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In an edaphically heterogeneous area in the Peruvian Amazon, clay soils and
nutrient-poor white sands each harbor distinctive plant communities. To de-
termine whether a trade-off between growth and antiherbivore defense en-
forces habitat specialization on these two soil types, we conducted a reciprocal
transplant study of seedlings of 20 species from six genera of phylogenetically
independent pairs of edaphic specialist trees and manipulated the presence of
herbivores. Clay specialist species grew significantly faster than white-sand
specialists in both soil types when protected from herbivores. However, when
unprotected, white-sand specialists dominated in white-sand forests and clay
specialists dominated in clay forests. Therefore, habitat specialization in this
system results from an interaction of herbivore pressure with soil type.

The floras of tropical forests in areas of
high environmental heterogeneity have
high beta diversity, leading many authors to
conclude that habitat specialization in trop-
ical plants contributes significantly to the
global diversity gradient (1–4 ). The change
in species composition between habitats
(beta diversity) in plants is thought to be
caused primarily by physiological adapta-

tions to different abiotic conditions (5–7 ).
But herbivores have been shown to affect
plant population dynamics in many ways,
including plant distributions (8–10). The
best way to test the effect of herbivores on
plant distributions is with transplant exper-
iments involving multiple species, but few
such studies have been conducted. Al-
though they have evaluated only one or two
species at a time, these studies have con-
sistently shown that herbivores can signif-
icantly limit plant distributions, often re-
stricting species to a subset of the habitats
they could physiologically tolerate in the
absence of herbivores (11–15). However,
no such studies have been conducted in
tropical forests [but see (16, 17 )], where
herbivore abundance and rates of herbivory

far exceed those of the temperate zone (18).
If herbivores interact with abiotic grad-
ients to intensify differences in habitat
quality, this phenomenon could account for
the high degree of habitat specialization in
environmentally heterogeneous areas with-
in tropical systems.

The lowland Amazonian ever-wet rain-
forest in the Allpahuayo-Mishana Reserve
near Iquitos, Peru (3°57�S, 73°26�W), pro-
vides an ideal system to study habitat spe-
cialization and the role of insect herbivores.
Forests in the Iquitos area occur on a mo-
saic of soil types with well-defined bound-
aries, including extremely infertile white-
sand soils adjacent to lateritic red-clay soils
(19). These two soil types are each charac-
terized by a highly distinctive but related
flora (19–22). Many white-sand specialist
trees belong to the same genera as neigh-
boring clay forest specialists, allowing for a
phylogenetically controlled experiment us-
ing edaphic specialist species.

Janzen (23) argued that the most critical
factors in the evolution of white-sand special-
ist plants were herbivores and plant defenses
rather than physiological tolerance to poor
soils. A mechanism that would produce such
a result is a trade-off between allocations to
growth and defense that selects for different
traits in white-sand and clay forest species.
We hypothesized that plants that do not in-
vest sufficiently in defenses ought to be ex-
cluded from white-sand forests by herbi-
vores, because the cost of replacing damaged
tissue in such a nutrient-poor environment
should be prohibitively high (24). In contrast,
species that invest heavily in defenses should
grow more slowly and be at a competitive
disadvantage in clay forests.
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Fig. 1. Phylogenetic re-
lationships of the spe-
cies in the transplant
experiment with their
family, genus, species,
and soil type (origin).
The phylogenetic tree
is adapted from (37),
and the Burseraceae
phylogeny is adapted
from (38). Tetragastris
panamensis has been
found to be imbedded
within Protium sensu
lato (38), therefore we
are considering Tetra-
gastris panamensis as a
Protium clay specialist
species. Soil type (ori-
gin) was determined
by extensive tree and
seedling inventories
that we conducted in
more than 25 sites
throughout the 57,600-ha Allpahuayo-Mishana Reserve. Our designation
of white-sand specialists is consistent with other inventories and a published
flora from the area (19, 22, 38, 39). Our designation of clay specialists

conforms to other species lists on clay soils in the area (19, 22, 38) as well
as with lists from the Ecuadorian Amazon, which is almost entirely com-
posed of clay soils and where white-sand forests are unknown (40).
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Using a 21-month reciprocal transplant
experiment with 20 common white-sandand
clay forest species from six genera, and
manipulating the presence of herbivores,
we directly assessed the effect of herbivory
on the maintenance of habitat specializa-
tion in trees. We addressed three main
questions: (i) Can soil specialists grow in a
different edaphic environment, or is soil
type alone a sufficient barrier for these
plants? (ii) Do herbivores exclude clay spe-
cialists from white-sand forests? (iii) Do
white-sand specialists grow more slowly
than clay forest specialists, putting them at
a competitive disadvantage in clay forests?

We transplanted 880 seedlings from six
genera arranged in pairs of clay/white-sand
specialist congeners (Fig. 1). In May 2001,
we built 22 control and 22 herbivore exclo-
sures (3 m by 3 m by 2 m) in clay and
white-sand habitats, controlling for light lev-

els (25). One seedling of each species was
transplanted into each of the 22 controls and
22 exclosures, for a total of 20 seedlings per
exclosure. The exclosures were completely
covered by 1-mm fine nylon netting, whereas
the controls had netting only on the roof. The
experiment lasted until February 2003. To
assess differences between seedlings in
white-sand versus clay forests, and in control
versus protected treatments (exclosures), we
measured growth rate (leaf area per day and
meristem height per day) and mortality (25).

Both clay and white-sand specialist spe-
cies exhibited positive growth on both soil
types. In white-sand habitat, clay specialists
and white-sand specialists suffered statistical-
ly similar mortality when protected from her-
bivores (Fig. 2). These findings contradict the
hypothesis that white-sand soil is probably
toxic to nonadapted edaphic specialists be-
cause of differences in H�/Al ratios (26).
Our results also contradict a related hypoth-
esis that posits that the low nutrient availabil-
ity and/or water retention capacity of white
sand exclude most nonspecialist plants from
white-sand forests (6, 27, 28). Our results
showed that when protected from herbivores
and planted in white-sand habitat, clay spe-
cies produced more than twice the amount of
leaf area [0.21 cm2 day�1 versus 0.09 cm2

day�1, P � 0.05 (Fig. 2A)] and grew signif-
icantly taller than white-sand species [0.09
mm day�1 versus 0.05 mm day�1, P � 0.05
(Fig. 2B)]. Summing the 18 months of mea-
surements, protected clay specialists grew an
average of 4.9 cm in height and 115.3 cm2 in
leaf area as compared to protected white-sand
specialists’ 2.7 cm in height and 49.4 cm2 in
leaf area. Although soil type does have a
significant effect on seedling meristem
growth rate (P � 0.05, table S3), clearly the
restriction of clay specialist species to clay
habitat cannot be explained solely as a func-
tion of soil type, at least not at the critical
seedling stage.

Our results showed a strong effect of her-
bivores on the exclusion of clay specialist
species from white-sand forests. When un-
protected from herbivores in white-sand
habitat, white-sand specialists exhibited a
significantly higher leaf growth rate than clay
specialists [0.15 cm2 day�1 versus –0.4 cm2

day�1, P � 0.05 (Fig. 2A)] and suffered only
half the mortality rate [9% versus 20%, P �
0.05 (Fig. 2C and fig. S2)]. Taken together,
the results from white-sand forests indicate
that without the presence of herbivores, clay
specialists survived just as well as white-sand
specialists but grew taller and produced more
leaf area and thus potentially could invade
and displace white-sand specialists from
white-sand forests.

Furthermore, white-sand specialist and
clay specialist species responded differently
to herbivore protection in both leaf and mer-

istem growth rate [origin � protection inter-
action, P � 0.0001 and P � 0.01, respective-
ly (tables S2 and S3)] and in mortality rate
(P � 0.05) (Fig. 2). White-sand species did
not respond to protection in either habitat (P �
0.05), presumably because their leaves are
already highly defended against herbivores
(23, 29). Indeed, chemical analyses of these
seedlings showed that leaves of white-sand
specialists contain significantly higher tannin:
protein ratios than leaves of clay specialists
(30). In contrast, clay specialist species gained a
significant advantage from herbivore protec-
tion, producing 267% more leaf area per day
when protected (Fig. 2A).

All species grew better on clay soils, but
clay specialists outperformed white-sand spe-
cialists on clay soils, providing indirect evi-
dence that interspecific competition limits the
invasion of clay forests by white-sand spe-
cies. In the clay soil, white-sand species ex-
hibited significantly slower height (P � 0.01)
and leaf (P � 0.01) growth than clay special-
ists [habitat � origin interaction (Fig. 2, A
and B, and tables S2 and S3)]. These results
are consistent with the hypothesis that there is
a growth/defense trade-off in these tree seed-
lings and that the high defense levels of
white-sand specialists preclude a rapid
growth rate and place them at a competitive
disadvantage in clay soils.

We conclude that herbivores play an impor-
tant role in maintaining habitat specialization in
clay and white-sand specialist trees. Although
other factors certainly influence habitat spe-
cialization at other stages of a tree’s life (such
as seed predation, the ability to tolerate fall-
ing debris, root morphology, etc.), herbivores
appear to have primary importance at the
seedling stage, and in addition, likely contin-
ue to attack trees throughout a tree’s life.
Herbivores killed a significant percentage of
tree seedlings in this system, and in white-
sand forests they selectively attacked clay
specialist transplants, maintaining the domi-
nance of endemic white-sand specialists.
Without herbivores, our results indicate that
clay specialists outperform white-sand spe-
cialists in both soil types. However, with
herbivores present, clay specialist species
dominate only in clay forests and white-sand
specialists dominate only in white-sand for-
ests. The strong negative impact of herbi-
vores on the growth and mortality rates of
clay specialists underscores the intense selec-
tive pressure in white-sand forests favoring a
large investment in antiherbivore defenses.
Thus, the trade-off between growth rate and
antiherbivore defense appears to restrict spe-
cies to one habitat or the other for the six
genera we studied, and habitat specialization
results from an interaction of herbivore pres-
sure with soil type.

Edaphic heterogeneity, especially in the
tropics, has been implicated in the generation

Fig. 2. The effects of habitat and herbivore pro-
tection on (A) leaf area growth rate, (B) meristem
height growth rate, and (C) percent mortality for
white-sand and clay specialist species. Bars rep-
resent mean and �1 SE. Values with different
letters (a, b, and c) are significantly different from
one another [Tukey tests for (A) and (B); Mann-
Whitney U for (C)].
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and maintenance of high diversity (1–4, 20,
31, 32), even though the specific mechanisms
by which edaphic factors might influence
diversity have, until now, never been tested
(33). Our results suggest a mechanism by
which herbivores may influence plant evolu-
tion: by accentuating habitat differences and
thereby increasing the potential for edaphic
heterogeneity to produce habitat special-
ization. There is mounting evidence that
parapatric speciation across environmental
gradients can occur in the face of gene flow
(34–36). Thus, our data suggest that herbi-
vores can be viewed as a diversifying force
because they make existing abiotic gradients
more divergent and cause finer-scale habitat
specialization by magnifying the differences
between habitats. Our study highlights the im-
portance of edaphic differences, but the same
mechanism could work across other abiotic gra-
dients such as altitude, rainfall, and flooding
regime—wherever the impact of herbivores is
dissimilar across a habitat boundary.
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Silencing the Jasmonate Cascade:
Induced Plant Defenses and

Insect Populations
André Kessler, Rayko Halitschke, Ian T. Baldwin*

We transformed the native tobacco, Nicotiana attenuata, to silence its lipoxy-
genase, hydroperoxide lyase, and allene oxide synthase genes in order to inhibit
oxylipin signaling, known to mediate the plant’s direct and indirect defenses.
When planted into native habitats, lipoxygenase-deficient plants were more
vulnerable to N. attenuata’s adapted herbivores but also attracted novel her-
bivore species, which fed and reproduced successfully. In addition to highlight-
ing the value of genetically silencing plants to study ecological interactions in
nature, these results show that lipoxygenase-dependent signaling determines
host selection for opportunistic herbivores and that induced defenses influence
herbivore community composition.

The plant traits that are important for resis-
tance to herbivore attack in nature are com-
plex and operate on many spatial scales. They
involve direct defenses (toxins, digestibility
reducers, etc.) (1), which themselves protect
plants, as well as indirect defenses, which
work with components of a plant’s commu-
nity (natural enemies, diseases, etc.) (2–6).
Moreover, plant defenses can be constitutive-
ly expressed or produced in response to an
attacking pathogen or herbivore, when they
are needed (7, 8).

Phenotypic plastic responses such as her-
bivore-induced plant defenses are thought to
be an adaptation to unpredictable environ-
ments (8). In native populations of Nicotiana
attenuata in the southwestern United States,
herbivory is an unpredictable selective factor.
N. attenuata’s ephemeral occurrence after
fires (9) forces its herbivore community to

reestablish itself with every new plant popu-
lation, and the plant produces a wide array of
direct and indirect chemical defenses in re-
sponse to this unpredictable herbivore attack
(10). Many of the responses are specifically
elicited by signals introduced into wounds
during feeding (11), and most herbivore-
induced responses studied to date require
oxylipin signaling (12, 13).

Genetic transformation provides a valu-
able tool with which to manipulate traits that
mediate complex plant-herbivore interac-
tions and allows an integrative analysis of
single traits (14–16 ). However, transfor-
mants are usually evaluated with known
challenges, not the vast number of un-
knowns that occur in nature. We used trans-
formed lines of the wild tobacco species N.
attenuata, which express N. attenuata li-
poxygenase 3 (NaLOX3), hydroperoxide
lyase (NaHPL), and allene oxide synthase
(NaAOS) in an antisense orientation (as-
lox, as-hpl, as-aos, respectively) (17 ) to
study herbivore-induced plant responses in
nature. All three enzymes are key regula-
tors in two distinct oxylipin pathways (fig.
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