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Ecology, 74(2), 1993, pp. 455-466 
(? 1993 by the Ecological Society of America 

PATTERNS OF LEAF DEVELOPMENT AND HERBIVORY IN A 
TROPICAL UNDERSTORY COMMUNITY' 

T. MITCHELL AIDE 
Department of Biology, University of Puerto Rico, Rio Piedras, Puerto Rico 00931 USA 

Abstract. Most plant-herbivore studies have demonstrated that young leaves are pre- 
ferred over mature leaves, and that the majority of lifetime damage occurs during the 1 st 
mo. In spite of this, we know little about how young leaves are defended. Young leaves 
are an ephemeral resource, and herbivore damage may be reduced by (1) producing leaves 
at times of low herbivore abundance, (2) synchronous leaf production, or (3) rapid leaf 
expansion. To address these hypotheses I examined patterns of leaf phonology, leaf ex- 
pansion, and herbivory in saplings of 32 species in a Panamanian lowland moist forest. 

Leaf phonology ranged from continuous to highly synchronous, and mean monthly 
damage rates varied from 6 to 60%. Within species, leaves produced during the dry season, 
a period of relatively low insect abundance, received less damage than leaves produced 
during the wet season. Leaves produced during synchronous flushes received less damage 
than leaves produced out of synchrony. Species with continuous or synchronous leaf pro- 
duction had lower damage rates than intermediate species, but growth rates and survi- 
vorship were not correlated with leaf production. It appears that higher damage rates in 
intermediate species may be compensated by reduced investment in chemical defenses 
compared with continuous species, and a less restricted growing season and reduced storage 
costs compared with synchronous species. Previous studies have identified leaf expansion 
rate as an important young leaf defense, but in this study there was no correlation between 
expansion rate and herbivory. 

Key words: herbivory; leaf expansion; leaf phenology; Panama; seasonality; synchrony; tropics. 

INTRODUCTrION 

In general, herbivores prefer young leaves over ma- 
ture leaves (Coley 1980, 1983, Crawley 1983, Raupp 
and Denno 1983, Lowman 1985). The preference for 
young leaves is supported by the observation that in 
29 tropical species, with a mean leaf lifetime of 2.5 yr, 
>70% of the lifetime damage occurs in the 1st mo 
when a leaf is expanding (Coley and Aide 1991). Partial 
defoliation (Marquis 1984) and natural herbivory 
(Louda 1984, Crawley 1985) can negatively affect plant 
growth and reproduction. Defoliation experiments also 
have demonstrated that young leaves make a greater 
contribution to plant fitness than do mature leaves 
(Krisckik and Denno 1983, Jurik and Chabot 1986, 
Mendoza et al. 1987). 

If most herbivore damage occurs when a leaf is young, 
and if this damage affects plant fitness, then it is im- 
portant to understand how young leaves are defended. 
Most studies of antiherbivore defenses have focused 
on mature leaves and have demonstrated that chemical 
and physical defenses reduce damage (Bryant and Ku- 
ropat 1980). Defense type and quantity are thought to 
be determined by the resource availability of the en- 
vironment, and species with slow growth rates are pre- 
dicted to invest in more defenses than fast growing 
species (Coley et al. 1985). Pioneering studies of plant- 

' Manuscript received 17 December 1990; revised 29 March 
1992; accepted 27 April 1992. 

herbivore interactions suggested that young leaves are 
unlikely to be defended to be the same extent as mature 
leaves (Feeny 1970, 1976, Rhoades and Cates 1976), 
but recent reviews show that young leaves contain di- 
verse secondary chemicals and, in some cases, at higher 
concentrations than mature leaves (McKey 1979, Col- 
ey and Aide 1991). Nonetheless, the importance of 
secondary chemicals in the defense of young leaves is 
still poorly understood. Leaf toughness is a major de- 
terminant of herbivory to mature leaves (Coley 1983), 
but it is unlikely that leaf toughness can be an impor- 
tant defense for young leaves because fiber, lignin, and 
cuticular thickening, materials that contribute to leaf 
toughness, would constrain leaf expansion for devel- 
oping leaves. Young leaves of some species produce 
extrafloral nectaries that attract ants that may defend 
young leaves (McKey 1988). Although species that pro- 
duce extrafloral nectaries are more common in the 
tropics (Coley and Aide 1991), they are relatively rare 
among slow growing species (Schupp and Feener 1991) 
and these species are expected to have evolved alter- 
native mechanisms to defend young leaves. 

In summary, the physical, chemical, and biotic de- 
fenses available to young leaves are not as effective in 
reducing herbivory as the defenses employed by ma- 
ture leaves. However, because young leaves are an 
ephemeral stage in the life of a leaf, characteristics of 
leaf development may influence the degree of vulner- 
ability to herbivores (Aide 1988, Clark and Clark 1991). 
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To address this idea, I studied the relationship between 
herbivore damage to young leaves and two develop- 
mental characteristics: leaf phenology, the timing of 
leaf production, and leaf expansion rate, the rate of 
development from a bud to a completely expanded 
leaf. 

Leaf phenology may reduce herbivore damage either 
by the seasonality or the synchrony of leaf production. 
In some tropical forests, insect abundance is lowest 
during the dry season (Wolda 1978, Lowman 1982); 
therefore, leaves produced at this time should receive 
less damage. Synchronous leaf production also may 
reduce damage to young leaves by satiating herbivores 
(Feeny 1976, McKey 1979, Leigh and Windsor 1982, 
Coley 1983, Crawley 1986, Aide 1988, McKey 1989, 
Clark and Clark 1991). Although few studies have 
demonstrated an effect of satiation on herbivores, syn- 
chronous fruit production, at the species (Janzen 1976, 
Augspurger 1981) and community (Ashton et al. 1988, 
Schupp 1990) levels, has been shown to reduce seed 
predator damage, and this has been attributed to pred- 
ator satiation. 

Leaves are most vulnerable to herbivores during the 
period of leaf expansion. Therefore, rapid leaf expan- 
sion could reduce herbivore damage to young leaves 
by shortening the developmental period and by more 
quickly employing the effective defenses of mature 
leaves (Hay et al. 1988, Aide and Londoho 1989, Kur- 
sar and Coley 1991). 

These hypotheses were tested by studying the pat- 
terns of leaf production, leaf expansion, and herbivory 
of saplings of 32 common woody species on Barro 
Colorado Island, Panama. 

METHODS 

Study site 

The study was conducted on Barro Colorado Island 
(BCI) (9?09' N, 79051 ' W), in the Republic of Panama. 
BCI (15.6 kM2) is the largest island in Gatun Lake 
(Panama Canal) and was isolated when the Chagres 
River was dammed in 1911 (Croat 1978). The vege- 
tation is classified as tropical moist forest (Holdridge 
et al. 1971) or semideciduous lowland forest (Foster 
and Brokaw 1982). 

There are two distinct seasons on BCI: wet (mid- 
April to mid-December) and dry (mid-December to 
mid-April) (Rand and Rand 1982). The annual rainfall 
for the 10 yr previous to the study was 2566 ? 745 
mm (mean ? 1 SD), and the rainfall totals for the 2 yr 
of this study (1986: 2221 mm, 1987: 2953 mm) were 
within 1 SD of the 10-yr mean (Windsor 1988). Al- 
though maximum daytime temperatures are slightly 
higher during the dry season, rainfall is the most sea- 
sonal climatic factor. As the dry season proceeds, soil 
water content drops (Wright and Cornejo 1990a, b), 
but occasional storms during the dry season appear to 
be important cues for the flowering of some canopy 

trees (Gentry 1974) and understory shrubs (Augspurger 
1982). Litterfall peaks during the transition between 
the wet and dry season (December to January) (Foster 
1982, Wright and Cornejo 1 990a). The partially de- 
ciduous canopy and the lack of cloud cover during the 
dry season significantly increase the light levels in the 
forest understory (A. P. Smith et al., unpublished 
manuscript). A brief dry period (1-2 wk) within the 
wet season, the veranillo, usually occurs during August. 
Associated with the veranillo are small peaks in litter- 
fall (Wright and Cornejo 1 990a), leaf production (Col- 
ey 1983), and flowering (Foster 1982). 

Study species 

Patterns of leaf phenology and herbivory of juvenile 
plants (1-2 m tall) were studied in 32 woody species 
representing 21 families (Table 1). The species include 
nine shrubs, five understory treelets, nine midstory trees, 
and nine canopy trees (Table 1). Nomenclature follows 
Croat (1978). All species, except Ouratea lucens and 
Talisia princes, are among the 40 most abundant spe- 
cies in the mature forest (S. P. Hubbell and R. B. Foster, 
unpublished manuscript). 

Leaf phenology and herbivory census 

Measurements. - In November 1985, 15 individuals 
of four species (Faramea occidentalis, Ouratea lucens, 
Quararibea asterolepis, Talisia princes) and 30 indi- 
viduals of two species (Hirtella triandra and Rheedia 
edulis) were selected. In September 1986, 20 individ- 
uals of each of 26 additional species were added to the 
study. All plants occurred in the shaded understory of 
the old forest (Foster and Brokaw 1982). If the light 
environment of a plant changed drastically due to the 
creation of a light gap, the plant was dropped from the 
census. 

Plants were censused on days 1-4 of each month. 
For each plant, I counted the number of leaves pro- 
duced since the previous census and haphazardly 
marked up to 10 of these new leaves with colored wire. 
If 10 or fewer leaves were produced, all were marked. 
The following month when leaves were fully expanded 
I estimated the potential leaf area (total area of a leaf 
if no damage had occurred) and the area damaged, on 
all marked leaves. Measurements were made using a 
plastic grid. Leaf areas were estimated to 1 cm2 and 
damaged area to 0.1 cm2. 

Analysis. -All species were censused for 17 mo (Sep- 
tember 1986-January 1988), and results are presented 
for 1987. For each individual, I calculated the pro- 
portion of its annual leaf production that was produced 
in each month. For each species, the monthly propor- 
tions for individuals were averaged to determine the 
species pattern. If leaf production were continuous, 
then an average of 8.3/3% of the annual leaf produc- 
tion would occur each month. The coefficient of vari- 
ation (cv) in monthly proportions of annual leaf pro- 
duction was used as an index of leafing synchrony. A 
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TABLE 1. Species characteristics. A-life-form (S, shrub, U, understory treelet, M, midstory tree, T, canopy tree) (following 
categories of Welden et al. 1991), B-cv of leaf production, an index of phenological synchrony, C-cv of percent herbivory 
during the 1st mo, D-mean percent herbivory (the average of herbivore damage on each individual cohort produced 
during 1987), E-leaf expansion rate (% increase in final leaf area/d). 

Species Family A B C D E 

Acalypha diversizfolia Jacq. Euphorbiaceae S 0.58 0.32 16.6 5.0 
Alseis blackiana Hemsl. Rubiaceae T 1.40 0.88 12.1 4.6 
Beilschmiedia pendula (Sw.) Hemsl. Lauraceae T 1.41 0.79 8.4 4.7 
Capparisfrondosa Jacq. Capparidaceae S 1.06 0.29 45.5 7.0 
Coussarea curvigemmia Dwyer Rubiaceae U 1.23 0.39 24.5 4.8 
Desmopis panamensis (Rob.) Saff. Annonaceae U 1.10 0.40 21.2 3.3 
Eugenia oerstedeana Berg Myrtaceae M 0.85 0.18 27.9 24.3 
Faramea occidentalis (L.) A. Rich. Rubiaceae U 1.12 0.45 14.6 5.7 
Guarea guidonia (L.) Sleumer Meliaceae M 0.49 0.42 6.0 9.3 
Guarea sp. nov. Meliaceae M 1.13 0.09 12.4 7.3 
Hirtella triandra Sw. Chrysobalanaceae M 0.46 0.17 18.5 4.4 
Hybanthus prunifolius (Schult.) Schulze Violaceae S 2.23 0.33 16.4 5.5 
Lacistema aggregatum (Berg) Rusby Lacistemaceae U 0.43 0.30 14.6 6.0 
Mouriri myrtilloides (Sw.) Poir. subsp. parvifolia 

(Benth.) Morley Melastomataceae S 0.42 0.18 35.5 1.9 
Ouratea lucens (H.B.K.) Engler in Mart. Ochnaceae S 0.53 0.34 20.9 13.0 
Poulsenia armata (Miq.) Standl. Moraceae T 0.39 0.46 9.5 16.4 
Pouteria unilocularis (Donn. Sm.) Baehni Sapotaceae T 0.85 0.77 21.8 7.8 
Piper cordulatum C. DC. Piperaceae S 0.54 0.36 9.0 3.1 
Prioria copaifera Griseb. Leguminosae T 0.54 0.37 33.4 14.0 
Protium panamense (Rose) I. M. Johnston Burseraceae M 0.35 0.35 30.1 10.6 
Protium tenuifolium Engler subsp. sessiliflorum 

(Rose) Porter Burseraceae M 0.61 0.39 61.0 7.9 
Psychotria horizontalis Sw. Rubiaceae S 0.84 0.29 29.2 3.9 
Quararibea asterolepis Pitt. Bombacaceae T 0.69 0.28 22.2 11.3 
Rheedia edulis (Seem.) Planch. & Tr. Guttiferae M 0.77 0.33 21.2 6.6 
Rinorea sylvatica (Seem.) 0. Kuntze Violaceae S 2.06 0.39 31.5 16.1 
Sorocea affinis Hemsl. Moraceae S 1.34 0.64 20.9 8.1 
Swartzia simplex (Sw.) Spreng. var ochnacea (A. DC.) 

Cowan Leguminosae U 0.79 0.49 51.5 8.6 
Tachigalia versicolor Standl. & L. 0. Wms. Leguminosae T 0.46 0.35 29.1 9.5 
Talisia princes Oliv. Sapindaceae M 1.52 0.54 15.3 23.9 
Tetragastris panamensis (Engler) 0. Kuntze Burseraceae T 0.73 0.37 55.7 7.7 
Trichilia tuberculata (Planch. & Tr.) C. DC. Meliaceae T 0.82 0.41 19.4 5.2 
Virola sebifera Aubl. Myristicaceae M 0.30 0.31 13.2 5.1 

cv near zero indicates continuous leaf production, and 
a high cv indicates highly synchronous leaf production. 

Herbivore damage to young leaves was estimated 
when leaves were 1 mo old. Damage was calculated 
by dividing the total area damaged by the estimated 
total potential leaf area. If a marked leaf was missing, 
its area was assumed to be the average of the potential 
leaf area of the surviving leaves, and this area was 
added to the total of herbivore damage and the total 
potential leaf area. 

Past studies have underestimated herbivory because 
measurements do not include leaves that were com- 
pletely eaten or whole flushes that were aborted due to 
stem-boring insects. The inclusion of lost leaves can 
increase estimates of young leaf herbivory by 2.4 times 
(this study) and mature leaf herbivory by 1.6 times 
(Coley 1982) to 2.3 times (Lowman 1984). If leaves 
have not completely expanded, including missing leaves 
will overestimate the dry mass lost to herbivores. On 
the other hand, because herbivory during development 
has the largest negative effect on lifetime leaf profit- 
ability (Jurik and Chabot 1986), these values may un- 
derestimate the opportunity costs. 

Within-species comparison of damage was made by 
considering each leaf cohort (leaves produced by an 
individual in a single month) as an independent event. 
To determine the effect of season on herbivore damage, 
I compared the mean damage of leaf cohorts produced 
in the 4-mo dry season to that of cohorts produced in 
the 8-mo wet season. To determine the effect of syn- 
chronous leaf production in the 10 most synchronous 
species, I compared the mean damage on leaf cohorts 
produced in the month of peak leaf production to the 
mean damage on all other leaf cohorts. 

Community patterns of annual leaf production were 
calculated as the means of the monthly estimates of all 
species. Community herbivory levels on 1-mo old 
leaves were calculated as the average of mean values 
for all species that produced leaves in a given month. 

The relationship of the cv of herbivory and mean 
herbivory to the cv of leaf phenology was determined 
by using a technique for nonlinear analysis (Feener et 
al. 1988). The herbivory data were arcsine trans- 
formed, and phenology data were centered by sub- 
tracting the mean. Hybanthus prunifolius and Rinorea 
sylvatica were excluded from the analysis because the 
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FIG.1. Annual community-wide pattern of (A) leaf pro- 
duction and (B) leaf herbivory of saplings for a group of 32 
canopy and understory species on Barro Colorado Island, 
Panama. Leaf production values are the means of the monthly 
estimates for all species. Monthly damage values are the means 
of percent damage values (% area lost) for all species that 
produced leaves that month. Error bars are ? 1 SE. Data are 
from 1987. 

values for the cv of leaf production are greater than 
the upper quartile plus 1.5 times the interquartile range 
(Wilkerson 1987). The quadratic term was used in the 
regression only if it significantly improved the fit of the 
model. 

Leaf expansion rate 

Leaf expansion rate was determined by taking serial 
measurements (1-3 d intervals) of leaf area on indi- 
vidual leaves (3-5 leaves/species) as they expanded 
from 20% full size to full size. The slope of the rela- 
tionship between percent expanded and time was used 
as an index of leaf expansion rate. A slope of 5.0% 
would mean that a leaf would take 20 d to expand from 
20 to 100% full size. 

Sapling growth and survivorship 

Data on sapling growth and survival are from Wel- 
den et al. (1991) for plants (1-4 cm dbh [diameter at 
breast height] for trees and 1-2 cm dbh for shrubs) in 
the understory (canopy height > 10 in). The measure- 
ment interval was 1982-1985. Growth is the median 
annualized percentage increment in dbh among sur- 
viving saplings. Survivorship is the annualized per- 
centage of saplings surviving the intercensus period. 

RESULTS 

Community leaf phenology 

During 1987, the community pattern of leaf phe- 
nology (32 species) showed distinct peaks in January, 
the beginning of the dry season, and in May, the be- 
ginning of the wet season (Fig. 1A). Approximately 
20% of the annual leaf production occurred during the 
three driest months (February, March, April). Leaf pro- 
duction was lowest during two wet season months (July, 
August). Although there are distinct seasons on BCI, 
monthly leaf production did not differ significantly be- 
tween dry and wet season months (dry: X = 9.0% (N 
= 4 mo); wet: X = 8.1 (N = 8 mo); Student's t test, t 
= 0.24, P = .8). 

The synchrony of leaf production varied markedly 
among understory individuals of the 32 species (Ap- 
pendix 1). Hybanthus prunifolius and Rinorea sylvatica 
produced 90% of their leaves in only a single month, 
but other species (e.g., Virola sebifera, Protium pana- 
mense) produced leaves throughout the year (Appendix 
1). The most synchronous species produced leaves, at 
the beginning of the wet season (e.g., H. prunifolius, R. 
sylvatica, Alseis blackiana), or during the wet-to-dry 
season transition (e.g., Beilschmiedia pendula, Sorocea 
afjinis). Some species produced leaves in both of these 
periods (e.g., Pouteria unilocularis, Trichilia tubercu- 
lata). Others also produced a flush following the ver- 
anillo (e.g., Capparis frondosa, Tachigalia versicolor). 
The community pattern of leaf production showed two 
distinct peaks (Fig. 1A), but some species produced 
leaves over a 6-12 mo period (Appendix 1). 

Herbivory on new leaves 

The community pattern of herbivory in 1987 showed 
that, on average, 27% of the potential leaf area was lost 
during the 1 st mo, when a leaf is expanding (Fig. 1 B). 
Damage to new leaves was highest in July (35%), the 
month of lowest leaf production, and lowest (20.5%) 
in February, a dry season month (Fig. 1 B). At the com- 
munity level, leaves produced during the dry season 
(January through April) received significantly less 
damage (23.1%) than leaves produced during the wet 
season (May through December; 29.1%) (Student's t 
test, t = 2.76, P = .02). 

A within-species comparison of early herbivory 
damage between wet season and dry season leaf cohorts 
showed that 23 of the 32 species received higher levels 
of damage during the wet season (Fig. 2, Wilcoxon 
signed-ranks test, P = .003). Across species, the posi- 
tive relationship between damage during the wet and 
dry seasons (Spearman r, = 0.78, P < .01, N = 32) 
indicates that regardless of the seasonal effect, some 
species experience consistently higher levels of damage 
than others (Fig. 2). 

Along with a seasonal effect on herbivore damage, 
there is also an effect of relative degree of synchrony. 
The coefficient of variation of monthly herbivory is 
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FIG. 2. Comparison of damage (area loss) rates to new 
leaves (1 mo old) between leaves produced during the dry 
and wet seasons for each of 32 species. The regression line 
(slope = 1) represents the relationship of equal damage rates 
in each season. 

positively correlated with the cv of monthly leaf pro- 
duction, an index of the degree of synchrony (Fig. 3A; 
Appendix 2). On average, therefore, the more syn- 
chronous species have higher monthly variation in her- 
bivory than species that produce leaves more contin- 
uously. A possible cause of high variation in herbivory 
for the more synchronous species is that damage is low 
during the peak month, but leaves produced during 
nonpeak months have higher damage rates. Intraspe- 
cific comparisons of herbivore damage between leaf 
cohorts produced during the peak month and nonpeak 
months for the 10 most synchronous species support 
this hypothesis. All 10 species had lower damage rates 
during the month of peak leaf production than in non- 
peak months (Table 2, Wilcoxon signed-ranks test, P 
= .005). 

In addition, leaf phonology had an effect on mean 
herbivory damage (Fig. 3B). An analysis of variance 
showed that a linear model explained only 1.5% of the 
variance, while the addition of a quadratic term sig- 
nificantly increased the variance explained (18.2%) 
(Appendix 2). These data suggest that there is a trend 
for species with intermediate leaf production to have 
higher herbivory rates compared with species with rel- 
atively more synchronous or continuous leaf produc- 
tion. 

Sapling growth and survivorship 

The annualized percent dbh growth of only 5 of the 
3 2 species was > 0 (Welden et al. 199 1). The annualized 
survivorship was > 96% for all species except Acalypha 
diversifolia (89%) and Poulsenia armata (86%) (Welden 
et al. 1991). Although patterns of leaf production var- 
ied among the 32 species, there was no relationship 
between the cv of leaf synchrony and sapling growth 
(Spearman r, = 0.21, NS, N = 32) or sapling survivor- 
ship (Spearman r, = 0.26, NS, N = 32). 

Leaf expansion rate 

For the 32 species, mean leaf expansion rate (percent 
increase of final leaf area per day) was 8.5% and ranged 
from 2% in Mouriri myrtilloides to 24% in Eugenia 
oerstedeana (Table 1). The majority of species ex- 
panded from 20% full size to 100% full size in 10-20 
d, but some species expanded in 4-5 d and a few took 
> 30 d. This variation in leaf expansion rate caused the 
expanding leaves of different species to be differentially 
exposed to herbivores. However, leaf expansion rate 
was not significantly related to herbivore damage for 
the 32 species examined (Fig. 4, Spearman r, = 0.22, 
P > .1). 
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FIG. 3. The relationship between the coefficient of vari- 
ation (cv) of leaf production and (A) cv of herbivory and (B) 
mean percent herbivore. Hybanthus prunifolius and Rinorea 
sylvatica were excluded from the analysis (Appendix 2) be- 
cause their values for the cv of leaf production are greater 
than the upper quartile plus 1.5 times the interquartile range 
for the 32 species examined (Wilkerson 1987). The regression 
lines were determined using a technique for nonlinear analysis 
(Appendix 2; see Methods). 
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TABLE 2. A comparison of mean percent herbivore damage (loss of leaf area) on cohorts of leaves produced in peak and 
nonpeak months for the 10 species with the most synchronous leaf phenologies.* n is the number of individuals that 
produced leaves in the peak month or nonpeak months. 

Herbivory level 

Peak Nonpeak 

Species % n % n Diff. 

Hybanthus prunifolius 9.4 21 22.5 24 13.1 
Rinorea sylvatica 13.0 20 42.9 32 29.9 
Talisia princes 9.9 4 26.1 2 16.2 
Beilschmiedia pendula 7.9 15 9.1 9 1.2 
Alseis blackiana 4.0 15 17.9 21 13.9 
Sorocea afJinis 11.3 14 29.9 15 18.6 
Coussarea curvigemmia 24.4 18 24.6 35 0.2 
Guarea sp. nov. 12.0 13 12.6 29 0.6 
Faramea occidentalis 12.2 23 20.7 9 8.5 
Desmopis panamensis 14.7 18 24.1 40 9.4 

Mean ? SD 11.9 ? 5.3 23.0 ? 9.7 11.2 ? 9.3 

* Damage was measured ;1 mo after leaves were produced. Species are ranked in descending order by their coefficient of 
variation of leaf area production. 

DISCUSSION 

In this study, 27% of the new leaf area was lost during 
the 1 st mo of a leafs lifetime. Although studies to date 
(see studies reviewed in Coley and Aide 1991) indicate 
that young leaves are generally preferred over mature 
leaves, the extent of the damage and the consequences 
may have been underestimated. Photosynthetic ca- 
pacity, leaf nitrogen, and stomatal conductance de- 
crease with leaf age (Chabot and Hicks 1982, Field and 
Mooney 1983); therefore, herbivore damage to young 
leaves will have a greater effect on whole-plant pro- 
ductivity than damage to mature leaves (Krisckik and 
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FIG. 4. The relationship between mean percent herbivory 

during the 1 st mo and leaf expansion rate for 32 species. The 
herbivory value is the mean value of all monthly values in 
which a species produced leaves. Expansion rate is the slope 
of the relationship between age and percent full size for leaves 
between 20% and full size. 

Denno 1983, Jurik and Chabot 1986, Mendoza et al. 
1987). Despite the consequences of herbivory to young 
leaves, little is known about the defenses of this vul- 
nerable stage (Kursar and Coley 1992). 

Young leaf herbivore defenses 

Seasonality of leaf phenology. -The present study 
suggests two ways that leaf phenology can affect her- 
bivory on young leaves. First, leaves produced during 
the dry season, the period of lowest insect abundance 
on BCI (Wolda 1978), received less damage than leaves 
produced during the wet season. In 1987 most dry 
season leaf production occurred in January, when soil 
moisture was still high (Wright and Cornejo 1 990a, b) 
and light levels in the understory were increasing (A. 
P. Smith et al., unpublished manuscript) due to leaf 
loss by canopy trees (Wright and Cornejo 1 990a, b). 
Both the increased irradiance, which could serve as 
proximal cue and provide extra energy, and the high 
soil moisture content may have contributed to the Jan- 
uary peak. Even though understory plants can be water 
stressed during the following three dry season months 
(Rundel and Becker 1987), these months accounted for 
20% of the annual leaf production. 

For many plants, leaf buds are formed months before 
they expand. Once conditions or environmental cues 
are appropriate, the leaves expand rapidly (Kozlowski 
1971). Even if herbivores respond to the same envi- 
ronmental cue as their host plants, several life stages 
(e.g., pupa, egg, and larva) may have to develop before 
feeding begins. Such a lag-time may allow many young 
leaves to escape damage. This suggests that differences 
between plants and herbivores in drought tolerance and 
response time to environmental cues may be important 
determinants of damage rates to young leaves. 

Synchronous leaf phenology. -A second phenologi- 
cal factor associated with lower herbivore damage was 
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synchronous leaf production. For the 10 most syn- 
chronous species, leaves produced in nonpeak months 
received 2 times more damage than leaves produced 
during peak months (Table 2). This pattern has also 
been identified in another tropical tree, Gustavia su- 
perba (Lecythidaceae) (Aide 1991). In a 2-yr study of 
two populations of G. superba, leaves produced out of 
synchrony received 3-4 times more damage than leaves 
produced in synchrony (Aide 1991). 

Herbivores may be an important selective pressure 
on the timing of leaf production (Aide 1988), and en- 
vironmental factors may constrain leaf production to 
synchronous leaf flushes. In this lowland moist forest, 
the combined effects of greater herbivore pressure dur- 
ing the wet season, and water deficits during the dry 
season, could lead to synchronous leaf production at 
the beginning or end of the wet season. Regardless of 
the evolutionary pressures that have selected for syn- 
chronous phenologies, they appear to be cued by a 
proximal abiotic event. 

Although herbivore pressure is thought to be greater 
in tropical forests than temperate forests (Coley and 
Aide 1991, but see Landsberg and Ohmart 1989), syn- 
chronous leaf production may also influence herbivore 
pressure in temperate communities (Feeny 1976). Many 
umbelliferae species are acceptable food plants for 
swallowtail butterfly larvae, but a few species with early 
leaf phenology escape herbivore damage (Finke and 
Scriber 1988). In oaks, damage due to herbivores, 
physical damage, or fire can result in leaf production 
later in the season; these delayed leaf cohorts receive 
high damage rates (Washburn and Cornell 1981, Auer- 
bach and Simberloff 1984). Even in the extreme abiotic 
conditions of deserts, herbivores have influenced leaf 
phenology of the common shrub Prosopis glandulosa 
(Nilsen et al. 1987). In all these examples, synchronous 
leaf production is associated with reduced herbivory. 

Continuous leaf phenology. -Although synchronous 
leaf production may reduce herbivory, many species 
in this study produce leaves throughout the year and 
are unlikely to escape herbivores in time. For these 
species, chemical defenses (Macauley and Fox 1980), 
parasitoids (Price et al. 1980), or ants at extrafloral 
nectaries (McKey 1988, 1989) may be more effective 
defenses. Only 4 of the 32 species had extrafloral nec- 
taries (Schupp and Feener 1991), and only Hirtella 
triandra had both continuous leaf production and ex- 
trafloral nectaries. This suggests that although contin- 
uous leaf production may favor extrafloral nectaries 
(McKey 1988, 1989), carbon limitation reduces the 
suitability of this defense in the understory (Schupp 
and Feener 1991). 

Costs of defense. -Although the species with inter- 
mediate patterns of leaf production tended to have the 
highest herbivore damage (Fig. 3B), there was no re- 
lationship between the degree of leaf synchrony and 
growth or survivorship. This suggests that although the 
relatively more continuous and synchronous flushing 

species experienced lower damage rates (Fig. 3B), this 
benefit was balanced by a cost. 

If continuously flushing species do not escape her- 
bivores in time, they may defend young leaves with 
high concentrations of chemical defenses that can have 
a negative effect on growth rate (Coley 1986). Syn- 
chronous flushing species may escape or satiate her- 
bivores, but growth is restricted to one or two major 
flushes per year. The asynchrony between assimilation 
and growth will lead to an increased investment in 
storage capacity (Chapin et al. 1990) and an increase 
in opportunity costs. 

Leaf expansion rate. -Across species, leaf expan- 
sion, from 20% full size to full size took 4-50 d. Pre- 
vious work has suggested that rapid leaf expansion 
decreases the time young leaves are vulnerable to her- 
bivores (Aide and Londofio 1989, Kursar and Coley 
1991). Results from this study showed no relationship 
between expansion rate and damage and do not support 
this observation. Although leaf expansion does not ex- 
plain variation in herbivory across species, more de- 
tailed studies (Hay et al. 1988, Aide and Londofio 1989) 
suggest that for some species leaf expansion can be an 
important defense for young leaves. 

Conclusions 

The period of expansion is the most vulnerable stage 
during the lifetime of a leaf. Many of the defenses of 
mature leaves are not available to developing leaves, 
but it appears that a diversity of defenses, some chem- 
ical or symbiotic, have evolved to reduce damage to 
young leaves. This study emphasizes that young leaves 
are an ephemeral stage, and aspects of leaf phenology 
can serve as defense mechanisms. Species may produce 
leaves during periods (e.g., dry season) when insect 
abundances are low or leaves may be produced in syn- 
chronous flushes, possibly satiating herbivores. 

Studies of flower and fruit phenology have recog- 
nized the importance of biotic selective pressures 
(Rathcke and Lacey 1985), but the relevance of biotic 
selective pressures has received little attention with 
regard to leaf phonology. Given the high levels of her- 
bivory on young leaves, it is likely that herbivores have 
influenced patterns of leaf phonology. 
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APPENDIX 2 

Analysis of variance tables for linear and quadratic re- 
gressions of the coefficient of variation (cv) in herbivory 
and mean herbivory against the cv of leaf production (an 
index of the degree of leaf synchrony). Herbivory data were 
arcsine transformed, and the cvs of leaf production were 
centered by subtracting the mean. 

A) cv in herbivory 

Source ss df MS F P 

Explained 0.361 2 0.181 6.464 <.01 
Linear 0.285 1 0.285 10.179 <.005 
Quadratic 0.076 1 0.076 2.714 NS 

Residual error 0.753 27 0.028 
Total 1.114 29 
B) Mean herbivory 

Source ss df MS F P 

Explained 0.138 2 0.069 3.000 <. I 
Linear 0.011 1 0.011 0.478 NS 

Quadratic 0.127 1 0.127 5.522 <.05 
Residual error 0.620 27 0.023 
Total 0.758 29 
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