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Abstract. The experiments reported here test the hypothesis that increased foliage losses
lead to decreased reproduction in plants. Six Costa Rican tree species were defoliated by
hand twice during 1970. Subsequent collection of fruit crops during 1971 showed that control
totals for fruit number and weight were much larger than totals of defoliated trees in all
six species. Over 80% of the experimental defoliated plants produced no fruit whatsoever.
Individual controls outproduced their experimental counterparts in 39 of 41 paired cases
where reproduction occurred in either. It is concluded that heavy defoliation of wild trees
will practically eliminate seed production for the year in which it takes place. These data
and other work with crop plants have shown that both growth and reproduction are functions
of leaf area. Consequently, heavy defoliation drastically reduces the fitness of a plant.
Herbivore consumption of plant parts has probably played an important role in the evolution
of both the morphology and chemistry of plants. These data support the view that physical
and chemical defenses evolved by plants have played an important role in plant-herbivore

co-evolution.

INTRODUCTION

A discussion of the evolution of chemical defenses
in plants usually begins in the following manner:
individual plants, through mutation and recombina-
tion, produce certain compounds not involved in
normal metabolism. Some of these are unpalatable
to herbivores, and these plants increase their num-
bers relative to their conspecifics until this un-
palatability becomes characteristic of the species
(Ehrlich and Raven 1964, Whittaker and Feeny
1971).

The underlying assumptions are that herbivore
consumption of plant parts leads to lowered fitness
through (1) increased mortality, (2) decreased
growth rate, and (3) lowered seed production. There
is ample evidence in the literature to document (1)
and (2) (Kulman 1971, Jameson 1963). The rela-
tionship between herbivore defoliation and seed pro-
duction is, however, poorly understood. It is as-
sumed that selection will operate in such a manner
that a plant whose herbivore damage or “herbivore
load” has been lessened will have more surviving
progeny. Janzen (1971), for example, stated that re-
placement of leaves lost to herbivores would “ex-
haust some of the reserves stored from previous
years for seed production.” Yet only a limited
amount of data from crop and range grasses (Jame-
son 1963) and casual observations on trees (Heron
1956, Capek 1962) is available to substantiate this
assumption. In a review of insect defoliation of trees
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Kulman (1971) cites 174 studies, most of which
relate growth loss to quantity of foliage lost to
insects; however, he fails to discuss the effects of
herbivore defoliation on seed production.

The experiments reported here test the hypothesis
that a heavy herbivore load, as represented by hand
defoliation of experimental wild trees, will lead to a
lowered fruit production. A strong positive correla-
tion between increased herbivore damage and de-
creased reproduction would strengthen those theories
that emphasize an important role for plant chemical
defenses in the evolution of plants and their animal
herbivores.

METHODS

The study area was near Cafias, Guanacaste
Province, Costa Rica. The precise location differed
for each tree species, but all plants were either on a
farm 4 km north of Cafas, Finca La Pacifica, or
along the Pan American highway between the towns
of Caflas and Bagaces (45-80 m elevation). Accord-
ing to Holdridge (1967), the natural vegetation of the
area is Tropical Dry, deciduous forest. Most of the
forests in this region have been cleared for crops
and pastures or selectively cut. The climate is char-
acterized by a long rainy season (May—November)
and an-equally long dry season (December—April)
featuring high winds. Most woody species drop their
leaves during the dry season, and many trees flower
and fruit at this time (Janzen 1967, Baker and
Frankie 1973). Of the six tree species used in this
experiment, five bear flower and fruit during the
dry season. The sixth, Crescentia alata, flowers for
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many months during the rainy season; the fruits are
mature during the dry season. All experimental trees
except Cochlospermum were twice hand-defoliated,
once during the middle of the rainy season (August
1970) and again in the late rainy season (September—
October 1970). ’

Mature experimental and control trees were
selected and paired if they were of similar size and
shape, and growing under comparable conditions.
For all species 10 pairs were selected, except that only
eight pairs of Crescentia were used because of the
time needed for defoliation. Data from only nine
pairs of Spondias purpurea are available since a 10th
pair was chopped down by local people after treat-
ments had been completed.

Specific details of locations of plants, treatments,
etc. are outlined below for each of the six species.
More details on the biology of individual species can
be found in Allen (1956).

(1) Acacia farnesiana (L.) Willd.,, Mimosaceae,
is a common spiny shrub or small tree 1-4 m high
that produces bright yellow flowers and indehiscent
pods in the dry season. It is found throughout the
Central American Pacific lowlands growing in pas-
tures and other open places.

The study site was a lightly used pasture at Finca
La Pacifica. Twenty plants 2-3 m tall were picked
haphazardly from this area and paired by similar
size and shape. The 10 experimental plants were
defoliated by hand during August 1970, and had
completely refoliated within 2 weeks. In mid-Sep-
tember all of these plants were defoliated a second
time, and again refoliation occurred in 2 weeks.
Brown, dry pods were collected between January 21
and April 12, 1971. :

(2) Bauhinia ungulata L., Caesalpinaceae, is a
shrub or small tree characteristic of disturbed areas,
attaining a maximum height of 5 m. It produces
white flowers in the dry season, closely followed by
brown pods.

There were two study areas. Pairs 1-6 were
located on Hacienda COMELCO (approximately 20
km north of Cafias) near the Pan American high-
way. Pairs 7-10 were in the same pasture as the
A. farnesiana study area. All experimental plants
were defoliated in mid-August and again in early
October 1970. Refoliation was about 75% of the
original number of leaves. Mature pods were col-
lected between February 4 and March 2, 1971.

(3) Cochlospermum vitifolium (Willd.) Spreng.,
Cochlospermaceae, is generally found in the Pacific
lowlands of Central America, where it is a small to
medium-sized tree of 15-20 m maximum height. It
is deciduous during the dry season, when it produces
large golden-yellow flowers and large fruits.

The study area was a second-growth forest about
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20 years of age. Ten pairs of trees of similar size
(approximately 8 m) were chosen. Since the trees
were so tall and leaves were found only near the
tops of the trees, all defoliation was done with a pole
pruner. Trees 4 and 7 were so tall that not all leaves
could be reached. This set of trees differed from
other experimentals in two ways. When defoliating
with the pole pruner, I sometimes clipped off whole
sets of leaves by cutting the section of the branch
that they were attached to. Second, Cochlospermum
was unsuccessful at refoliating. Therefore only one
defoliation was performed, in early August 1970.
Fruits were collected with the pole pruner on March
9, 1971.

(4) Crescentia alata H.B.K., Bignoneaceae, is a
common tree in areas that are periodically flooded
during the rainy season in the Pacific lowlands of
Nicaragua and Costa Rica. It is a spreading tree
of up to 12 m in height and bears its flowers along
the trunk (cauliflory). The large green fruits weigh
up to a kilogram each.

The study area was along the Pan American high-
way between Cafias and Bagaces. The first defolia-
tion was finished in early September, but all trees
refoliated within a week. However, six of them were
then completely defoliated by a chrysomelid beetle
(Oedionychus sp.). Only trees 1 and 5 had to be
hand-defoliated a second time. All trees refoliated
a second time except tree 8 and were defoliated a
second time by the beetles (third time over all).
Control trees were not attacked by the beetles, nor
were mature leaves within experimental trees eaten
by them. This appears to be because the beetles
normally ate only new leaves (Rockwood 1973a).

Fruit was collected on three dates: before de-
foliation, 6 months after defoliation, and 1 year after
defoliation.

(5) Gliricidia sepium (Jacq.) Steud., Papilio-
naceae, is planted throughout Central America as a
fence-row tree and is common in second growth.
It is deciduous and attains a height of 5-15 m. In the
dry season it produces dense clusters of pink flowers
and linear dehiscent pods.

The study area was a fence row in a pasture at
Finca La Pacifica. Ten pairs of similar size (10 m).
and shape were chosen. Trees were defoliated dur-
ing mid-August and again in early October 1970.
Leaf replacement was only 50%-75% after both
defoliations. Pods were collected March 3-5, 1971.

(6) Spondias purpurea 1.., Anacardiaceae, is an-
other second-growth tree that is commonly used as
a living fence post in the Pacific lowlands of Costa
Rica. It can attain a height of 15 m. In the dry
season it is deciduous and produces small red flowers
and red, plumlike fruits.

The study area was in several fence rows between
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TABLE 1.
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Fruit number and weight in defoliated and. TaBLE 1. (continued)
control plants

. Number of fruit Weight of fruit
Species
Plant Experi- Experi-
no. Control mental Control mental
Acacia farnesiana
1 24 0 41g Og
2 0 4 0 4
3 33 0 17 0
4 439 3 416 5
5 140 0 172 .0
6 192 0 249 0
7 451 0 669 0
8 242 0 369 0
9 33 0 66 0
10 0 0 0 0
Total 1554 7 1999 9
Bauhinia ungulata
1 0 0 0Og 0g
2 0 0 0 0
3 49 0 76 0
4 24 0 38 0
5 34 0 64 0
6 18 0 29 0
7 53 1 74 3
8 13 0 22 0
9 31 0 75 0
10 27 15 35 18
Total 249 16 413 21
Cochlospermum vitifolium
1 5 0 135g 0Og
2 4 0 110 0
3 0 0 0 0
4 9 13 250 355
5 0 0 0 0
6 0 0 0 0
7 6 5 160 130
8 12 0 310 0
9 .0 0 0 0
10 2 0 55 0
Total 38 18 1020 485
Gliricidia sepium
1 49 0 435g 0Og
2 23 0 165 0
3 99 0 810 0
4 1626 731 9935 4715
5 358 107 3605 600
6 572 0 4175 0
7 1067 2 9940 10
8 0 0 0 0
9 401 20 2440 128
10 0 0 0 0
Total 4195 860 31505 5453
Spondias purpurea
1 4533 0 17.8kg Okg
2 0 0 0 0
3 0 0 0 0
4 6102 0 27.2kg 0
5 0 0 0 0
6 0 0 0 0
7 0 0 0 0
8 0 0 0 0
9 0 0 0 0
Total 10635 0 45.0 0

. Number of fruit Weight of fruit
Species
Plant Experi- Experi-
no. Control mental Control mental

Crescentia alata, before defoliation (late August 1970)

1 171 102 76.8kg 58.2kg

2 5 11 2.1 3.9

3 111 85 38.6 21.8

4 128 132 57.1 479

5 81 135 22.7 27.0

6 32 43 114 19.2

7 69 104 24.0 294

8 29 29 8.6 10.0
Total 626 641 241.3 2174

Crescentia alata, 6 months after defoliation (February
1971)

1 83 37 28.8kg 17.8kg
2 15 0 52 0
3 75 0 21.8 [V}
4 50 0 204 0
5 15 0 2.2 0
6 11 0 1.6 0
7 36 0 12.0 0
8 3 0 1.0 0
Total 288 37 93.0 17.8
Crescentia alata, 1 year after defoliation (late August
1971)
1 65 21 19.1kg 9.5kg
2 2 1 1.0 0.4
3 50 22 16.6 5.0
4 212 15 90.4 5.2
5 5 0 1.2 0
6 20 16 5.6 4.0
7 5 0 0.8 0
8 4 0 0.8 ]
Total 363 75 135.5 24.1

Cafias and Finca La Pacifica. All trees were de-
foliated in August 1970 and again in October. Re-
foliation of experimental trees was poor, reaching
50% of the original leaf area at best. Fruit was
collected between February 10 and April 12, 1971.

Except for Crescentia and Spondias all fruit crops
were weighed to the nearest gram, wet weight. The
fruit crops of these two species were so large and
heavy that they were weighed to a tenth of a kilogram
on a grain scale. Data were analyzed on the Uni-
versity of Michigan Terminal System (MTS) constant
program (¢-tests). The Sign Test was as described
in Brownlee (1965).

RESULTS

Results for all tree pairs are presented in Table 1
and summarized for each species in Table 2. In
all six species the control totals for fruit number and
weight are much larger than for defoliated plants.
Of the 57 defoliated plants, 46 (80.7%) produced no
fruit. In contrast, only 17 controls (29.8%) failed
to produce some fruit. Individual controls produced
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TABLE 2. Mean fruit crop number and weight per individual tree

Mean no. of fruit Mean weight

Sample

Species size Control Exp. Control Exp.
Acacia farnesiana 10 1554 0.7 199.9g 9.0g
T-test significance P < 0.020 P < 0.021
Bauhinia ungulata 10 24.9 1.6 41.3g 2.1g
T-test significance P < 0.003 P < 0.003
Cochlospermum vitifolium 10 3.8 1.8 102.0g 48.5g
T-test significance P < 0.175 P < 0.165
Gliricidia sepium 10 419.5 96.0 3150.5g 545.3¢g
T-test significance P < 0.024 P < 0.029
Spondias purpurea 9 1182.0 0.0 5.0kg 0.0kg
T-test significance P < 0.174 P < 0.179
Crescentia alata 8 78.3 80.1 30.2kg 27.2kg
(before defoliation)
T-test significance P < 0.890 P < 0.443
Crescentia alata 8 36.0 4.6 11.6kg 2.2kg
(after defoliation)
T-test significance P < 0.011 P < 0.015
more than their experimental counterpart in 39 of Discussion

41 cases where reproduction occurred in either. By
means of a sign test for these 41 pairs, the hypothesis
that controls outproduced defoliated trees is con-
firmed (P < .001). Moreover, even though Cochlo-
spermum experimental 4 produced more than its con-
trol, all fruits were produced in that section of the
tree that was not defoliated because of its height.
In fact, the only defoliated Cochlospermum to pro-
duce fruit were those trees (4 and 7) that were not
completely defoliated.

A two-sample #-test performed on the data from
each species shows that the difference between ex-
perimentals and controls is significant except in
Cochlospermum and in Spondias, where only two
controls and no experimental trees set fruit.

It appears that Spondias may fruit at irregular in-
tervals or every 2nd year. With the exception of the
two control trees which did fruit, no other S. pupurea
in the entire Caflas area was observed to fruit in any
significant amount. This phenomenon is known from
other tree species in the Tropical Dry forest and may
explain why only 2 of 18 trees set fruit.

Fruit crops of Crescentia alata were collected be-
fore defoliation, 6 months after defoliation, and 1
year after defoliation. Before defoliation the mean
fruit production of experimental and control trees
was almost identical, 80.1 vs 78.3. After defoliation,
the fruit production of experimentals dropped far
below that of controls, 4.6 vs 36.0. Six months later
still, or a year after the first count was made, ex-
perimental trees were still far behind their counter-
parts but beginning to recover, 9.4 vs 45.5.

Experiments similar to those reported here have
been conducted on crop plants. Early studies cor-
related size of apples and peaches with leaf area
(Magness 1929, Weinberger and Cullinan 1932).
Significant decreases in wheat yield have been ob-
tained whenever more than one leaf is removed from
wheat plants (Davidson 1964, Lucas and Asana
1968). Stickler and Pauli (1961) found that re-
moval of 33%, 50%, 67%, and 100% of the leaves
resulted in yield decreases of 23%, 35%, 43%, and
95% in sorghum. In his review of crop and range
plant response to harvesting, Jameson (1963) con-
cluded that clipping or grazing by herbivores ad-
versely affects seed production.

Three factors modify the relationship between leaf
area removed and reduction in crop yield. First, a
certain amount of foliage is dispensable, and there
is little reduction in yield until a threshold of leaf
area loss is exceeded. For example, Guene and
Minnick (1967) found that snap bean yield is not
significantly affected until nearly 50% of the leaves
have been removed, and Sackston (1959) cut 25%
from each leaf in sunflower plants without decreasing
yield significantly. Chester (1950) suggested that
when a few leaves are lost, those remaining become
more efficient and no energy is lost by the plant.
This may not be true for plants in natural, competi-
tive situations. Moreover, removal of leaves beyond
this threshold proves quite detrimental to reproduc-
tion even in crop plants growing under reduced com-
petition.

The second factor which modifies the relationship
between leaf area and reproductive yield is the type
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TaBLE 3. Partial list of plant species for which heavy defoliation has been reported (adapated from Kulman 1971)

Plant species Recorded

Defoliator attacked defoliation
A. Sawflies
Diprion pini Pinus sylvestris 85%
Neodiprion pratti Pinus virginiana 55
Neodiprion nanulus Pinus resinosa 100
Neodiprion taedae Pinus taeda 75
Diprion hercyniae Picea mariana and Picea glauca 50-95
Neodiprion abietis Abies concolor 65
Neodiprion lecontei Pinus taeda and echinata 75-100
Neodiprion rugifrons Pinus banksiana 90
Cephalcia alpina Larix leptolepis 20-85
Pristophora erichsonii Larix laricina 25-70
B. Budworms
Choristoneura pinus Pinus resinosa 70-100
Choristoneura fumiferana Picea spp. 100-800
Choristoneura occidentalis Pseudotsuga menziesii, Abies grandis, and species of Picea 20-60
C. Miscellaneous Lepidoptera
Lambdina fiscellaria Tsuga heterophylla, Pseudotsuga menziesii, and others 80-100
Zieraphera diniana Picea sp. 100
Coleophora laricella Larix decidua 40
Melanolphia imitata Tsuga heterophylla 90
Porthetria dispar -Quercus spp. 100
Malacosoma disstria Populus tremuloides 25-100
Operophtera brumata Quercus rubra 100-400
Dasychira pudibunda Fagus sylvatica 90
Heterocampa guttivitta Acer spp. and Ostyra virginiana 100-300
Aroga websteri Artemisia spp. 25-100

of leaves removed. Stickler and Pauli (1961) showed
that removal of leaves from the upper portion of a
plant causes a greater reduction in yield. When
Sackston (1959) removed leaves from the upper half
of sunflower plants, seed production was reduced
52% as compared to only 14% when he removed
leaves from the lower half. The basal leaves are
usually older and approaching senescence, whereas
the upper leaves are younger and photosynthesizing
more rapidly. The lower leaves also receive less sun-
light since they are shaded by the upper leaves.

A third factor which must be considered in these
crop studies is the timing of defoliation. Begum and
Eden (1965) reported that defoliation on one-third
and two-thirds of the leaf area before blooming had
little effect on soybean yield. Only when the beans
were half-grown did all degrees of defoliation result
in significant yield reduction. Chester (1950) re-
ports that in many other crops studied the loss in
yield is greatest when plants are defoliated at mid-
season. Yield losses are progressively less with
earlier and later defoliations.

The literature on the effects of defoliation on seed
production in wild trees is limited to observation.
Heron (1956) reported that cones were not produced
in jack pines (Pinus banksiana) during the year
following severe defoliations by the budworm,
Choristoneura pinus (Lepidoptera), although cones
were abundant on trees not defoliated. In Germany,

Capek (1962) has noted that seed production oc-
curred only on spruce trees (Picea sp.) that were not
attacked by Zieraphera diniana (Lepidoptera).

Heavy defoliation of wild trees will reduce and
practically eliminate seed production for the year
in which it takes place. In this study more than 80%
of defoliated trees produced no fruit in 1971. Most
of the other 11 trees yielding fruit produced them
in the portion of the tree which had been impossible
to defoliate. Controls outproduced their counterparts
in 39 of 41 cases, and the only results not clearly
significant were due to technical difficulties. It is
clear that twofold defoliation is normally sufficient
to eliminate reproduction in these tropical trees; it is
not evident at what level more moderate defoliation
becomes significant. However, extrapolating from
crop studies, I estimate that reproduction will be
significantly reduced any time 50% of the tree’s total
leaf area is lost. This figure may be reduced con-
siderably if only actively photosynthesizing or upper-
canopy leaves are considered.

Some workers have doubted that 50%—200% de-
foliation occurs in nature. The real question is not
only whether this defoliation occurs now, but if it
has occurred during the evolutionary history of plant
species. In contemporary Central America, leaf-
cutting ants of the genus Atta are known to defoliate
a number of plant species (Weber 1966, Rockwood
1973b). Of the plant species used in this experiment
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I have seen leaf-cutters strip 50%~100% of the leaves
from Acacia farnesiana, Cochlospermum vitifolium,
and Spondias purpurea. 1 have observed Gliricidia
sepium damaged to a lesser degree by leaf-cutters.
The beetle Oedionychus sp. defoliated several
Crescentia alata trees used in this experiment, the
damage varying from 50%-200% (Rockwood 1974).

Severe defoliations by insects are not limited to the
tropics. In the temperate zone, saw flies, phasmatids,
bud worms, gypsy moths, and miscellaneous Lepidop-
tera have been reported to cause 50%-800% damage
in a variety of tree species (Table 3) (Kulman
1971).

Since many extant plant species possess defenses
of some kind against herbivores and are still subject
to severe damage, defoliations of this severity have
surely occurred in the evolutionary past of most
plant species. For this reason I conclude that her-
bivore consumption of plant parts has played an
important role in the evolution of both the mor-
phology and chemistry of plants.

Since both growth (Kulman 1971, Donald 1961)
and reproduction are, to a great extent, functions of
leaf area, medium to heavy defoliation (loss of
50%~100% of leaf area) will have important con-
sequences for a plant. Selection for any physical or
chemical means to lessen a plant’s herbivore load will
operate on four levels. (1) A plant with fewer foliage
losses will have more intact photosynthetic surface
and more energy to devote to growth. It will be able
to grow faster and be more successful in intra- and
inter-specific competition. (2) Since it will have
fewer energy losses and broken tissues, it will likely
be more resistant to disease. (3) It will not put out
new leaves at an inappropriate time of year, and will
therefore be less prone to attack from other her-
bivores that feed only upon new leaves (Feeny
1970, Rockwood 1974). (4) As was demonstrated
in this experiment and in the work with crop plants,
it will produce more seed than its conspecifics and
more potential progeny.

The hypothesis that increased foliage losses lead to
decreased reproduction in plants is valid. Ehrlich and
Raven (1964) have emphasized the importance of
plant-herbivore interactions in the evolutionary
radiation of both insects and terrestrial angiosperms.
They have asserted that the evolution of defensive
compounds by plants and the resultant adaptation
to them by phytophagous insects have been the
dominant factors in the evolution of butterflies and
other herbivorous groups. Similar statements have
been made by Fraenkel (1959), Janzen (1969),
Whittaker and Feeny (1971), and others. The data
presented here support these views by emphasizing
the highly negative effects of heavy defoliation on
plant reproduction.
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