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Summary. The types and quantities of defense compounds 
found in plants occupying ecologically distinct habitats 
have received much theoretical and little empirical atten- 
tion. Here we characterize the leaf phenolic chemistry of 
eight species in two genera of tropical rainforest shrubs; 
four species in each genus are typical of disturbed sites, 
and four are typical of mature forest understory. Two Mi- 
conia species growing in light gaps had significantly higher 
leaf tannin and total phenolic contents than congenors 
growing in the primary forest; this pattern was not found 
among the gap- and forest-adapted Piper species. Tannin 
patterns were not mirrored by leaf cinnamic acids. These 
results indicate that plant phylogeny must be considered 
when predicting plant defense investment. 

Key  words:  Plant defense - Phenolics Tannins - Tropical 
shrubs 

Patterns in plant production of carbon-intensive allelo- 
chemical like phenolics might be determined by adaptation 
to herbivory (Feeny 1976) or by restrictions placed on the 
plant by resource limitation (Bryant et al. 1983), or both. 

Tropical forest plant species that occur and reproduce 
in disturbances such as treefall gaps are thought to consti- 
tute a physiognomic/ecological type different from species 
that typify undisturbed mature forest (Richards 1952; 
Denslow 1980). Pioneer or gap species are thought to be 
adapted to the high light conditions and necessity of rapid 
growth before canopy closure characteristic of such distur- 
bances (Hartshorn 1978; Denslow 1980; Vitousek and 
Denslow 1986). Persistent or shade-tolerant species are 
thought to tolerate low light availability by exhibiting slow 
growth and delayed maturation, and to persist in mature 
forest (Hartshorn 1978; Denslow 1980; Coley 1983). 

Plant apparency (sensu Feeny 1976) is a characteristic 
that is difficult to measure experimentally, because it must 
include detailed information about the herbivores' assess- 
ment of  plants. In one attempt to measure plant apparency, 
based on measures of dispersion of herbivore damage, 
Coley (1983) concluded that shade-tolerant persistent spe- 
cies are no more apparent than the pioneer species; how- 
ever, pioneer species, once discovered by herbivores, were 
grazed at higher rates than persistent species. If  persistent 
and pioneer species are indeed equally apparent to herbi- 
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vores, a comparison of their respective titers of alMochemi- 
cals could provide an interesting test for the constraints 
of resource-availability (Coley et al. 1985) on plant defense. 
Assuming that persistent species are adapted to resource- 
poor conditions, Coley (1983) and Coley et al. (1985) argue 
that such species should produce greater quantities of car- 
bon-intensive allelochemicals, such as phenols, than do spe- 
cies growing in resource-rich conditions. 

Two studies have attempted to address these issues; they 
offer conflicting results. Coley (1983) found higher concen- 
trations of carbon-intensive defenses (toughness, fiber, phe- 
nolics) in shade-tolerant, slow-growing, persistent tree spe- 
cies than in those of shade-intolerant, fast-growing, pioneer 
species typical of light gaps on Barro Colorado Island, Pan- 
ama. Recently, Newberry and de Foresta (1985) found the 
opposite pattern in similar traits of plants growing in light 
gaps and primary forest in French Guiana. The results from 
these two studies cannot be directly compared. Coley (1983) 
sampled all of her species in gaps; thus differences between 
persistent and pioneer species presumably reflect only dif- 
ferences in genetic constitution. The results of Newberry 
and de Foresta (1985) may be due to both environmental 
and genetic differences because they studied a mixture of 
largely unidentified species, some of which were growing 
in light gaps and some in primary forest. However, in both 
studies, the plant species studied represented a wide array 
of lineages; in neither study did the same or related taxa 
occur in both habitats. 

Theories predicting different patterns of defense among 
plant species (Feeny 1976; Rhoades and Cates 1976; Coley 
et al. 1985) have emphasized ecological parameters (e.g., 
resource availability and apparency to herbivores) and as- 
sumed that phylogenetic constraints are less important. 
Theories predicting patterns of plant defense within species 
have emphasized both the availability of resources (Bryant 
et al. 1985) and the value of tissues to a plant (McKey 
1974, 1979). The trends in defense levels within species are 
sometimes opposite those found among species (Bazzaz 
et al. 1987). Because biosynthetic patterns in plants are lik- 
ely to be constrained phylogenetically (Ehrlich and Raven 
1965) the interaction between these constraints and ecologi- 
cal factors needs to be examined. 

In this report we characterize the phenolic chemistry 
of the leaves of eight species in two genera of tropical rain- 
forest shrubs. In our study, we included species found pri- 
marily in light gaps or disturbed sites (gap species) and 
species apparently restricted to the understory of the prima- 
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ry forest (forest species) from each genus. We find that 
the results of  congeneric comparisons do not agree with 
those for mixed taxa. Phylogenetic constraints do indeed 
complicate tests of these ecological hypotheses. 

Methods 

This study was conducted at La Selva Biological Station, 
a premontane wet forest in the Province of Heredia, Costa 
Rica, which is owned and operated by the Organization 
for Tropical Studies. 

Twenty-five to 35 undamaged, mature leaves without 
epiphylls were collected from ten plants, each from four 
species of Miconia (Melastomataceae) and four of Piper 
(Piperaceae) species during a two-week period from late 
November to early December 1983. Two species from each 
genus (P. sancti-felicis, P. culebranum, M. nervosa, M. bar- 
binervis) were chosen because they are thought to be pioneer 
species that utilize small gaps in the canopy or tree falls 
for regeneration (J.S. Denslow, J.C. Schultz, P. Vitousek, 
B. Strain, unpublished work); these species are referred to 
as gap species. The other two species from each genus (P. 
arieianum, P. urostachyum, M. gracilus, M. centrodesma) 
do not appear to require canopy openings (and the asso- 
ciated alterations in microclimate or resource availability) 
for reproduction (Denslow, Schultz, Strain, Vitousek, and 
Marquis, unpub, work); these species are referred to as 
forest species. We found this classification of the Piper and 
Miconia species as gap and forest types to be correct. An 
intensive survey of individuals from the eight species at 
La Selva revealed that gap species are restricted to light 
gaps, or recently closed gaps, while forest species occur 
throughout the mature primary forest (Denslow, Schultz, 
Vitousek and Strain, unpublished work). Moreover, the 
physiological responses to light of these eight species is ap- 
propriate for their gap and forest classification (Denslow, 
Schultz, Vitousek and Strain, unpubl, results). All plants 
were located on the alluvial soil of La Selva. 

Leaves were either frozen ( - 2 0  ~ C) or weighed (to 
0.1 rag) to determine percentage dry weight within 20 rain 
of collection. Frozen leaves were lyophilized for later chemi- 
cal analysis; chemical analysis performed at La Selva on 
all eight species found no difference in total phenolic con- 
tent or bovine serum albumin binding capacity between 
fresh-frozen or lyophilized leaves. 

Three hundred to 900 mg of pooled lyophilized leaf ma- 
terial, and five lyophilized leaves from each plant were 
weighed (to 0.2 mg) and individually extracted twice in 
20 ml diethyl ether to remove chlorophylls that might inter- 
fere with the phenolic assays. Total phenolic analyses per- 
formed at La Selva without ether extractions were similar 
to those performed on ether-extracted leaf material, indicat- 
ing that ether extractions did not remove Folin Denis reac- 
tive material. The ether-extracted leaf material was further 
extracted twice in 25 ml 70% acetone-water at 40~ for 
15 h in gas-tight containers. The acetone extracts were com- 
bined, rotoevaporated, brought up to 10 ml with distilled 
water, and centrifuged at 12000 rpm. This extract was used 
for the phenolic assays. 

The total phenolic content of the leaf extract was esti- 
mated with the Folin Denis technique (Swain and Hillis 
1959). The tanning capacity was estimated by protein pre- 
cipitation (Schultz et al. 1981), and hydrolyzable tannins 
were estimated with an iodate technique (Schultz and Bald- 

win 1982). These measures were expressed as percentages 
of tannic acid equivalents ( - %  TAE) per gram dry wt 
leaf material. The condensed tannin content of the leaf ex- 
tract was measured as proanthocyanidins (Bate-Smith 1975) 
and with the acidified vanillin technique (Broadhurst and 
Jones 1976); the results are expressed as percentages of 
purified wattle tannin equivalents (%WTE) per gram dry 
wt leaf material. Bate-Smith (1977) showed that consider- 
able amounts of  Acer leaf proanthocyanidins may exist in 
nonextractable forms, so proanthocyanidin determinations 
were also made of the acetone-extracted leaf material. Five 
hundred mg of air-dried acetone-extracted leaf material 
were suspended in 0.5 ml distilled water, and tested for pro- 
anthocyanidin activity. Values were expressed as %WTE 
per gram dry wt extracted leaf material. 

Two 100 mg portions of pooled leaf material from the 
ten plants of each plant species were extracted sequentially 
in ether and acetone as described above for cinnamic acid 
determinations. Ten gg of o-coumaric acid were added to 
each acetone extract and to 200 mg of air-dried, acetone- 
extracted leaf material as an internal standard. Previous 
determinations found o-coumaric acid absent from all the 
plant species and hence to be a satisfactory internal stan- 
dard (Hagerman and Nicholson 1982). The extracts were 
hydrolyzed in strong base under N2, acidified, partitioned 
against diethyl ether, re-extracted in aqueous sodium bicar- 
bonate, acidified again, and finally extracted in diethyl ether 
(see Hagerman and Nicholson 1982 for details). The last 
ether extract was rotoevaporated to dryness, and the cin- 
namic acids were taken up in dry acetone, derivatized using 
BSTFA with 1% TMCS (Horvat and Senter 1980), and 
chromatographed on a 30 m fused silica capillary column 
(bonded phase DB-5) in a Varian 3700 gas chromatograph, 
with Flame Ionization Detection, and helium (2.5 ml/min) 
carrier gas. The TMS ethers and esters of five trans cin- 
namic acids were identified by comparing retention times 
with those of standards and by capillary GC-MS; the cis 
isomers were not detected in the extracts. GC peaks were 
quantified with an HP-3390 integrator. Recovery of stan- 
dards was better than 85% of the internal standard for 
all compounds for the acid-base clean-up procedure. Re- 
sults are expressed as gg/mg dry wt leaf material. 

Statistical analysis was performed with Student's T-test 
modified for unequal variances and one-way ANOVA when 
the data were normally distributed, as determined by a re- 
gression against the n-scored data (Sokal and Rohlf 1981). 
When data were not normally distributed, a Kruskal-Wallis 
one-way analysis of variance was performed. Percentages 
were arcsin-transformed for parametric statistical treat- 
ment. 

Results 

Total phenolics and tannins. The forest- and gap-adapted 
Piper species did not differ significantly (P=  0.37, t=  0.91) 
in total phenolic content or in leaf tanning capacity (P = 
0.94, t=0.07, Fig. 1). The four Piper species contained nei- 
ther extractable nor structural condensed tannins. One for- 
est adapted Piper species, P. urostachyum, contained a small 
amount of hydrolyzable tannin, but had the second lowest 
leaf tanning capacity. 

The Miconia species differed substantially from the 
Piper species in the pattern of leaf phenolics and tannins. 
The two gap species had 16.8 times the leaf total phenolics 
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Fig. 1. Leaf total phenolics (top) and protein-binding tannins (bot- 
tom) of forest (dark bars) and light-gap (light bars) Miconia (Mb = 
M. barbinervis, Mn=M. nervosa, Mg=M. gracilis, Mc=M. cen- 
trodesma) and Piper (Pc=P. culebranum, Ps-f=P. sancti-felicis, 
Pa = P. arieianum, Pu = P. urostachyum) species 
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and 5.7 times the tanning capacity of  the two forest species 
(Fig. 1). The gap species also produced substantial amounts 
of  both condensed and hydrolyzable tannins; these tannins 
were not detected in the leaf material from the two forest 
species (Table 1). More than 96% of  the condensed tannins 
produced by the two gap species remained in the leaf mate- 
rial after the acetone and ether extractions. 

The condensed and hydrolyzable tannin contents of  the 
two gap Miconia  species differed significantly f rom each 
other. M.  barbinervis had higher hydrolyzable tannins (P < 
0.01, t=4.33)  and structural condensed tannins (P<0 .01 ,  
H=8 .31)  than did M.  nervosa, but the proanthocyanidin 
technique did not reveal differences between M .  barbinervis 
and M. nervosa in amounts of  extractable condensed tan- 
nins (P>0.05 ,  H=0 .54 ,  Table 1). However, as measured 
with the vanillin technique, M.  barbinervis (mean=  1.867, 
sd=0.604,  %WTE)  had a significantly higher (P<0.05 ,  
H=6 .00 )  extractable condensed tannin content than 
M. nervosa ( x=  0.837, sd = 0.081, %WTE).  

A regression analysis of  the condensed tannin contents 
of  the 20 gap-adapted Miconia  plants against their leaf tan- 
ning capacity indicates that the condensed tannins did not 
contribute significantly to the leaf material 's tanning capaci- 
ty (slopes not significantly different from zero, F<0.5) .  
However, a regression of  hydrolyzable tannin content and 
total phenolic content on leaf tanning capacity was signifi- 
cant for both species (F>  15.0, correlation coefficients 
> 0.90), suggesting that hydrolyzable tannins were primar- 
ily responsible for the tanning capacity of  the two gap- 
adapted species. 

Table 1. Habitat and leaf traits of eight tropical shrub species. N - 1 0  plants, N D =  not detected 

Species Cinnamic acid" Tannins ~ 

P. coumaric Caffeic Ferulic Trans- Total Hydrolyzable Extractable 
acid acid acid cinnamic cinnamic tannins condensed 

acid acid tannins 

Structural 
condensed 
tannins 

Miconia gap species 

M. nervosa 0.059 
(0.175) 

M. barbinervis 0.596 
(0.215) 

Miconia forest species 

M. centrodesma 0.097 
(0.056) 

M. gracilis ND 
(O.lO2) 

Piper gap species 

P. sanctifelicis 

P. culebranum 

Piper forest species 

P. arieianum 

P. urostachyurn 

ND ND ND 10.55 0.128 0.362 (0.039) (0.100) (ND) (2.53) (0.023) 
0.091 0.036 8.406 16.95 0.144 11.845 (0.085) (ND) (2.294) (3.31) (0.030) 

ND ND ND ND ND 0.290 (ND) (0.100) (0.037) (ND) (ND) 
ND ND ND ND ND 

0.112 (0.010) (ND) (ND) (ND) (ND) 

0.288 0.101 0.050 0.656 ND ND 1.247 (0.054) (0.037) (ND) (0.120) (ND) (ND) 
0.103 ND ND 0.228 ND ND 0.421 (0.067) (ND) (ND) (0.023) (ND) (ND) 

0.476 0.023 0.046 ND ND ND 0.641 (0.096) (ND) (ND) (ND) (ND) (ND) 
0.101 0.011 0.046 ND 3.53 ND 0.362 (0.131) (0.032) (0.042) (ND) (1.41) (ND) 

3.913 
(1.221) 
16.403 
(4.8Ol) 

ND 
(YD) 
ND 

(ND) 

ND 
(ND) 
ND 

(ND) 

ND 
(ND) 
ND 

(ND) 

a Mean extractable and (nonextractable) p.g/mg leaf(dry weight) from two determinations, pooled leaves of 10 plants 
b Means and (standard deviation), as % leaf dry wt. equivalents (see text) 
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Cinnamic acids. P. sancti-feIicis had high extractable and 
nonextractable cinnamic acid contents (Table 1); P. urosta- 
chyum had a level of nonextractable cinnamic acids similar 
to that found in P. sancti-felicis leaf material, but had very 
low extractable cinnamic acid contents. The two gap- 
adapted Miconia species had low values (Table 1). M. bar- 
binervis had a high titer of cinnamic acids and one com- 
pound, trans-cinnamic acid, made up more than 90% of 
this total. Unlike the forest-adapted species, the two gap- 
adapted Miconia species tended to have their cinnamic acids 
in an extractable form. 

Discussion 

The concentrations of leaf total phenolics and tannins were 
substantially higher in gap-adapted Miconia species than 
in forest species; however, there were no significant differ- 
ences between gap and forest Piper species in the same 
measures. Gap Miconia species may have produced as much 
as six times the tannin concentrations of the forest Miconia 
species, as measured in tannic acid equivalents. These re- 
sults are consistent with Newberry and de Foresta's (1985) 
results for light-gap leaves and primary forest leaves of the 
rainforests of French Guiana, but differ from the pattern 
found by Coley (1983) in pioneer and persistent tree species 
growing in gaps in Panama. 

Unlike the Miconia species, the four Piper species ana- 
lyzed in our study did not differ in leaf tannin contents 
(Fig. 1), and lacked condensed tannins (Table 1). Only 
P. urostachyum produced hydrolyzable tannins. In contrast 
to Miconia leaves, where the hydrolyzable tannin content 
was highly correlated with protein-binding capacity of the 
leaves, the tannins extracted from P. urostachyum did not 
precipitate proteins effectively. 

Although the gap-adapted Piper species do not appear 
to invest much photosynthate in tannins, they may invest 
more in other carbon-based defense compounds. The genus 
Piper is noted for the production of hydrocarbon and oxy- 
genated terpenes (Richard and Jennings 1971). We did not 
assess these carbon-based compounds in this study. More- 
over, several Piper species produce aromatic phenolics 
which are potentially repellent or toxic at low concentra- 
tions (e.g., Keller and Klohs 1963; O 'Hara  etal.  1965). 
Slight variation in concentrations of these compounds may 
be of great ecological significance. Lyophilized leaves from 
the two gap species in our study produced aromas which 
apparently caused nausea, headaches, and dizziness in labo- 
ratory personnel (Baldwin, unpublished work). 

Although we found that tannin content differed signifi- 
cantly between forest- and gap-adapted Miconia species, 
the patterns for cinnamic acid contents are less clear. The 
two gap species had high total cinnamic acid contents, while 
the forest species had low values, but the concentration 
of cinnamic acids did not follow any particular pattern. 
Cinnamic acid patterns in Piper were very heterogeneous. 
Cinnamic acids are not components ofhydrolyzable or con- 
densed tannins (Haslam 1966); however, the possibility that 
they affect the protein-binding capacity or toxicity of the 
leaf extract cannot be ruled out. 

Newberry and de Foresta (1985) did not report the plant 
species in their samples and thus it is not possible to sepa- 
rate the influence of phylogeny from their observed pattern 
of greater leaf phenolic concentrations in the high-light en- 
vironments of the rainforest gaps; however, Coley's (1983) 

work does permit such an analysis. The 22 pioneer and 
24 persistent species in her study were drawn from 23 fami- 
lies; only six families included both ecological types. Exam- 
ining the measures of  phenolic compounds (total phenolics, 
condensed tannins, and leucoanthocyanins) for those fami- 
lies that include both pioneer and persistent species (usually 
in different genera), we find the concentration of these phe- 
nolic compounds within the pioneer species to exceed that 
of the persistent species for 13 of the 18 comparisons of 
phenolic compounds in the six families. In the two families 
with congeneric comparisons between ecological types (Ru- 
taceae and Sapindaceae) the phenolic-based defense com- 
pounds that were measured occurred in higher concentra- 
tions in the pioneer species. Thus, within-taxon compari- 
sons in Coley's data resemble our results for Mieonia and 
the taxonomically unresolved result of Newberry and de 
Foresta (1985): phenolic-based defenses are emphasized in 
gap-dependent pioneer species. 

Our results and those of Newberry and de Foresta 
(1985) are not directly comparable with Coley's (1983) be- 
cause of the possible confounding effects of environmental 
and genetic differences. However, we have found (Denslow 
et al. in press) that the patterns of phenolic compounds 
reported here from field-grown plants are retained in plants 
grown under constant light and nutrient conditions. Thus 
we are confident that dramatic differences between Mieonia 
species, and the similarity of Piper species adapted to forest 
and light-gap environments are due to genetic, rather than 
environmental, differences. 

I f  plant growth were nutrient-limited both in gaps and 
mature forest, but light limitation occurred only in mature 
forest, one would predict higher phenolic concentrations 
in gap plants based on the effect of carbon/nutrient ratios 
(Bryant et al. 1983). Under these conditions, plants on dis- 
turbed sites presumably cannot invest fixed carbon in 
growth (which is limited by nutrient availability) and devel- 
op a surplus which is then diverted to carbon-based allelo- 
chemicals (Bryant et al. 1983). Unable to fix carbon in the 
deep shade of the forest and establish such a surplus, plants 
there should exhibit lower phenolic concentrations. Re- 
source availability theory (Coley et al. 1985) predicts that 
plants adapted for growth in the high-resource light gaps 
should invest carbon in growth and exhibit low levels of 
phenolics. Coley's (1983) multi-family survey supports the 
predictions of the resource availability theory: pioneer spe- 
cies had lower levels of phenolics and higher growth rates 
than persistent species. However a within-taxon analysis 
of Coley's data resemble our results from Mieonia; pioneer 
species had higher phenolic titers in addition to having high- 
er growth rates. 

In summary, the patterns of investment in defense com- 
pounds from surveys at higher taxonomic levels (e.g. family) 
support the prediction that plants adapted to resource-lim- 
ited conditions have higher defensive investments. The pat- 
terns of  defense from surveys at lower taxonomic levels 
support the prediction that carbon/nutrient ratios explain 
defense patterns. Hence, patterns derived from higher and 
lower taxonomic surveys give opposite trends with respect 
to the predicted levels of carbon-intensive defenses of  plants 
growing in light gaps. Our results, from a survey at an 
intermediate taxonomic level (e.g. genera) indicate that 
some lineages (e.g. Miconia) exhibit substantial variation 
in defense investment, while others (Piper) do not under 
the same conditions. Clearly, these viewpoints offer over- 
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lapping predict ions and p lant  phylogeny must  be considered 
when predict ing plant  defense investment. 

Several explanat ions can be presented to reconcile the 
opposing trends observed at  different taxonomic levels. Dif- 
ferences in al locat ion pat terns  of  resources among growth, 
reproduct ion and defense (Bazzaz et al. 1987) which un- 
doubted ly  are more  substant ial  at higher taxonomic levels 
will have profound  consequences on the pat terns  of  leaf 
defense. F o r  example, the ecological consequences o f  
growth form may affect the pat terns  of  defense compound  
product ion  and may  clarify the differences between our re- 
sults and those of  Coley (1983). Coley studied canopy trees, 
which must  outcompete  other plants  and at tain canopy 
dominance  before reproducing.  This need no doubt  places 
a clear premium on rapid  growth. Our  study focused on 
shrubs, whose height may  not  be as impor tan t  for reproduc-  
tion and for which rapid  growth may  be less impor tant .  
Hence, for Miconia species growing in high-resource condi- 
tions in gaps, trade-offs between defense and rapid  growth 
may not  be as impor tan t  as it may  be for tree species. 

Acknowledgments. We are especially indebted to Dale Ward and 
Elisa Hollis for help with the statistical analysis, E. Wheeler for 
editorial help, M. Richards for drafting, T. Brodzina for typing, 
los Clarks' and OTS for logistic support, and two anonymous 
reviewers for substantially improving earlier drafts of this paper. 
This research was funded by NSF grants BSR 8306923 and BSR- 
8400284. 

References 

Bate-Smith EC (1975) Phytochemistry of proanthocyanidins. Phy- 
tochemistry 14 : 1107-1113 

Bate-Smith EC (1977) Astringent tannins of Acer species. Phyto- 
chemistry 16:1421-1426 

Bazzaz FA, Chiariello NR, Coley PD, Pitelka CF (1987) Allocating 
resources to reproduction and defense. BioScience 37 : 58 67 

Broadhurst RB, Jones WT (1978) Analysis of condensed tannins 
using acidified vanillin. J Sci Food Agric 29 : 788-794 

Bryant JP, Chapin FS III, Klein D (1983) Carbon/nutrient balance 
of forest plants in relation to vertebrate herbivory. Oikos 
40:357-368 

Butler LG, Price ML, Brotherton JE (1982) Vanillin assay for 
proanthocyanidins (condensed tannins): Modification of the 
solvent for estimation of the degree of polymerization. J Agric 
Food Chem 30:1087-1089 

Coley PD (1983) Herbivory and defensive characteristics of tree 
species in a lowland tropical forest. Ecol Monographs 
53:209 233 

Coley PD, Bryant JP, Chapin FS III (1985) Resource availability 
and antiherbivore defense. Science 230:895-899 

Denslow JS (1980) Gap partitioning among tropical rainforest 
trees. Biotropica 12 (Suppl): 47-55 

Denslow JS, Vitousek PM, Schultz JC (1987) Bioassays of nutrient 
limitation in a tropical rain forest soil. Oecologia (Berlin) (in 
press) 

Ehrlich PR, Raven PH (1964) Butterflies and plants: A study in 
coevolution. Evolution 18:586-608 

Feeny PP (1976) Plant apparency and chemical defense. Recent 
Adv Phytochem 10:1 40 

Hagerman AE, Nicholson RL (1982) High-performance liquid 
chromatographic determination of hydroxy cinnamic acids in 
the maize mesocotyl. J Agric Food Chem 30:1098-1102 

Harborne JB (1973) Phytochemical methods, Chapman and Hall, 
New York, p 78 

Hartshorn GS (1978) Treefalls and tropical forest dynamics. In: 
Tomlinson PB, Zimmerman MH (eds) Tropical trees as living 
systems. Cambridge Univ Press, Cambridge, UK 

Haslam E (1966) Chemistry of vegetable tannins. Academic Press, 
London 

Horvat RJ, Senter SD (1980) A gas-liquid chromatographic meth- 
od for analysis of phenolic acids in plants. J Agric Food Chem 
28:1292-t295 

Keller F, Klohs MW (1963) A review of the chemistry and pharma- 
cology of the constitutents of Piper methysticum. Lloydia 
26:1015 

McKey D (/974) Adaptive patterns in alkaloid physiology. Am 
Nat 108:305-320 

McKey D (1979) The distribution of secondary compounds within 
plants. In: Rosenthal GA, Janzen DH (eds) Herbivores: Their 
interaction with secondary plant metabolites. Academic Press, 
NY, pp 55 135 

Newberry DM, Foresta de H (1985) Herbivory and defense in 
pioneer gap and understory trees in tropical rain forest in 
French Guiana. Biotropica 17:238-244 

O'Hara M J, Kinnard W J, Buckley JP (1965) Preliminary character- 
ization of aqueous extracts of Piper methysticum (Kava, Kawa 
Kawa). J Pharm Sci 54:1021-1025 

Richard HM, Jennings WG (1971) Volatile composition of black 
pepper. J Food Sci 36:584-589 

Richards PW (1952) The tropical rainforest. Cambridge Univ 
Press, Cambridge, UK 

Schultz JC, Baldwin IT (1982) Oak leaf quality declines in response 
to defoliation by gypsy moth larvae. Science 217:/49-151 

Schultz JC, Baldwin IT, Nothnagle PJ (1981) Hemoglobin as a 
binding substrate in the quantitative analysis of plant tannins. 
J Agric Food Chem 29:823-826 

Sokal RR, Rohlf FJ (/981) Biometry, 2nd ed. Freeman, San Fran- 
cisco, CA, USA 

Swain T, Hillis WE (1959) The phenolic constituents of Prunus 
domestica. I. The quantitative analysis of phenolic constituents. 
J Sci Food Agric 10:63-68 

Vitousek PM, Denslow JS (1986) Nitrogen and phosphorus avail- 
ability on treefall gaps of a lowland tropical forest. J Ecol 
74:11621178 

Received February 6, 1987 


