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Abstract. To investigate the effects of differences in light and nutrient availability on 
growth, we planted seven species of shrubs in two genera, Miconia (Melastomataceae) and 
Piper (Piperaceae), into the centers, edges, and adjacent forest understory of four natural 
treefall gaps (275-335 M2) in the tropical, premontane rain forest of Costa Rica. We used 
rooted cuttings of species typical of forest understory environments on the one hand and 
large clearings or disturbed areas on the other. We also compared growth rates of three 
Miconia species grown in shade houses under 2, 20, and 40% full sunlight. 

Both light and nutrient availability in newly formed gaps of these sizes were strongly 
buffered by the canopy and root systems of the surrounding forest. Total incident radiation 
was higher in gap centers (9-23% full sunlight) than in gap-forest edges (3-11%) or under 
intact forest canopy (0.4-2%), but varied among similar microhabitats from different sites. 

Relative stem growth rates (RGRS) of all field-grown plants were significantly greater 
in gap centers than at edges or beneath forest understories. Fertilization did not significantly 
affect growth rate in any light environment. Light appears to be the most critical resource 
limiting growth at these gap sizes. 

In general, shade-tolerant species were less plastic than light-demanding species, but at 
these gap sizes grew as fast or faster in the gap centers. In shade-houses, the shade-tolerant 
species grew fastest at 20% full sunlight and light-demanding species grew fastest at 40% 
full sunlight. We found no evidence of a trade-off between growth and foliar phenolic 
concentration in these species. 

Key words: Costa Rica; field experiment; gaps; growth rates, light; Melastomataceae; phenolics, 
Piperaceae; shrubs, soil nutrients; tropical rain forest. 

INTRODUCTION 

In the dense shade of the tropical rain forest under- 
story, canopy gaps created by treefalls are a major source 
of environmental heterogeneity (Denslow 1980, Bro- 
kaw 1985a). In addition to increased incident light 
levels (e.g., Chazdon and Fetcher 1984a), gap micro- 
climates are generally characterized by lower humidity, 
higher temperatures (Schulz 1960, Fetcher et al. 1985), 
and higher soil moisture levels (Vitousek and Denslow 
1986, Uhl et al. 1988) than the adjacent forest under- 
story. Treefall clearings are known to be important for 
growth and reproduction of many rain forest trees (e.g., 
Richards and Williamson 1975, Sarukhtn 1978, Hart- 
shorn 1980, Clark and Clark 1987b), and competition 

1 Manuscript received 7 June 1988; revised 28 February 
1989; accepted 9 March 1989. 

among seedlings and saplings within a gap may influ- 
ence which species will occupy space in the canopy. 

Studies of sapling growth rates in gaps (e.g., Uhl 
1982, Brokaw 1985b, 1987), growth responses in dif- 
ferent light regimes (Bazzaz and Pickett 1980, Pearcy 
1983, Chapin et al. 1986, Chazdon 1986), and the 
demography of tropical trees (Hartshorn 1972, Clark 
and Clark 1985, Pifiero and Sarukhdn 1982), suggest 
that species might partition establishment sites within 
this complex environmental mosaic through several 
different mechanisms. These mechanisms include: (1) 
variation in propagule dispersion through differences 
in seed longevity, abundance, and breadth of dispersal 
(Howe and Smallwood 1982, Augspurger 1984a, b, c), 
(2) variation in the relative allocation of resources to 
growth, reproduction, and defense (Chapin 1980, Co- 
ley 1983, Coley et al. 1985), and (3) variation in phys- 
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TABLE 1. Design of transplant experiment. 

Number 
of 

states Explanation 

Species 7 Piper (4), Miconia (3) 
Treatments 

Habitats 3 Clearing center, gap 
edge, forest under- 
story 

Nutrient availability 2 Control, added com- 
plete fertilizer 

Sites 4 Recent natural gaps 
with adjacent forest 
understory 

Replicates 4 2 replicates per plot 
x 2 plots per site 

Total plants/species 96 

iological adaptations for acquiring light and nutrients 
and tolerating heat and moisture stress (Bazzaz and 
Pickett 1980, Pearcy 1983, Chapin et al. 1986). 

At one extreme are small-seeded species, character- 
istic of large clearings, which depend on high light levels, 
high ratios of red to far-red light ratios, and high tem- 
peratures for seed germination and growth (Bazzaz and 
Pickett 1980, Vasquez-Yanes and Orozco-Segovia 
1985, Fetcher et al. 1987). In these species, rapid leaf 
turnover and rapid growth are thought to result in rel- 
atively low investment of carbon in secondary metab- 
olites presumed to defend plants against herbivory 
(Chapin 1980, Coley et al. 1985). At the other extreme 
lie slower growing, shade-tolerant, large-seeded species 
which are able to survive in the forest understory but 
which may grow and reproduce where light is enhanced 
in small gaps (e.g., Pifiero and Sarukhdn 1982, Aug- 
spurger 1984a, b, c, Clark and Clark 1987). The latter 
species typically conserve scarce resources by retaining 
leaves for long periods; the potential difficulty in ob- 
taining mineral nutrients and the low relative com- 
mitment to growth are thought to favor the production 
of higher concentrations of carbon-based secondary 
metabolites in these species (Coley et al. 1985). 

In this study, we sought to answer the following ques- 
tions: (1) how do the growth responses of plants typical 
of either forest understory or of large gaps and dis- 
turbed areas differ when grown in both forest under- 
story and gap environments? (2) to what extent does 
nutrient availability influence these responses? Field 
studies involving reciprocal transplants of species from 
two families of tropical shrubs and a shade-house ex- 
periment were designed to answer these questions. 

METHODS 

Site 

The study was carried out at the La Selva Biological 
Station of the Organization for Tropical Studies in the 

Atlantic lowlands of Costa Rica. La Selva (10028' N, 
83059' W) contains a large reserve (_720 ha) of un- 
disturbed tropical rain forest classified by Holdridge et 
al. (1971) in the premontane wet tropical forest life 
zone (see Hartshorn [1983] for a detailed description). 
Rainfall averages 4200 mm annually, with a distinct 
dry season in January-April when monthly averages 
are usually <200 mm. Soils are derived from volcanic 
parent material. Upland ultisols, on which these stud- 
ies were conducted, have apparently weathered in situ 
from andesite (Sollins et al., in press). They are high 
in available nitrogen and low in phosphorus (Vitousek 
and Denslow 1986) and may be low in other nutrients 
as well (Denslow et al. 1987, Sancho and Mata 1987). 

Experimental design 
Seven shrub species were planted in three habitats 

associated with four natural gaps during July 1984. The 
planting design and replication are described in Table 
1. Rooted cuttings were planted into two replicate plots 
per site in the center of the crown zone, at the gap- 
forest border, and under the intact forest canopy at 
least 20 m from the clearing. Plants were established 
at 0.5-m centers, placement was randomized within 
each plot, and there were two replications of each treat- 
ment within each plot (i.e., four replicates per site). 
Existing litter and vegetation were left intact with the 
exception of 0.5-m-wide access trails at the borders 
and through the centers of the plots. Because existing 
vegetation continued to grow throughout the experi- 
ment, light available to the cuttings declined in the 
period between planting and harvest; wavelength com- 
position may have changed also. 

Growth of the shrubs was measured under two dif- 
ferent nutrient levels (added complete fertilizer and 
added distilled water). Half of the plants were fertilized 
once every 2 wk with 20 mL of a complete liquid 
fertilizer (0.66 mol/L NH4Cl + 32 mmol/L KH2PO4 
+ 5 mmol/L CaCl2 + 9 mmol/L MgSO4 + a micronu- 
trient solution containing Bo, Zn, Cu, Fe, and Mo). 
The control plants were watered with 20 mL of distilled 
water on the same schedule. 

Data on survival, total stem length (sum of all 
branches), and number of leaves were taken monthly 
on all plants. Carbon fixation at light saturation was 
measured on selected individuals in the field after 6 
mo (see Analytical Methods: Carbon Fixation, below). 
For each plant, relative growth rate based on stem 
length (RGRS) was calculated as the slope of ln(total 
stem length) vs. the number of days elapsed since trans- 
planting. Variances about these regression lines were 
homoscedastic as determined by a test for homogeneity 
of variances. 

All plants were harvested at the end of 6 mo (January 
1985). Total leaf area and percent area missing were 
estimated for all leaves; leaves were then freeze-dried 
and the tissues subsequently analyzed for phenols, al- 
kaloids, and N and P content. 
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TABLE 2. Characteristics of treefall clearings used in growth experiments. 

Gap 

Gap number Gap-forming trees Age (mo) Size (in2) Slope () Orientation 

1 Dussia macrophyllata 12 335 32-35 N400 B 
Pentaclethra macroloba 
Pourouma minor 
Minquartia guianensis 

2 Pentaclethra macroloba 12 285 25-3 1 N150 B 
We/hia georgii 

3 Pentaclethra macroloba 15 329 14 N150 B 
Minquartia guianensis 
Welfia georgii 

4 Pentaclethra macroloba 5 275 12 S750 B 
Virola sp. 
Laetia procera 

The plants 

We selected seven species within two widespread and 
diverse shrub genera: Miconia (Melastomataceae) and 
Piper (Piperaceae). Within each genus we chose shade- 
tolerant and high-light-demanding species, thus min- 
imizing variation in growth and allocation responses 
associated with between-genus or between-family phy- 
logenetic differences and providing replication of re- 
sponse patterns within each genus. M. gracilis Triana, 
P. arieianum C. DC., and P. urostachyum Hemsl. are 
common in the forest understory on well-drained soils 
at La Selva. Miconia barbinervis (Benth.) Triana, P. 
sancti-felices Trel., and P. culebranum C. DC. ex 
Schoeder are common in old fields or other large dis- 
turbed areas. M. nervosa (Smith) Triana reaches its 
largest sizes in or at the edges of large treefall clearings, 
but persists in the understory as well. 

All species were rooted from single-leaf cuttings on 
a sand-filled mist bench under shade cloth (10-20% 
full sun). Once roots were produced, cuttings were 
transplanted and hardened off in a common garden 
under shade cloth (20% full sun). Established cuttings 
were blocked by size within species and across treat- 
ments within sites and transplanted into selected gap 
environments according to the experimental design de- 
scribed above (Table 1). Planting material came from 
multiple stocks because individual plants produced few 
cuttings. Rooting from bent or broken stems is a com- 
mon form of vegetative reproduction in both Miconia 
and Piper species. 

The gaps 

All four selected clearings were located on upland 
ultisols (Jaguar Consociation, Sancho and Mata 1988) 
and had been formed by the natural fall of three or 
more trees within 15 mo of the plantings. Pentaclethra 
macroloba was the most common gap-forming tree 
species in all clearings although other dicotyledons and 
palms were generally components of all clearings (Ta- 
ble 2). All gaps were at least 275 m2 in area. The median 

gap size at La Selva is approximately 110 m2 (Sanford 
et al. 1986). 

Analytical methods 

Light. -Total incident light levels were measured 
above each plot for 10-14 d during August-September 
1984. Two to four photosynthetic photon flux density 
(PPFD) quantum sensors (LI-COR) positioned at 70 
cm above each plot at each gap-forest site measured 
incident light levels. These were recorded on a Camp- 
bell Scientific, Inc., Model 21X data logger at 10-s 
intervals. We recorded total incident PPFD concur- 
rently with a PAR sensor and on a pyroheliometer 
(Belfort Instrument Co.) placed in the large clearing 
near the laboratory. The four gap-forest sites were mea- 
sured during sequential 2-wk intervals. To compare 
relative light availability in the different plots, we as- 
sembled results from sunny days of comparable cloud 
distributions based on the hourly variation in irradi- 
ance recorded at the laboratory. Total incident PPFD 
(mol m-2 . d- 1) was calculated as integrated values ac- 
cumulated at 10-s intervals between dawn and dusk 
and used as indication of the relative light availability 
in the different plots. 

Soil nutrient analysis. -Soil characteristics and nu- 
trient availability within and outside treefall gaps at 
La Selva were studied by Vitousek and Denslow (1986). 
Their sites included the four gaps discussed here. In 
addition, we determined the effects of fertilization upon 
nitrogen and phosphorus availability in the experi- 
mental plots. Three soil cores (6 cm diameter by 10 
cm deep) were collected within each cell of the site x 
habitat x fertilizer treatment x block design during 
the harvests in January 1985. These cores were mixed 
to yield one composite sample per cell. Analytical pro- 
cedures followed those of Vitousek and Denslow (1986). 

Tissue analyses. -Nitrogen and phosphorus content 
were measured in oven-dried tissue samples (0.05 g) 
digested using a persulfate-peroxide procedure with a 
mercuric oxide catalyst in a block digestor. Colori- 
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FIG. 1. Total incident sunlight (photosynthetic photon flux 
density, PPFD) in three habitats and four sites (X + SE of two 
plots per habitat in each site). 

metric analyses were then carried out on a Technicon 
AutoAnalyzer (Technicon Instrument Systems 1976). 

To determine the transplants' investment in carbon- 
based phenolic secondary compounds, leaf material 
was returned to the laboratory and frozen as soon as 
possible after being harvested. It was then freeze-dried 
and ground to a fine powder in a cyclone mill. Ap- 
proximately 500 mg of powder was extracted in 70% 
aqueous acetone for phenolic analyses. The Folin-Den- 
is assay (FD) was used to estimate total phenolics, and 
protein binding capacity was determined using hemo- 
globin as a substrate and tannic acid as a standard (HM) 
(Schultz et al. 1981). Hydrolyzable tannins (gallotan- 
nins) were measured with an iodate technique (KI) 
(Bate-Smith 1977, Schultz and Baldwin 1982), and 
condensed tannins were estimated as proanthocyani- 
dins (PA) and leucoanthocyanins (VN) (Bate-Smith 
1975, Schultz and Baldwin 1982). Folin-Denis active 
phenolics, hydrolyzable tannins, and protein binding 
are reported as percent-dry-mass tannic acid equiva- 
lents (%TAE) drawn from standard curves, and con- 
densed tannins as percent-dry-mass wattle tannin 
equivalents (%WTE), also from standard curves. 

The Folin-Denis reagent is differentially sensitive to 
phenolic molecules having different structures, and so 
is not strictly quantitative when qualitative variation 
is present (Swain and Hillis 1959, Martin and Martin 
1982). Despite this shortcoming, we report statistical 
analyses of all Folin-Denis values because no other 
general assay for total phenolics is available. The po- 
tassium iodate test is specific to galloyl esters (Bate- 
Smith 1977), and so quantifies only one subset of hy- 
drolyzable tannins. Other types of hydrolyzable tan- 
nins may be present (e.g., ellagitannins), but no reliable 
quantitative method for them which permits analysis 
of large numbers of samples is available at present 
(Mole and Waterman 1987). 

Leaf area and herbivore damage. -The areas of at 
least 200 leaves per species, representing all age classes, 
were measured using a LI-COR Model 3000 leaf area 

meter, and regressions were developed to estimate the 
area of the transplant leaves using length and width. 
The area of holes found in each leaf on each plant at 
harvest was estimated using a grid of 1-cm squares, 
and the percentage of leaf area missing was estimated 
for each individual plant. 

Carbon fixation. -Net photosynthesis rates and leaf 
conductance were measured in January 1985 on the 
plants surviving in the center of one gap. Measure- 
ments were made at PPFDs of 200, 400, and 500 ,mol 
m-21 sl using an incandescent bulb to provide stable 
levels of irradiance. A microcomputer-based, battery- 
operated portable system simultaneously measured 
carbon dioxide exchange and water vapor conductance 
(Data Design Group Model 9900 after Field et al. 1982). 

All measurements were made on single leaves, or 
portions of single leaves, placed inside a tripod-mount- 
ed temperature-controlled cuvette. Carbon dioxide 
concentration, leaf temperature, irradiance, and air va- 
por pressure were held constant in the cuvette during 
the measurements. Precise flows of the two sources of 
CO2 in dry air were bled into the cuvette to exactly 
balance carbon dioxide and water vapor exchanges by 
the leaf. Net photosynthesis and conductance were cal- 
culated from field data using the equations of Farquhar 
and Sharky (1982). 

Statistical treatment. -The significance of variation 
among treatments was assessed using analysis of vari- 
ance (SPSS Inc. and Norugis 1986). For relative growth 
rates based on stem length (RGRS) and foliage N and 
P contents, treatment classes were (1) site (four forest- 
gap locations), (2) habitat (gap center, gap edge, and 
forest understory), and (3) fertilization (added fertilizer 
and control). All interactions were included. Percent- 
ages were square-root arcsine transformed before sta- 
tistical analysis. Because results of the ANOVA on 
RGRS showed significant variation only in a single main 
effect (habitat), the primary component of which was 
total incident photosynthetic photon flux density 
(PPFD), subsequent analyses were confined to linear 
and higher order regressions with PPFD as the inde- 
pendent variable and RGRS, total dry weight, and per- 
centage of leaf area missing (square-root arcsine trans- 
formed) as dependent variables. 

Shade-house experiment 
A growth analysis was carried out on three Miconia 

species to compare growth rates under less variable 
conditions than those found in the gap environments. 
Rooted cuttings were planted in four 1-L pots con- 
taining a 50:50 mixture of sand and topsoil, and fer- 
tilized weekly with a complete fertilizer solution during 
the course of the experiment. Cuttings of each species 
were blocked by size across treatments and harvest 
dates and the pots placed into shade-houses at three 
different light levels: 2% full sun (two houses), 20% full 
sun (two houses), and 40% full sun (one house was split 
into two pseudo-replicates). Total daily PPFD at 2 and 
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FIG. 2. Soil nitrogen and phosphorus levels in control (i) and in fertilized (U) treatments in three gap-forest habitats (X 
+ SE for four sites). 

20% full sunlight were thus similar to those measured 
in forest understory and gap centers, respectively, al- 
though composition and the frequency distributions of 
light intensity were substantially different. Pots in the 
shade-houses were first stratified by bench, then ran- 
domized within a bench. They were systematically ro- 
tated at weekly intervals to minimize variation in mi- 
croclimate. 

One quarter of the pots (usually eight plants per 
species per treatment) were harvested monthly begin- 
ning 1 mo after placement in the shade houses. At each 
harvest the number of leaves on each plant was counted 
and the leaf area of old and new leaves determined 
with the leaf area meter. At the first three harvests, 
plants were separated into roots, stems + petioles, and 
leaves; oven-dried at 80'C; and weighed to the nearest 
0.01 g. At the final harvest, leaf tissue produced under 
various treatments was freeze-dried and analyzed for 
phenols. 

Relative growth rate based on total dry mass exclu- 
sive of the original cutting (RGRm) was calculated by 
treatment and house for each species as the slope of 
ln(total dry mass) plotted against time (in months) 
elapsed since establishment in the treatment light levels 
(Hunt 1978). Unit leaf rate (ULR) was calculated as 
RGRm per unit leaf area measured at the fourth har- 
vest. 

RESULTS 

Gap environments 
Light.-Total incident radiation (Fig. 1) was gen- 

erally higher in gap centers (9-23% of full sunlight) 
than in gap-forest edges (3-1 1%) or in intact forest 
understory (0.4-2%); total PPFD in the laboratory 
clearing ranged between 47.2 and 60.0 mol.m-2 d-i 
on the days selected. However, there was substantial 
variation among similar microhabitats from different 

sites, so that gap microhabitats could not be easily 
characterized by similar light environments from site 
to site. 

Soil nutrients. -Fertilization did not significantly al- 
ter pool sizes of ammonium or nitrate or net nitrogen 
mineralization in the field plots (ANOVA: NS, df= 1,6; 
Fig. 2). In contrast, concentrations of extractable phos- 
phorus were significantly increased in fertilized plots 
(F= 74.197, df= 1,6, P < .001). Increases were large 
(8-10 fold) and consistent in all zones of three of the 
sites, but smaller or absent in the fourth (Gap 1) (gap 
differences not shown in Fig. 2). 

Photosynthetic characteristics 
of species 

Exploratory work with several of these species in- 
dicated that single leaves saturated at 200-400 Armol 
m-2 s' l . With the exception of Piper culebranum, pho- 
tosynthesis rates within each genus were greater in high- 
light species than in shade-tolerant species (Table 3). 

TABLE 3. Photosynthesis (CO2 uptake) and conductance at 
PPFD of 400-500 Aimol. m-2 S'l in plants grown in a gap 
center (n = 1 or 2 per species). 

Photo- 
synthesis 
(Atmol Conductance 

Species m-2. s- ') (cm/s) 

Miconia barbinervis* 6.2 0.29 
M. nervosa* 11.4 0.48 
M. gracilist 2.9t 0.04t 
Piper sancti-felicis* 8.6 0.24 
P. culebranum* 4.0 0.15 
P. arieianumt 4.9 0.26 
P. urostachyumt 4.1 0.17 

* High-light-demanding species. 
t Shade-tolerant species. 
t Measured in gap-edge-grown plants. 
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FIG. 3. Relative stem growth rates (RGR,) of seven species of shrubs grown in three gap-forest habitats with two fertilizer 
treatments (L: control; *: fertilized; X + SE X 102). In each genus, the two light-demanding species are in the uppermost 
graphs. a = Miconia barbinervis, b = M. nervosa, c = M. gracilis, d = Piper sancti-felicis, e = P. culebranum, f = P. arieianum, 
g= P. urostachyum. 

Field experiment 

Growth responses. -Relative growth rates (RGRS) of 
all species were higher at gap centers than gap edges 
or forest understory (Fig. 3). Analysis of variance in- 
dicated a significant main effect associated with habitat 
(P < .001 for all species) but no significant effect of 
fertilization and, with the exception of P. arieianum 
(P < .001), none associated with site. No interaction 
effects were significant. These results indicate that light 
is the primary factor affecting growth of these plants 
in gap-understory habitats. Since total PPFD varied 
among sites as well as among habitats, some of the 
subsequent discussions of plant responses rely on re- 
sults of regression analyses with total PPFD as the 
independent variable. 

Within each genus high-light-adapted and shade-tol- 
erant species did not always respond predictably to 
differences in light availability. Relative growth rates 

of two high-light species (M. barbinervis, P. sancti- 
felicis) were lower than those of shade-tolerant species 
at gap-center light levels while two other species clas- 
sified as high-light requiring (M. nervosa, P. culebra- 
num) grew at rates comparable to shade-tolerant species. 
There was no evidence of decreased growth rates in 
gap centers; other studies have noted reduced photo- 
synthetic capacity of some shade-tolerant rain-forest 
species exposed to higher light levels (Langenheim et 
al. 1984, Chazdon 1986). 

Species differed significantly in the rates with which 
RGRS increased with increasing light availability (test 
for equality of slopes: F = 8.860, df = 6,68, P < .00 1). 
In general high-light-adapted species were more plastic 
(had steeper light-response growth curves) than were 
shade-tolerant species (Table 4). Mortality of M. ner- 
vosa, P. sancti-felicis, and P. culebranum was signifi- 
cantly higher in understory environments than gap cen- 
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ters or gap edges (Table 5: Chi-square test, df = 2, P 
< .001). Within Piper, mortality of high-light-requiring 
species (P. sancti-felicis, P. culebranum) in the forest 
understory was higher than that of shade-tolerant 
species (P. arieianuin, P. urostachyum). This was not 
true of Miconia species, however; M. barbinervis, a 
high-light species, had low mortality rates in all en- 
vironments, and mortality rates of M. gracilis, a shade- 
tolerant species, were consistently high across all en- 
vironments. 

Foliar nitrogen and phosphorus concentrations. -In 
general, foliar nitrogen concentrations (on a dry-mass 
basis) were greater in Piper than in Miconia species (F 
= 1382.062, df = 1, P < .001) and, within each genus, 
greater in shade-tolerant than in high-light species (Mi- 
conia: F= 239.055, df= 2,125, P < .001; Piper: F= 
26.923, df= 3,124, P < .001; Fig. 4). These patterns 
were consistent across light environments and fertilizer 
treatments. Within Piper species, foliar nitrogen con- 
centrations generally decreased from the gap center 
into the forest understory (F= 16.337, df= 2,125, P 
< .001); this pattern was not evident in Miconia (F = 
0.854, df = 2,125, NS). Specific leaf mass of Piper species 
also decreased along the same gradient, so the decline 
in nitrogen per unit leaf area is even more striking. 
Fertilization did not affect foliar nitrogen concentra- 
tions. 

Differences among species in foliar phosphorus (Fig. 
5) were less consistent. Phosphorus concentrations were 
generally higher in Piper than in Miconia (F = 85.434, 
df = 1,295, P < .001) and, within genera, concentra- 
tions decreased from the gap center to the forest under- 
story (Miconia: F = 5.582, df = 2,125, P < .001; Piper: 
F = 32.024, df = 2,124, P < .001). In addition, fer- 
tilization had a consistent and highly significant effect 
on foliar phosphorus concentrations in all three light 
environments (Miconia: F= 71.935, df= 1,124; P < 
.001; Piper: F= 47.758, df= 1,124, P < .001). 

Foliarphenolics. - Relatively few (three) instances of 
significant effects of light on phenolics were evident in 
the regression analyses (Table 6); this is, however, more 
than one might expect by chance (expect 1 of 20 pos- 

TABLE 4. Growth responses of seven shrub species measured 
by the slope (m) of the regression of relative stem growth 
rate (RGRS) on total incident radiation (PPFD). Both RGR 
and PPFD were log-transformed to correct heteroscedas- 
ticity. 

Slope, m 
Species n X(SE) R2 P 

Miconia barbinervis 12 0.58 (0.08) 0.84 <.001 
M. nervosa 12 0.54 (0.10) 0.75 <.001 
M. gracilis 12 0.47 (0.12) 0.58 <.01 
Piper sancti-felicis 10 0.96 (0.23) 0.69 <.01 
P. culebranum 12 0.47 (0.09) 0.72 <.00 1 
P. arieianum 12 0.49 (0.13) 0.59 <.01 
P. urostachyum 12 0.46 (0.12) 0.59 <.01 

TABLE 5. Numbers of transplanted cuttings dying during the 
course of the experiment (6 mo), fertilizer treatments com- 
bined. 

Habitat 

Clear- Under- 
ing Edge story P* 

Melastomataceae 
Miconia barbinervis 0 1 4 ... 

M. nervosa 0 5 12 <.001 
M. grac/is 8 6 10 NS 

Piperaceae 
Piper sancti-felicis 10 19 30 <.001 
P. culebranum 2 14 19 <.001 
P. arieianum 1 2 2 
P. urostachyum 0 1 6 
* Significance of chi-square test for treatment differences 

within species, df= 2 (32 plants per habitat per species). 
... indicates insufficient cuttings dying to test differences. 

sible outcomes). In all three instances we saw an in- 
crease in both growth and phenolics at high light levels. 

Herbivory and phenolic measures. - Herbivory on M. 
barbinervis was related to site and habitat, and nega- 
tively to total phenolic concentrations. The plants were 
eaten more in some sites than in others, and more often 
in the understories near these gaps (Table 7). Plants 
eaten most heavily had lower total phenolic concen- 
trations (r = -0.32, P < .05). P. culebranum and P. 
urostachyum individuals were attacked more heavily 
in the sun than in the shade (Table 7). We found no 
significant relationships between habitats or phenolic 
measures and herbivory for M. nervosa, M. gracilis, P. 
sancti-felicis, or P. arieianum. 

Shade-house experiment 
Growth responses. -Relative growth rates on a dry- 

mass basis (RGRm) of Miconia species grown at 2 and 
20% full sunlight in the shade houses paralleled results 
from the field experiments (Fig. 6). A two-way AN- 
OVA demonstrated significant effects of light level (F 
= 162.14, df = 2,9, P < .00 1) and species-by-light 
interaction (F= 14.80, df= 4,9, P = .001) on RGRm; 
there were no significant main effects attributed to 
species. All species grew faster at 20% full sunlight 
(total PPFD similar to that in the centers of our natural 
gaps) than at 2% full sunlight (similar to light levels 
under intact canopy). The two high-light species (M. 
barbinervis and M. nervosa) grew more slowly at the 
lowest light level than the shade-tolerant species (M. 
gracilis). Growth rates of both M. nervosa and M. gra- 
cilis were reduced at 40% full sunlight, a level com- 
parable to that found in gaps considerably larger than 
those used in the field study. At 40% full sunlight, the 
RGRm of M. barbinervis, a species commonly found 
in agricultural clearings, was higher than that of either 
of the other two species. Mortality was highest under 
2% full sunlight for M. barbinervis (22% mortality) and 
M. nervosa (44%) but not for M. gracilis, which suffered 
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FIG. 4. Foliar nitrogen levels (as percent dry mass) of shrubs grown in three gap-forest habitats with two fertilizer treatments 
(Cl: control; *: fertilized; X + SE for four sites). Species arranged and lettered as in Fig. 3. 

no mortality at the lowest light levels; there was no 
mortality in any of the species at the higher light levels. 

Specific leaf masses of all species increased at higher 
light levels, and were higher for high-light-demanding 
than for shade-tolerant species (Table 8). Unit leaf rates 
were lower at low light than at high light levels for all 
species and lower for high-light species than for the 
shade-tolerant species at all light levels (Table 8). Plants 
of high-light species growing at 2 and 20% light levels 
had produced more leaves by the final harvest than 
had the shade-tolerant species. 

Foliar phenolics. -The two Miconia species we ex- 
pected to be adapted for growth in high light levels (M. 
barbinervis, M. nervosa) had lower phenolic concen- 
trations in the lowest light regime for all measures ex- 
cept leucoanthocyanins in M. nervosa (Table 9). M. 
gracilis, a shade-tolerant species, exhibited much lower 
phenolic concentrations at all light levels than did the 
first two species (Table 9). The relationship between 

light level and phenolic concentrations was the reverse 
of that seen in the shade-intolerant species: total phe- 
nolics and hydrolyzable tannins were reduced in the 
highest light treatment. 

DISCUSSION 

Gap environments 

Micrometerological conditions within a tropical 
treefall gap vary with gap size, shape, and orientation, 
with distance from the gap edge, and with time as 
vegetation within the clearing regrows (Schulz 1960, 
Chazdon and Fetcher 1984a, Fetcher et al. 1985). In 
large gaps, light levels are higher and composed of 
higher proportions of photosynthetically active wave 
lengths than in small gaps or in the adjacent forest 
understory. Previous measurements at La Selva have 
estimated total incident photosynthetically active ra- 
diation at 1-2% of full sunlight in the understory, 9% 
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FIG. 5. Foliar phosphorus levels (as percent dry mass) of shrubs grown in three gap-forest habitats with two fertilizer 
treatments (El: control; *: fertilized; X + SE for four sites). Species arranged and lettered as in Fig. 3. 

in the center of a 200-M2 gap, and 20-35% in a 400- 
m2 gap (Chazdon and Fetcher 1984b). The incident 
light levels in the three gap-forest environments mea- 
sured in this study exhibit considerable overlap but are 
generally consistent with previously published values 
from La Selva and from other rain forests as well 
(Bjdrkman and Ludlow 1972, Pearcy 1983). 

It is also clear that, while light availability is en- 
hanced in the vicinity of treefall gaps, the high levels 
typical of agricultural clearings or old fields are rare 
within natural tree fall gaps. Sanford et al. (1986) es- 
timate that at La Selva 88% of treefall and branchfall 
gaps are < 300 M2; gaps >400 M2, although accounting 
for 20% of total area in gaps, nevertheless comprise 
only 6% of gaps present at any one time. Thus for most 
gaps, total incident radiation is likely to fall below 20% 
of full sunlight in the clearing center. As plant growth 
proceeds following treefall, light levels at seedling 
heights decline further. 

Nutrient availability within treefall gaps is similarly 
buffered by the surrounding forest. Although Vitousek 
and Denslow (1986) measured consistently higher soil 
moisture levels in 10 gaps compared to adjacent under- 
story under intact forest canopy, they saw no increase 
in N mineralization or pool sizes and only a small, 
non-significant increase in extractable P. They sug- 
gested that any increase in N mineralization was prob- 
ably lost against the very high background levels of N 
at La Selva. Although levels of extractable P are low 
on residual soils at La Selva, P mineralized from fallen 
litter in gaps is likely rapidly adsorbed to amorphous 
clays (Uehara and Gillman 198 1) or taken up by intact 
root or mycorrhizal systems of surviving trees and 
shrubs (Janos 1980). 

Results of other studies suggest that nutrient avail- 
ability may be increased in larger clearings. A 500-M2 
cleared and burned plot at Turrialba, Costa Rica, had 
a very large increase in nitrogen availability (Matson 
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TABLE 6. Variation in leaf phenolic content measured in 
seven species as a function of total incident radiation (PPFD) 
in three forest-gap habitats; in = slope of linear regression.* 
All values arcsine-transformed before analysis. 

Measures of foliar phenolics 
FD KI HM VN PA 

Miconia barbinervis (n= 12) 
m 0.16 0.28 0.18 0.71 0.54 
R2 0.22 0.04 0.12 0.69 0.39 
P NS NS NS <.01 <.05 

M. nervosa (n= 12) 
m -0.21 -0.62 -0.04 -0.09 -0.03 
RJ2 0.17 0.10 0.00 0.16 0.15 
P NS NS NS NS NS 

M. gracilis (n = 10) 
m 0.00 0.00 
R2 0.00 0.00 

P NS NS 

Piper sancti-felicis (n = 8) 
m 0.14 0.00 
R2 0.30 0.00 
P NS NS 

P. culebranum (n = 8) 
m 0.00 0.02 
R2 0.00 0.20 
P NS NS 

P. arielanum (n = 12) 
m 0.17 0.03 0.01 
RJ2 0.69 0.16 0.13 
P <.001 NS NS 

P. urostachyum (n = 12) 
m 0.13 -0.03 0.00 
R?2 0.14 0.13 0.00 
P NS NS NS 

* Slopes are based on FD, KI, and HM reported as percent 
dry mass tannic acid equivalents (%TAE), VN and PA re- 
ported as percent dry mass wattle tannin equivalents (%WTE). 
FD = total phenolics, estimated from Folin-Denis assay; KI 
= hydrolyzable tannins, measured with iodate; HM = protein- 
binding capacity, based on hemoglobin as a substrate and 
tannic acid as a standard; PA and VN = condensed tannins, 
estimated as proanthocyanidins (PA) and leucoanthocyanins 
(VN). See Analytical Methods: Tissue Analyses for further 
details. 

et al. 1987), and Parker (1985) observed high levels of 
N03-N in lysimeters in clearings > 500 m2 (but not in 
smaller clearings) near La Selva. Thus agricultural old 
fields differ substantially from most treefall gaps at La 
Selva with respect to both light and nutrient avail- 
ability. 

Plant responses to gap environments 

Plant growth responses measured as relative growth 
rates (RGRs) demonstrate the primary importance of 
light as a limiting resource to plants near the ground. 
Moreover, none of the species we studied can be said 
to be truly shade specialists (in the sense that growth 
rates of a specialist should be highest in the understory), 

and high light species are apparently strongly light lim- 
ited even in the centers of most treefall gaps at La Selva. 
In no case was there a significant effect of fertilization 
on RGRS, either as a main factor or in interaction with 
light. The lack of nutrient limitation to plant growth 
at very low light levels is not surprising (e.g., Chapin 
1980); however, the failure of plants to respond to 
fertilization at these gap sizes emphasizes the degree 
to which gap processes are commonly buffered by the 
surrounding forest. Our results appear inconsistent with 
previous pot studies (Denslow et al. 1987); plant growth 
in pots is limited by the availability of some nutrients 
(notably K, P). However, when cuttings were grown in 
the field where the rooting zone was unconfined, no 
such limitation was evident. 

Responses of species to the light gradient in both 
field and shade-house experiments can be partially ac- 
counted for by observed patterns of physiology and 
resource allocation, although patterns differed between 
the two genera and were not always consistent with 
those predicted for high-light-demanding and shade- 
tolerant species (Bazzaz 1979, Bazzaz and Pickett 1980). 
With the exception of P. culebranum, measured pho- 
tosynthetic rates at 500 mol m-2 S-1 were consistent 
with initial characterizations of species as relatively 
more light demanding or shade tolerant. As previously 
observed (Langenheim et al. 1984, Field and Mooney 
1986, Chazdon and Field 1987, Walters and Field 
1987), specific leaf mass and nitrogen content were 
greater in plants grown at higher light levels. High- 
light-demanding Piper species were more plastic with 
respect to changes in specific leaf mass than were the 
two shade-tolerant Piper, but Miconia species were 
about equally plastic. Relative plasticity of leaf struc- 
ture has been predicted and observed in other high- 
light species (Bjdrkman 1981, Fetcher et al. 1983), in- 
cluding P. hispidum in Mexico (Walters and Field 1987). 
Photosynthetic rates of all of the shrub species (2.9 to 
11.4 Armol.m-2 se1) were generally less than those 
measured in seedlings of both shade-tolerant and shade- 
intolerant tree species at La Selva (range: 5.6-27.7 Mmol 
m-2 - s-1, Oberbauer and Strain 1984). 

Differences in photosynthetic capacity did not pre- 
dict differences in growth rates of cuttings planted into 
gaps. In gap centers, species characteristic of large clear- 
ings generally grew more slowly than those character- 
istic of smaller gaps or forest understory, a pattern 
consistent with results of other studies (e.g., Bjdrkman 
and Holmgren 1963, Chazdon and Pearcy 1988b). Some 
of the variation in photosynthetic rates measured in 
the field may reflect variation in light environments 
during leaf growth (Bj6rkman 198 1, Walters and Field 
1987), leaf induction state (Chazdon and Pearcy 1986a, 
b), leaf nitrogen content (Chazdon and Field 1987, 
Walters and Field 1987), and water stress (Mooney et 
al. 1983), among other factors, and photosynthetic ac- 
climation potentials may not always reflect succes- 
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TABLE 7. Herbivory. Leaf area (LA), leaf area missing (LAM), and percentage of leaf area missing (PLAM) for field-grown 
plants from three gap-forest habitats as measured at harvest.* 

Leaf area (cm2) Leaf area missing (cm2) 

X (SE) X (SE) Percent leaf area missing 

Miconia barbinervis 
Center (n = 27) 861.9 (176.9) 170.4 (31.7) 24.5 
Edge (n = 29) 320.9 (57.0) 100.5 (19.7) 32.9 
Understory (n = 24) 105.5 (19.5) 35.8 (5.4) 45.2 
m 74.8 -0.028 
P <.05 <.05 
n 12 12 

M. nervosa 
Center (n = 26) 490.1 (82.8) 117.1 (37.1) 16.8 
Edge (n = 27) 204.7 (25.4) 45.3 (14.3) 20.0 
Understory (n = 17) 109.8 (16.0) 10.0 (2.9) 8.5 
Mn 40.5 0.012 
P <.001 NS 
n 12 12 

M. gracilis 
Center (n = 23) 399.8 (48.0) 95.3 (4.1) 19.8 
Edge (n = 23) 151.0 (21.1) 26.8 (7.4) 26.6 
Understory (n = 22) 64.6 (10.9) 16.5 (2.9) 32.0 
Mn 32.1 -0.008 
P <.01 NS 
n 11 11 

Piper sancti-felicis 
Center (n = 20) 464.7 (101.4) 229.8 (60.5) 48.4 
Edge(n= 11) 106.5(28.6) 46.2(15.0) 47.5 
Understory (n = 1) 34.2 () 4.5 () 13.2 
m 31.8 0.022 
P NS NS 
n 8 8 

P. culebranum 
Center (n = 29) 228.8 (31.2) 72.0 (12.3) 32.2 
Edge (n = 15) 71.0 (14.5) 12.9 (5.6) 12.8 
Understory (n = 9) 29.7 (8.3) 7.3 (4.9) 23.6 
Mn 15.8 0.020 
P NS NS 
n 10 11 

P. arieianum 
Center (n = 30) 361.0 (42.1) 94.5 (14.8) 24.4 
Edge (n = 25) 101.3 (14.4) 34.6 (8.3) 34.7 
Understory (n = 29) 40.2 (4.5) 7.8 (1.6) 24.7 
m 32.4 0.002 
P <.001 NS 
n 12 12 

P. urostachyum 
Center (n = 30) 275.4 (24.6) 89.3 (13.3) 31.9 
Edge (n = 25) 113.3 (11.8) 17.1 (3.2) 17.0 
Understory (n = 23) 42.3 (5.5) 7.9 (1.8) 23.8 
M 19.5 0.013 
P <.01 <.05 
n 12 12 

* Variation in LA and PLAM (arcsine-transformed) as a function of available light is reported as the slope (m) of the linear 
regression of mean LA or PLAM in three habitats at four sites on PPFD. 

sional status of the species (Osmond 1983, Fetcher et 
al. 1987, Walters and Field 1987). In addition, pho- 
tosynthetic rates in forest environments may be under- 
estimated by measurements at steady states because 
response to the temporal distribution of sunflecks is 
not taken into account (Gross and Chabot 1979, Pearcy 

and Calkin 1983, Pearcy et al. 1985, Chazdon and 
Pearcy 1986a, b, Chazdon 1988). Moreover, many 
species have demonstrated considerable capacity to vary 
morphology and physiology of leaves produced in dif- 
ferent light environments (Fetcher et al. 1983, 1987, 
Langenheim et al. 1984, Kitajima and Augspurger 
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FIG. 6. Relative growth rates on a dry-mass basis (RGR,) for three species of Miconia at three light levels (X- + SE for 
two replicates). A = Miconia barbinervis, 0 = M. nervosa, 0 = M. gracilis. 

1989). Characterization of species as "pioneer" or "early 
successional" based on growth in high-light, nutrient- 
rich environments thus appears to be of limited value 
in predicting their success in treefall gaps. 

We found no evidence of a trade-off between growth 
and investment in phenolics in the species we studied. 
This conclusion was supported by the shade-house ex- 
periments with three Miconia species. The two light- 
demanding species increased both growth and phenolic 
concentrations in higher light treatments. Concentra- 
tions of several phenolic classes paralled growth; for 
example, both growth and condensed tannin contents 
increased at 20% but declined at 40% full sunlight in 
M. nervosa. This suggests that at a given level of nu- 
trient availability, both growth and phenolic synthesis 
were influenced primarily by carbohydrate availability 
(photosynthesis). 

The single shade-tolerant species in the shade-house 
experiment (M. gracilis) exhibited a decline in phenolic 
measures with increasing light. This pattern was in- 
dependent of growth; M. gracilis had the highest RGRm 
at 20% light with a decrease at 40%. M. gracilis is the 
only species we studied which produces substantial 
quantities of alkaloids (Baldwin and Schultz 1988); it 
produces very low concentrations of phenolics at all 
light levels compared with the congeners in this study. 
Although M. gracilis growth responded to light and 
plants retained leaves as predicted for shade-tolerant 
species, defense of leaves apparently involves small, 
nitrogenous molecules (alkaloids) rather than large, 
carbon-based compounds as predicted (Coley et al. 
1985). This pattern could arise because nitrogen may 
be readily available and carbon gain difficult in the La 
Selva understory. Phenolic production was more 

TABLE 8. Numbers of leaves per plant at final harvest, specific leaf mass, and unit leaf rates for shade-house plants grown 
under three light levels. F values are from two-way ANOVA. 

Specific leaf mass Unit leaf rate 
Leaves per plant (mg/cm2 of growth) (mg g-1 cm-2 d-1) 

X (SE) X (SE) X(SE) 

Miconia barbinervis 
40% 26.9 (4.3) 4.4 (0.04) 119 (1.3) 
20% 20.1 (2.5) 3.6 (0.14) 83 (1.1) 
2% 7.7 (1.0) 2.4 (0.16) 26 (15.0) 

M. nervosa 
40% 19.9 (4.3) 5.4 (0.07) 81 (3.9) 
20% 18.0 (2.0) 4.8 (0.05) 79 (1.6) 
2% 6.2 (0.8) 2.8 (0.09) 43 (4.4) 

M. gracilis 
40% 13.1 (1.3) 3.9 (0.04) 175 (18.0) 
20% 14.2 (1.4) 3.0 (0.04) 143 (1.3) 
2% 5.2 (0.7) 2.3 (0.04) 172 (35.0) 

Fsp (df = 2,9) 13.169** 52.476*** 40.859*** 
FTRT (df= 2,9) 51.955*** 151.256*** 7.600** 
FsP-TRT (df= 4,9) 2.51 I NS 5.152* 3.476 NS 

* P = .05, ** P = .01, *** P = .001; NS = not significant. 
t Unit leaf rate relative growth rate per unit leaf area at fourth harvest. 
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TABLE 9. Leaf phenolic measures from three Miconia species grown in shade-houses under three light intensities. TAE = 
tannic acid equivalents, WTE = wattle tannin equivalents. * = statistically distinguishable values among light levels within 
a phenolic group within a species, P < .05, Tukey's studentized range test. 

M. barbinervis M. nervosa M. grai/is 

Light level (% full sun) 2% 20% 40% 2% 20% 40% 2% 20% 40% 
n 4 8 8 5 8 8 8 8 8 

Total phenolics (%TAE) X 6.57 10.77 11.12 6.11 13.07 13.90 0.64 0.47 0.22 
(SE) (0.56) (0.30) (0.56) (1.65) (0.32) (0.37) (0.07) (0.17) (0.01) 

* * * * * 

Hydrolyzable tannins (%TAE) X 30.98 52.02 50.76 23.74 69.72 72.74 0.55 0 0.20 
(SE) (5.45) (2.07) (1.33) (7.69) (1.32) (1.66) (0.18) 0 (0.06) 

* * * * 

Protein binding (%TAE) X 1.95 6.42 7.15 5.92 12.68 13.24 0 0.23 0 
(SE) (1.95) (0.32) (0.32) (2.48) (0.31) (0.76) 0 (0.15) 0 

* * 

Leucoanthocyanins (%WTE) X 5.70 17.35 14.40 4.53 5.19 5.69 1.75 1.04 0.56 
(SE) (1.89) (1.55) (0.85) (1.78) (0.36) (0.30) (0.60) (0.13) (0.14) 

Proanthocyanidin (%WTE) X 0 24.85 12.64 0 5.00 4.14 0 0 0.70 
(SE) 0 (0.19) (0.78) (0) (0.46) (0.47) 0 0 (0.46) 

* * * * 

sensitive to light in light-demanding species than in 
shade-tolerant species, probably reflecting adaptive dif- 
ferences in ability to respond to changing resource 
availability (Bryant et al. 1987). 

Foliar chemistry measures were inconsistent predic- 
tors of leaf damage in the field experiment. This is not 
surprising, because damage itself can increase or de- 
crease phenolic levels (Schultz 1988), can result from 
inadequate defense, or can be independent of phenolic 
content, e.g., affected by variation in herbivore pop- 
ulation sizes. Damage was greater in high light for some 
species, in low light for others, and not significantly 
different for most; leaf phenolic concentrations did not 
help predict these differences. 

Implications for the structure of 
tropical forests 

Our results do not show that these shrub species 
cleanly partition gap environments along the relatively 
short available light gradient used in this study. How- 
ever, the combined results of field and shade-house 
experiments do indicate differences in response pat- 
terns within each of these two genera which may ul- 
timately influence species coexistence and the diversity 
of rain forest communities. Although large gaps are 
rare (Sanford et al. 1986), the incident light levels avail- 
able in them may be critical to some species. In the 
absence of light levels such as those in the centers of 
large multiple treefall gaps or on river margins, it is 
unlikely that such species as P. sancti-felicis or M. bar- 
binervis would persist in a rain forest community. Bro- 
kaw (1987) demonstrated a similar pattern of differ- 
ences in minimum gap size necessary for persistence 
among three high-light-demanding tree species on Ba- 
rro Colorado Island. Growth and reproduction of 
understory species also are enhanced in the higher light 

levels of small gaps (Pifiero and Sarukhdn 1982, Chaz- 
don 1986, Denslow et al. 1986, Clark and Clark 1987a, 
Smith 1987, Levey 1988, Kitajima and Augspurger 
1989). 

Differences in life expectancy under a closed forest 
canopy are likely to be critical to long-term persistence 
of a species within a rain forest plant community; those 
species with low growth rates and/or high mortality 
rates in the understory are most likely to persist in 
forests with high rates of gap formation. Similarly, for- 
ests with high turnover rates due to the frequent for- 
mation of small gaps are likely to support the most 
diverse understory communities. 
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