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Effects of simulated shoot and leaf herbivory on vegetative growth
and plant defense in Acacia drepanolobium
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Plants have considerable ability to respond to herbivory, both with (above-ground)
regrowth and with increased defense. We simulated both leaf and shoot herbivory in
controlled, replicated experiments on individuals of Acacia drepanolobium in
Laikipia, Kenya. These experiments were carried out on individuals that had experi-
enced different, experimentally controlled histories of large mammalian herbivory.
Both forms of simulated herbivory were associated with compensatory regrowth.
Branches whose shoots had been removed grew significantly more over the next year
than paired control branches, fully compensating for the lost shoot length. Branches
whose leaves were removed both grew faster and had more leaves one year later than
did control branches. Shoot removal, but not leaf removal, increased the production
of side shoots. However, because past herbivore pressure was negatively associated
with net shoot growth, there may be a long-term cost of herbivory even when plants
appear to fully compensate for herbivory in the short term. In contrast to the effects
on growth, simulated herbivory did not significantly increase physical (spines) or
chemical (tannins) defenses, and there were no significant negative correlations
between compensatory growth and plant defense.
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CA 95616, USA. — T. P. Young (correspondence), Dept of Environmental Horticulture,
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A plant may respond to herbivore attack via tolerance,
compensation, and/or induced defense. Tolerance is a
plant’s ability to withstand and survive damage. Com-
pensation is increased plant growth after loss of tissue
to herbivores (Strauss and Agrawal 1999). Induced
responses to herbivory are called induced defense when
they are known to decrease rates of herbivory (Karban
and Baldwin 1997).

Compensation for herbivory is frequently reported in
grasses (McNaughton 1983, Milchunas and Lauenroth
1993, Milchunas et al. 1995, Bush and Vanauken 1995,
Varnamkhasti et al. 1995). Compensatory growth has
also been found in herbs (Whitham et al. 1991, Paige
1992, Alados et al. 1997, Cebrian et al. 1998, Meyer
1998, Lennartsson et al. 1998, Paige 1999), shrubs (Oba
1994, Tolvanen and Laine 1997, Oba et al. 2000), and
trees (Honkanen et al. 1994, Dangerfield and Mod-

Accepted 30 October 2000

Copyright © OIKOS 2001
ISSN 0030-1299
Printed in Ireland — all rights reserved

OIKOS 92:3 (2001)

ukanele 1996, Kudo 1996, Bergstrom et al. 2000) (see
also review in Strauss and Agrawal 1999). Responses to
herbivory may depend on the timing of herbivory, the
type and extent of herbivory, the availability of re-
sources in the environment to support regrowth (Mc-
Naughton 1983, Rosenthal and Kotanen 1994), and the
grazing/browsing history of the plant (McNaughton
1983, Paige 1992, Lennartsson et al. 1997).

Plants can also respond to herbivory by increasing
their defensive capabilities. This induced defense can be
adaptive in situations where herbivory is variable, and
where current herbivory is a good predictor of future
herbivory (Karban and Baldwin 1997, Agrawal 1998).
Spine length in African Acacia spp. is an example of an
inducible physical defense. Spines are effective defenses,
deterring mammalian browsers in many Acacia species
by impeding bite rate and size, and total herbivory
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(Cooper and Owen-Smith 1986, Milewski et al. 1991).
Acacia trees growing in areas with low mammal densi-
ties produced shorter spines than elsewhere (Milewski
et al. 1991, Young and Okello 1998). Within trees,
branches out of reach of herbivores produced shorter
spines than lower branches (Young 1987, Milewski et
al. 1991). Although we now have controlled, replicated
experiments that show relaxation in spine length after
exclusion of herbivores (Young and Okello 1998), we
have not yet shown experimentally the ability of trees
to re-induce greater spine lengths in the same setting.

One might predict a trade-off between investing in
compensatory growth or investing in induced defenses
(van der Meijden et al. 1988, Fineblum and Rausher
1995, Sagers and Coley 1995). Compensation from
herbivory has been associated with other fitness costs,
including reduced survivorship (Ruohomaki et al. 1997,
Meyer 1998), growth (Meyer 1998), or reproduction
(Ruohomdéki et al. 1997). However, compensation and
defenses are not necessarily mutually exclusive, and
investment in one need not limit investment in the other
(Mauricio et al. 1997, Augustine and McNaughton
1998, Strauss and Agrawal 1999). Recent studies indi-
cate that some woody species have both enhanced
above-ground growth and increased tannin levels after
browsing (du Toit et al. 1990, Stock et al. 1993).

We carried out a study on the tropical tree Acacia
drepanolobium. Our experiments are different from pre-
vious studies of simulated herbivory in that we simu-
lated two kinds herbivory (on leaves and on shoots) on
separate branches of the same trees (cf. Honkanen et al.
1994, Oba 1994, Alados et al. 1997) and monitored
both compensatory growth and induced defence. This
uniquely allowed us to compare all of these treatments
and responses in a system that controls for plant spe-
cies, and time and site effects. In addition, this experi-
ment was embedded inside a large-scale herbivore
exclusion experiment (Young et al. 1998), allowing us
to analyze short-term responses to simulated herbivory
in the context on longer-term differences in actual
herbivory.

Methods
Study site and species

The study was conducted at the Kenya Long-term
Exclosure Experiment (KLEE; Young et al. 1998) at
the Mpala Research Centre in Laikipia District, Kenya.
The study area is located at an elevation of 1800 m
a.s.l. (0°17'N, 37°52'E). The climate is semi-arid, aver-
aging ~ 500 mm of rain in a complex seasonal pattern.
The vegetation in the study plots is Acacia drepanolo-
bium bushed grassland, characteristic of heavy clay
“black cotton” soils of impeded drainage. A series of 18
four-ha plots were constructed in September 1995 to
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selectively exclude 1) all large herbivores, 2) all large
herbivores except cattle, 3) elephants and giraffes, 4)
elephants, giraffes, and cattle, 5) cattle only. The sixth
plot in each replicate is accessible to all animals. In
each of three blocks, all six treatments were arranged in
a random stratified design. Large herbivores were ex-
cluded by a nine-strand electric fence 2.2 m high.
Elephants and giraffes were excluded by a fence with
two strands at a height of 2—2.2 m. Cattle are individu-
ally herded, and visual barriers were used to direct
herdsmen away from cattle exclusion plots. Both dung
count data and browsing data on Acacia drepanolobium
demonstrate that these barriers are effective in exclud-
ing the target herbivores (Young and Okello 1998,
Young et al. 1998). See Young et al. (1998) for a full
description of KLEE.

The simulated herbivory experiment was conducted
on Acacia drepanolobium. This tree is small and single-
stemmed, occurring in East Africa on soils of impeded
drainage. It is defended by spines (Young 1987,
Milewski et al. 1991), symbiotic ants (Madden and
Young 1992, Young et al. 1997), and perhaps leaf
chemistry (Ward and Young unpubl.). Each tree is
inhabited by one of four species of ants living in
swollen spines (Young et al. 1997 and Palmer et al.
2000). Treatments were stratified across trees with the
four common ant species: Crematogaster mimosae, C.
nigriceps, C. sjostedti, and Tetraponera penzigi. The
presence of particular ant species has myriad effects on
tree growth, reproduction, and morphology (see Young
et al. 1997 and Stanton et al. 1999). Local mammalian
herbivores of A. drepanolobium include elephants,
giraffes, elands, Grant’s gazelles, and steinbucks.

Simulated herbivory

In July 1997, in each of the 18 experimental plots, we
selected four trees, one occupied by each of the four
resident ant species. Working along one side of each
plot, we selected trees within 25 m of the plot edge,
choosing the first tree that a) was occupied by an ant
species not previously sampled, b) had accessible
branches 1.0—1.5 m from the ground, and c¢) had one or
two forked branches that could be used for paired
treatments. We also sampled one tree in each plot (18
more trees) with the dominant ant Crematogaster mi-
mosae that had branches ~2.0 m from the ground
(rarely, this was the same tree as sampled for lower
branches). In total, we had 90 experimental branch
pairs for each of the two forms of simulated herbivory.

On each tree, one forked branch pair was designated
for leaf removal, and the other for shoot removal.
Evidence suggests that individual branches within a tree
are relatively autonomous (Sprugel et al. 1991). Occa-
sionally (five cases) these two forms of simulated her-
bivory were on different trees. On each forked branch,
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one fork was designated “experimental’” and the other
“control”. This designation alternated from tree to tree,
with the proximity to the side of the plot being the
reference direction. The distance from the fork point to
the end of the shoot was measured for each of the
forks, as was the average height each of the two forked
branches. On each of the selected shoots, we measured
five cm from the shoot tip, and then sampled the next
two nodes more proximate to the stem. If either was a
swollen spine, it was skipped and the next node was
chosen. At each node, one of the pair of spines was
measured to the nearest mm. If the two spines were
visibly different in size, the one most vertical was
measured. The height of the tree and the identity of its
ant occupant were also recorded.

The terminal 3 cm (+ 1 cm) of the shoot removal
branch was pulled off with a pair of pliers. All leaves
were plucked from the leaf removal fork. In July and
August of 1998, these trees were resurveyed. Eight trees
(out of 90) could not be relocated. Each of the four
branches was measured to its furthest living shoot, and
the number of shoots per branch was counted. For the
shoot removal branch, we also measured the distance to
the stub where the shoot had been removed. We again
measured two spines per branch on new growth as
described above. If there was no new growth, no spines
were measured. If the new growth was not long enough
for this method (five cm plus two internodes), we
measured the spines on the first two nodes of the new
growth.

On the leaf removal treatment and control branches,
we also counted the numbers of axillary leaves per
node. We surveyed the first four nodes of new growth
(since the last growth period April to June 1998) and
the last four nodes of old growth. Many of the leaves
on the older parts of the shoots were produced during
the year between surveys, and so these sections of
shoots could have more or fewer leaves in the second
survey than in the first.

Statistical analysis

All tests of simulated herbivory treatment effects were
based on paired comparisons. For each branch pair, we
calculated the difference between control and treatment
branches for the response variables: number of shoots,
branch length, and mean spine length. For the simu-
lated leaf herbivory experiments, we also analyzed the
numbers of old and new leaves. These differences were
our primary response variables. The means of these
responses were compared with an expectation of no
difference, with the exception of shoot length on shoot
removal branch pairs, which were compared with an
expectation of a loss of 3 cm (the amount of shoot tip
removed). These analyses were done on all relocated
plants.
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Variation in these responses were then compared
across blocks, ant species, herbivore treatments with
interactions in split-split plot, three-way ANOVAs
(Type III Sum of Squares) corrected for missing repli-
cates (lost trees and dead shoots). For these analyses,
we did not include the 18 trees with higher sampled
branches because these were only occupied by C. mi-
mosae. Herbivore treatment levels were reduced to three
by not distinguishing between plots accessible to cattle
and not accessible (cattle do not feed on A. drepanolo-
bium). We also ran correlation analyses between the
individual responses (differences between experimental
and control branches) and mean shoot growth rates on
each tree.

Results
Leaf removal experiment

Mortality rates in leaf removal (7/86) and leaf control
(6/86) branches were similar. Among surviving
branches, the production of side shoots was indepen-
dent of leaf removal treatment (¢ =0.62, df. =69, p =
0.54; Fig. 1). However, leaf removal branches grew
faster than their paired control branches by an average
of 3.25 cm (¢+=2.02, df. =69, p=0.04; Fig. 2). The
strength of the growth response to herbivory was inde-
pendent of block (F'=0.01, df. =2, p =0.99), ant spe-
cies (F=0.52, df.=3, p=048), and herbivore
exclosure treatment (F = 1.25, df. =2, p =0.39).

Leaf removal branches had 24% more leaves per
node than leaf control branches (¢=2.40, df. =69,
p =0.02; Fig. 3). When new and old leaves were ana-
lyzed separately, the effect was greater for new leaves
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Fig. 1. Effects of leaf removal and shoot removal on the
eventual number of shoots per branch. Sample sizes were 86 or
87 for each sample. Bars are one standard error, calculated
across trees. Statistics were done on comparisons that con-
trolled for individual tree effects, which greatly increase power
compared to the apparently large standard errors shown here.
Shoot removal significantly increased the number of shoots per
branch, but leaf removal did not.
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Fig. 2. Effects of leaf removal and shoot removal on subse-
quent shoot growth. Sample sizes were 86 or 87 for each
sample. Bars are one standard error, calculated across trees.
Statistics were done on comparisons that controlled for indi-
vidual tree effects, which greatly increase power compared to
the apparently large standard errors shown here. The white
area represents the mean length of shoot tip removed; i.e., the
shoot removal branches had grown faster than the control
branches by an amount that fully compensated for the loss of
their tips.

(t=2.36, df. =69, p=0.02). Both old and new leaf
regrowth responses to leaf removal were independent of
block (old: F=0.07, df. =2, p=0.93; new: F=0.02,
df. =2, p=0.98), and herbivore exclusion treatment
(old: F=15, df.=2, p=0.87; new: F=0.57, df. =2,
p =0.61). The response of old leaves was also indepen-
dent of ant species (F=0.82, df. =3, p=0.49). How-
ever, trees occupied by C. nigriceps and C. mimosae
responded significantly more to simulated leaf her-
bivory by producing new leaves than did trees occupied
by C. sjostedti and T. penzigi (F=2.75, df. =3, p=
0.05; Fig. 3).

Leaf control, younger leaves

Leaf removal, younger leaves

Z m 0

Leaf control, older leaves

Leaf removal, older leaves

Mean # leaves/node

T. penzigi C. nigriceps C. mimosae C. sjostedti

Ant Species

Fig. 3. Effects of leaf removal on the mean number of leaves
per node on trees occupied by different ant species. Sample
sizes were 17 or 18 for each sample. Bars are one standard
error, calculated across trees. Statistics were done on compari-
sons that controlled for individual tree effects, which greatly
increase power compared to the apparently large standard
errors shown here. Leaf removal significantly increased leaf
production, overall.
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Spine lengths did not respond to leaf removal. Leaf
removal and leaf control spines were similar in length
both years and did not undergo dramatic growth be-
tween years (mean difference —0.08; #=0., df. =34,
p=0.55).

Shoot removal experiment

Shoot removal branches were 4.5 times as likely to die
over the next year than were shoot control branches
(9/87 vs 2/87, x*>*=3.49, p=0.04). Among surviving
branches, leaf removal branches had significantly more
shoots (2.324+0.22) than shoot control branches
(1.95 +0.16; 1 = 2.05, df. = 63, p = 0.04; Fig. 1). Among
surviving branches, those that had 3 cm of shoot tip
removed in 1997 grew more than their unclipped coun-
terparts (¢ =1.99, df. = 63, p = 0.05; Fig. 2), and within
one year had regained the treatment loss by growing an
average of 3.25 cm more than the paired controls. The
increase in branch growth rate associated with simu-
lated shoot herbivory was independent of block (F =
3.05, df. =2, p=0.08), ant species (F=0.58, df.=3,
p=0.64), and herbivore treatment (F=3.70, df. =2,
p=0.12). The increase in the number of shoots pro-
duced per branch with simulated shoot herbivory was
also independent of ant species (F=1.25, df. =3, p=
0.33), and herbivore treatment (F=1.95, df.=2, p=
0.26), although there was a block effect (F=3.83,
df. =2, p=10.05).

Average shoot growth was strongly influenced by ant
occupant (F=4.36, df. =63, p=0.01). Trees occupied
by Tetraponera penzigi experienced the highest growth
(mean = 20.8 c¢cm), followed by Crematogaster mimosae
(12.4 cm), C. nigriceps (10.0 cm), and C. sjostedti (6.9
cm). Herbivores also had a significant influence on
branch regrowth. Branches grew 60% faster in plots
from which all browsers had been excluded (14.1 + 3.0
cm) than in the plots accessible to browsers (8.7 + 1.7
cm; F=3.05 df. =63, p=0.025). This paralleled a
similar, but not significant difference in the leaf treat-
ment branches. These differences were not due to direct
herbivory, which did not occur on any of the study
branches during this year.

All forms of vegetative compensation were positively
correlated with mean shoot growth, and one such com-
parison was statistically significant. The response of leaf
number to leaf removal was significantly greater on
branch pairs with greater mean growth rates (F = 6.04,
df. =63, p=0.02).

Discussion

Acacia drepanolobium demonstrates considerable ability
to compensate for the loss of vegetative tissue. Both
shoot removal and leaf removal were effective stimuli
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for regrowth. Shoot regrowth was fully compensatory
in shoot removal experiments. Leaf regrowth was so
much greater in leaf removal branches that these had
significantly more leaves a year later than did branches
from which no leaves had been removed. Shoot re-
moval, but not leaf removal, increased the production
of side shoots. This suggests that the production of side
shoots was the result of the loss of apical dominance.

Acacia species, including A. drepanolobium, suffer
considerable herbivory in nature. They are preferred
food for giraffes, which both strip branches of their
leaves and nip young shoots (Pellew 1983, Milewski et
al. 1991, Young and Isbell 1991). In a given year,
5—15% of shoot tips in this study site are eaten by
herbivores (Young and Okello 1998, Young et al.
1998). Given that these trees are predictably browsed
by herbivores, it is perhaps not surprising that this tree
has the ability to compensate for some forms of her-
bivory. We can add A. drepanolobium to the growing
list of species that show regrowth responses to her-
bivory. Our observed responses to simulated herbivory
were elicited without any chemical cues or stimulants
(e.g., saliva) from herbivores.

Previous surveys had shown that our herbivore exclu-
sion barriers effectively reduce shoot herbivory (Young
and Okello 1998, Young et al. 1998). We now have
evidence that exclusion was associated with 60% greater
shoot growth on trees protected from browsers (see
Results). This result implies that there may be at least
some costs of herbivory that are not fully recoverable
by shoot regrowth, either differences in shoot mortality
or systemic responses of trees to herbivory.

Vegetative compensation was positively correlated
with growth rate. There were parallel differences in
compensation among trees occupied by different ant
species, which were correlated with their different mean
growth rates (see below). It is likely that when limiting
resources are more available, plants are more able to
compensate for tissue loss.

In interspecific comparisons, faster growing plants
are more likely to recover, perhaps because they can
regain biomass more quickly (Coley et al. 1985). Within
populations, the ability of a plant to compensate for
tissue loss also appears to be positively related to
factors that determine its ability to acquire energy, such
as growing season (Oba 1994, Bush and Vanauken
1995, Alados et al. 1997), branch size (Honkanen and
Haukioja 1994), fertilization and lack of competition
(Mutikainen and Walls 1995), and light availability
(Lentz and Cipollini 1998). In addition, the ability to
compensate may be greater in the absence of other
resource sinks, such as reproductive structures
(Tolvanen and Laine 1997), or adjacent defoliated
branches (Honkanen et al. 1994). The ability to store
and mobilize carbohydrates was thought to determine
resilience, but recent evidence has failed to support this
(Stock et al. 1993).
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In contrast, there were no indications that our simu-
lated herbivory induced either physical defenses (spine
length) or chemical defenses (tannin concentrations;
Ward and Young unpubl.). We call these traits de-
fenses. There is strong experimental evidence that
spines do indeed defend plants from herbivory (Cooper
and Owen-Smith 1986, Milewski et al. 1991, Gowda
1996). The defensive role of tannins is the subject of
recent reconsideration, but there is qualified support for
this role (Wrangham and Waterman 1981, Cooper and
Owen-Smith 1985, Furstenburg and van Hoven 1994).

There are at least two possible reasons why our
experiments failed to demonstrate induction of these
defenses. First, our simulated herbivory may have dif-
fered from natural herbivory in ways that failed to
provide the appropriate cues to the plants (Agrawal
1998). Second, these defenses may already have been
largely induced by past herbivory. After two and a half
years of herbivore exclusion, both spine length (Young
and Okello 1998) and tannin concentrations (Ward and
Young unpubl.) had been reduced only ~ 20%, barely
detectable given the large variation in these traits, even
with large sample sizes (720 and 180 trees, respectively).
Even if our treatments had fully reversed these small
decreases, we may not have had the power to detect it
(with 72-90 trees). This may also explain why neither
vegetative nor defensive responses differed among the
different herbivore treatment classes.

There were no negative correlations between com-
pensation (difference between treatments and controls)
and either chemical (tannins) or physical (spines) de-
fenses, and only positive correlations with mean growth
rates. Acacia drepanolobium is a long-lived plant, and
costs of vegetative compensation might be expressed in
terms of reduced future growth, reproduction, or sur-
vival, but this is by no means certain (see Whitham et
al. 1991, Vail 1992, Paige 1999).

Many traits of A. drepanolobium trees are signifi-
cantly correlated with the species of ant occupant
(Young et al. 1997, Young and Okello 1998). We have
shown here that trees occupied by different ant species
differed in their mean shoot growth, and in two of the
three compensatory responses to simulated herbivory.
These may be causally related or separate syndromes
related to particular ant behaviors as yet undescribed.

Trees occupied by different ants differed both in the
mean number of leaves per node, and the response of
this variable to artificial defoliation (Fig. 3). The very
low number of leaves per node associated with C.
nigriceps results from their unique behavior of remov-
ing many of the axillary shoots that produce new leaves
(Young et al. 1997, Stanton et al. 1999). Even with few
nodes available, however, trees occupied by C. nigriceps
strongly compensated for leaf loss. In contrast, trees
occupied by C. sjostedti did not quite fully compensate
for leaf loss. This is consistent with the facts that a)
trees occupied by C. sjostedti had the lowest mean
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shoot growth, and b) shoot growth was positively cor-
related with compensatory leaf production.

In summary, Acacia drepanolobium exhibits consider-
able ability to regrow after simulated herbivory. The
difference between the regrowth of treatment and con-
trol branches was positively correlated with plant
growth rates, which were themselves correlated with
both the identity of the ant symbiont, and the experi-
mentally controlled past history of herbivory. While
these plants demonstrated an ability to regrow after our
simulated herbivory, the overall growth rates of plants
exposed to experimentally controlled herbivory (60%
greater in plants protected from herbivores) suggest
that there are long-term costs to herbivory that may not
be evident in short-term studies.
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