu. Rev. Ecol. Evol. Syst. 40,
245 (2009).
8. ]. X. Becerra, Proc. Natl. Acad. Sci. U.S.A. 104, 7483
(2007).
9. T.A. Kursar et al., Proc. Natl. Acad. Sci. U.S.A. 106,
18073 (2009).
10. B. E. Sedio, thesis, University of Michigan (2013).
11. ]. X. Becerra, K. Noge, D. L. Venable, Proc. Natl. Acad.
Sci. U.S.A. 106, 18062 (2009).
12. P.V.A.Fineetal., Ecology 94, 1764 (2013).
13. L.Van Valen, Evol. Theory 1, 1 (1973).
14. M. R. Servedio et al., Trends Ecol. Evol. 26, 389 (2011).

NouviswN e

Acknowledgments: We thank D. Schemske, N. Wiggins,
and E. Spear for helpful input. Supported by NSF Dimensions
of Biodiversity grant DEB-1135733 to T.A.K. and P.D.C.

10.1126/science.1248110

3 JANUARY 2014 VOL 343 SCIENCE www.sciencemag.org

Published by AAAS

CREDIT: (A AND B) P. HUEY/SCIENCE; (PHOTO) CLAUDE DELHAYE/CNRS IMAGES



