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Abstract. The comparative phenotypic plasticity of 16 species of tropical rainforest 
shrubs (genus Psychotria, Rubiaceae) was investigated by growing plants in three light 
environments on Barro Colorado Island (BCI, Panama). The three light environments gave 
daily photon flux densities (PPFD) similar to the natural light gradient from shaded forest 
understory to small and large canopy gaps. Six of the species are principally found in gaps 
or forest edge environments, whereas the other ten species are principally found in shaded 
understories. Interactions between light treatment and species resulted in unpredictable 
mean phenotypic expression across light treatments. Shoot relative growth rates (RGR) 
were similar for understory and gap species in the low light treatment. Gap species had 
significantly greater shoot RGR in the intermediate light treatment than in the high light 
treatment. Mean plasticity was significantly lower for morphological variables when com- 
pared to physiological variables, while variation in plasticity was significantly greater for 
structural variables. Significant differences between gap and understory species were found 
in the plasticity of six out of the seven variables. The mean phenotypic plasticity of the 
seven variables was significantly greater for gap than for understory species. The high 
plasticity of gap species was consistent with the hypothesis that specialization in a more 
favorable environment increases plasticity. The species exhibited a wide range of leaf 
longevities, from four to 29 months, with gap species having, on average, shorter leaf life- 
span than understory species. Mean phenotypic plasticity decreased with increasing leaf 
longevity. Selection for greater plasticity may be stronger in the gap species because gaps 
exhibit a relatively predictable decrease in PPFD for which plasticity could be adaptive. 
While we have found a significant correlation between phenotypic plasticity and habitat 
affiliation, phylogeny (subgenus ascription) was not correlated with plasticity or with plant 
performance in any given PPFD treatment, reinforcing the hypothesis that phenotypic plas- 
ticity has evolved through natural selection in this diverse genus. 

Key words: Barro Colorado Island, Panama; leaf longevity; light acclimation; phenotypic plas- 
ticity; predictability of environmental change; Psychotria; stress syndrome; tropical forest. 

INTRODUCTION 

Evolution has been hypothesized to lead to greater 
specialization, resulting in ever increasing biological 
diversity. The specialization hypothesis proposes that 

genotypes are subject to strong habitat-based selection, 
resulting in specialized ecotypes (Lortie and Aarssen 
1996). The supposed superiority of specialized eco- 

types or taxa over generalists has led biologists to focus 
on evolutionary specialization, and to neglect plastic 
responses of the phenotype to the environment 
(Schlichting 1986, Sultan 1992). Phenotypic plasticity 
may be essential for survival in heterogeneous and var- 
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iable environments, especially for sessile photosyn- 
thetic organisms (Bradshaw 1965, Sultan 1992, Pintado 
et al. 1997). Though the implications of plasticity for 
fitness-related variables have been recognized (e.g., Hi- 
rose 1987), plasticity has been traditionally viewed as 
an alternative to specialization. A new approach has 

postulated that plasticity in some plant traits may rep- 
resent specialization (Lortie and Aarssen 1996). These 

predictions for plasticity of specialized genotypes de- 

pend on whether specialization is associated with fa- 
vorable ends of an environmental gradient (Lortie and 
Aarssen 1996). Specialization in favorable environ- 
ments increases plasticity, whereas specialization in 
less favorable environments decreases plasticity. 

Tropical rainforests, with their mosaic of different 

light environments ranging from shaded understories 
to treefall gaps of varying size, provide a setting to test 
the specialization-plasticity hypothesis, and to explore 
the evolutionary role of phenotypic plasticity in plants. 
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Differing dependence of species on gaps for regener- 
ation has been associated with a range of shade tolerant 
physiologies (Denslow 1987). The high species rich- 
ness of tropical forests provides congeneric species that 
specialize along this light gradient. Species typical of 
gaps (favorable end of the light gradient) usually ex- 
hibit high growth rates and rapid leaf turnover, while 
species typical of shaded understories (adverse end) 
exhibit low growth rates and slow leaf turnover (Coley 
1988, Mulkey et al. 1991a, Chapin et al. 1993, Mulkey 
et al. 1993, Kitajima 1994, Strauss-Debenedetti and 
Bazzaz 1996). Previous studies have found greater pho- 
tosynthetic plasticity in gap-dependent as compared to 
shade-tolerant species (Bazzaz and Carlson 1982, 
Strauss-Debenedetti and Bazzaz 1991, 1996). We ex- 
tend these results to explore plasticity for morpholog- 
ical and growth variables as well as photosynthetic 
variables. 

To examine the relationships between phenotypic 
plasticity and adaptation to the light gradient, we stud- 
ied 16 species of the genus Psychotria occurring on 
Barro Colorado Island (BCI), Panama. This pantropical 
genus of mostly shrubs is remarkably diverse (Gentry 
and Dodson 1987, Hamilton 1989a) and 21 species 
occur within the 16 km2 of BCI (Croat 1978; S. J. 
Wright, personal observation). The genus is common 
in the understory on BCI with a mean density of 0.7 
stems/m2 (S. J. Wright, unpublished data). The differ- 
ent species range from 25 cm tall subshrubs to 2-4 m 
tall shrubs or small trees that exhibit a range of habitat 
preferences with respect to light. In this study, we ex- 
amined the plastic response of physiological and mor- 

phological variables of seedlings from 16 species of 
Psychotria to three light treatments in a screened 
growth house. We addressed the following questions. 
(1) How different is the plastic response to light among 
species occurring on different parts of the light gradient 
in the field with regard to seven variables? These var- 
iable are: leaf mass per unit area, leaf area ratio, sup- 
porting biomass, root:shoot ratio, photosynthetic ca- 

pacity, dark respiration, and relative growth rate. (2) 
Are species that are adapted to more favorable light 
environments (gaps) more plastic than species that are 
adapted to less favorable environments (shaded un- 
derstories), as predicted by Lortie and Aarssen (1996)? 
Based on the classic view of specialization, our work- 
ing hypothesis was that in low light, shade-tolerant 
species should perform better than gap-dependent spe- 
cies, and in high light, the opposite should be true. 

Leaf longevity is likely to affect phenotypic plastic- 
ity, not only due to its reported influence on acclimation 
to different environments (Chabot and Hicks 1982, Ki- 
tajima et al. 1997), but also due to its potential influence 
on the speed at which a given genotype can track en- 
vironmental changes by replacing the existing leaves 
with phenotypically different ones. For this reason, we 
also address the following question: is a short leaf life- 

span associated with higher plasticity at the leaf and 

TABLE 1. Species studied (genus Psychotria; Rubiaceae) ar- 
ranged according to their occurrence in different light en- 
vironments in the field. 

Gap species Understory species 
P. brachiata (BRA) H P. acuminata (ACU) H 
P. grandis (GRD) H P. chagrensis (CHA) P 
P. micrantha (MIC) P P. emetica (EME) H 
P. psychotriifolia (PSY) P P. gracilifora (GRC) P 
P. pubescens (PUB) P P. horizontalis (HOR) P 
P. racemosa (RAC) H P. ipecacuanha (IPE) H 

P. limonensis (LIM) P 
P. marginata (MAR) P 
P. pittieri (PIT) H 
P. tenuifolia (TEN) P 

Note: Abbreviations used in the figures are shown in pa- 
renthesis, and the subgenus is indicated by P (Psychotria) or 
H (Heteropsychotria). 

at the whole plant level? Besides the large number of 
species compared, which allows for more solid gen- 
eralizations than in most previous studies (typically, 
only two to six species are compared; see references 
in Bazzaz 1996, Strauss-Debenedetti and Bazzaz 
1996), the strength of this study relies on addressing 
plasticity not only at the leaf level (as in previous stud- 
ies of tropical plants, e.g., Walters and Field 1987, 
Mulkey et al. 1993, Kitajima et al. 1997) but also at 
the whole plant level. Leaf-level studies are likely to 
miss many important aspects of the plastic response of 
plants to the environment (Pearcy and Sims 1994, Val- 
ladares 1999), such as those involving resource allo- 
cation, which are crucial for growth and survival (New- 
ell et al. 1993, Coleman et al. 1994, Kitajima 1994, 
Zipperlen and Press 1996). 

MATERIALS AND METHODS 

Plant material and experimental design 

Seeds of 16 tropical rainforest shrub species be- 

longing to the genus Psychotria (Rubiaceae) were 
planted in 50-L pots containing a 50:50 mixture of 
forest topsoil and river sand. Pots were placed in a 
screened growing house at the Smithsonian Tropical 
Research Institute Station on Barro Colorado Island 
(BCI, Panama). Plants were maintained under natural 
air temperature and relative humidity, and were watered 
daily with an automatic irrigation system. The 16 spe- 
cies were separated into two main groups, gap species 
and understory species (Table 1). The grouping of spe- 
cies was based on previous studies (Mulkey et al. 
1991b, 1993, Wright 1991, Wright et al. 1992, Mulkey 
and Wright 1996; S. J. Wright, personal observation). 
Three light environments were created with neutral 
density shade cloth, providing a range of total daily 
photosynthetic photon flux densities (PPFD) similar to 
those experienced by natural populations (Table 2). For 
more information regarding the natural light environ- 
ment of the species see Valladares et al. (1997). The 
daily course of incident PPFD (3-12 May and 2-19 
October 1995, dry and wet seasons, respectively) was 
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TABLE 2. Daily and maximum PPFD in light microhabitats in the field and in the three 
experimental light treatments. 

Average PPFD 
Habitat or Total daily PPFD Total daily PPFD at midday 
treatment (% of a totally open site) (mol.m-2.day-1) (jImol.m-2s-1) 

Light microhabitat 
Forest gap 35.3 + 6.7 12.1 + 5.2 550 + 132 
Forest understory 1.5 ? 0.4 to 9.5 + 2.2 0.3 + 0.2 to 4.3 ? 2.3 10 ? 2 to 175 ? 42 

Light treatment 

High light 31.3 ? 3.7 8.8 + 3.1 320 ? 65 
Intermediate light 8.8 + 1.1 2.5 + 0.3 115 + 32 
Low light 1.4 + 0.2 0.4 + 0.1 12 ? 3 

Note: Data are the average of 2-6 sensors for eight days in the dry season, and 17 days in 
the wet season (May and October 1995, respectively) + SD. 

measured with Model G1118 GaAsP photocells (Han- 
amatsu, Bridgewater, New Jersey, USA) connected to 
a Model 21X datalogger (Campbell Scientific, Logan, 
Utah, USA). For each species, several pots with three 
to five seedlings were placed in each light treatment. 
After some weeks of growth, all seedlings except one 
were removed from each pot. The three largest plants 
per species per treatment were used in the analyses. 
Plants were allowed to grow for one to two years before 
the final harvest. Typically this was one year for fast- 
growing plants, mostly in the medium and high light 
treatment; and two years for slow-growing plants, 
mostly in the low light treatment. 

Structural, physiological, and growth variables 

Three individuals of each species were harvested 
from each light treatment. Leaves, petioles, stems, 
branches, and roots of each plant were dried to a con- 
stant mass at 70?C. Leaf area was measured with a 
portable LI-COR Model 3000 area meter (LI-COR, 
Lincoln, Nebraska, USA) before drying. Seven vari- 
ables were considered: leaf mass per unit area, leaf area 
ratio (total leaf surface area per whole plant mass, m2/ 
kg), supporting biomass (percentage of aboveground 
plant mass represented by petioles, branches, and 
stems), root:shoot ratio (root mass per shoot mass, g/ 
g), photosynthetic capacity (Amax, RMmol CCO2m-2_s-1), 
dark respiration (pLmol 02'm-2.s-1), and aboveground 
relative growth rate (RGR, mg.g-l-wk-1). Length and 
diameter of all stems, branches, and petioles, and the 
surface area of all leaves were measured as soon as the 
plants had two to three fully developed leaves. The 
aboveground biomass of each plant was then calculated 
from allometric relationships obtained in parallel, de- 
structive measurements carried out in replicate seed- 
lings. The process was repeated on the very same plants 
each month for fast-growing plants and every two 
months for slow-growing plants in order to calculate 
the aboveground biomass increase as a function of 
time. We minimized the possibility of an ontogenetic 
component in the differences among species and among 
light treatments by harvesting plants at a similar size 
rather than at the same age, as much as possible. Since 

relative growth rates (shoot RGR, mg.g-l.wk-1) tend 
to decline with plant size and age, maximum shoot 
RGR was determined as the initial slope of the natural 
logarithm of mass plotted against time. Consequently, 
the shoot RGR values reported here represent the max- 
imum value for a given species under a given light 
treatment. This minimizes ontogenetic effects on this 
variable and allows for a better interpretation of phe- 
notypic plasticity (Coleman et al. 1994). 

Two to three fully expanded leaves were chosen at 
random from each plant for gas exchange measure- 
ments. Photosynthetic capacity was calculated from as- 
similation light curves carried out with a portable 
IRGA, Model Ciras-I (PP-Systems, Hitchin Herts, UK). 
A 12-V quartz-iodide lamp connected to an external 
battery provided irradiance. Neutral density filters were 
used to obtain different PPFDs at the leaf surface. Due 
to the very low respiration rates of certain leaves, es- 
pecially those acclimated to low light, we used an ox- 
ygen electrode (Hansatech, Norfolk, UK) to measure 
dark respiration rates in the laboratory. The possible 
induction of photoinhibition in the high light treatment 
was checked by measuring the photochemical efficien- 

cy of photosystem II in the dark with a PAM 103 fluo- 
rometer (Walz, Effeltrich, Germany). 

Leaf longevity was estimated for three to 12 indi- 
viduals for each of the 16 Psychotria species. Study 
individuals were reproductively mature and growing 
naturally in sites with light environments characteristic 
of each species. A total of 8172 leaves were registered 
in monthly censuses from October 1991 to October 
1996. Leaves that were lost due to fallen objects, death 
of the whole branch or plant, or herbivory were dis- 
carded. Only leaves that were initiated and died during 
the censuses were used in the calculations. Just 0.3% 
of the leaves survived beyond October 1996. 

Index of phenotypic plasticity and statistical analyses 

An index of phenotypic plasticity ranging from zero 
to one was calculated for each variable and species as 
the difference between the minimum and the maximum 
mean values among the three light treatments divided 
by the maximum mean value. Means were calculated 
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FIG. 1. Light response of understory (dashed lines) and gap (continuous lines) species of Psychotria. All species may 
not be discernible due to overlapping symbols and lines. The species abbreviations (see Table 1) have been ordered according 
to the mean value for the high light treatment and are shown at the right-hand side of each graph. Each data point is the 
mean of all plants for each light treatment and species. 

for three individuals for each species and light treat- the sign of the change in growth due to the different 
ment, omitting individuals that developed abnormally PPFD treatments could be compared. Slopes were cal- 
(due to herbivory, physical damage, or other factors). culated separately for low to intermediate PPFD and 
Mean phenotypic plasticity was calculated for each for intermediate to high PPFD. Even though plants 
species by averaging the indices of plasticity obtained were harvested at a similar final size, plant biomass at 
for each of the seven variables. The plastic response the time of harvest was used as a covariate to neutralize 
of growth was also explored as the slope in the plots possible ontogenetic effects in the comparisons among 
of shoot RGR vs. light treatments (Fig. 1). In such species and treatments. 
analyses not only the intensity of the change but also Two-way analysis of variance (ANOVA) was used 
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TABLE 3. Two-way ANOVA of the seven selected variables with species nested within habitat. 

Source of variation 

Interactions 
Treatment Habitat Species Interactions (TMT x 

(TMT) (HAB) (SP[HAB]) (TMT x HAB) SP[HAB]) 
Variable (df = 2) (df = 1) (df = 14) (df = 2) (df = 28) 

Leaf mass per unit area 372.3** 1.6 50.6** 10.5** 37.9** 
Leaf area ratio 994.9** 2.5 34.0** 16.8** 27.1** 
Supporting biomass 53.1** 3.5* 56.1** 1.6 10.6** 
Root:shoot ratio 329.1** 4.4* 353.2** 0.7 50.9** 
Photosynthetic capacity 208.5** 7.0** 16.0'* 8.5** 15.9** 
Dark respiration 738.1** 25.6** 30.6** 5.3** 15.2** 
Shoot relative growth rate 599.4** 4.9* 39.4** 6.8** 21.4** 

Notes: Sixteen species, three PPFD treatments, and gap vs. understory species are compared. Table entries are F ratios; df 
for the error = 96. 

* P < 0.05, ** P < 0.01. 

to test for differences among habitats, light treatments, 
and their interactions. Species were nested within hab- 
itats according to the preferred light environment in 
the field (i.e., gap and understory species). In all cases, 
the data met the assumptions of normality and homo- 

cedasticity. Since many structural variables (e.g., LAR, 
root:shoot ratio) vary with plant size, plant biomass 
was used as a covariate. 

In order to check the significance of separating the 

species in two main groups according to their habitat 
affiliation, and to explore the existence of internal 
trends within gap and understory species, we conducted 
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FIG. 2. Photosynthetic capacity and relative growth rate 
for the three PPFD treatments for gap (open symbols) and 
understory (closed symbols) Psychotria species. Values are 
the mean of all the species belonging to each habitat (see 
Table 1) +1 SD. Differences among gap and understory spe- 
cies were significant only for the intermediate light treatment 
(ANOVA, P < 0.01). 

a principal components analysis of average response 
to PPFD and of phenotypic plasticity of all species. 
Principal component analysis was performed using a 
correlation matrix since the variables used were mea- 
sured on very different units. A varimax rotation pro- 
duced the simplest possible structure among the com- 
ponent loadings. All analyses were performed with 
SYSTAT 6.0 (Wilkinson 1990). 

RESULTS 

The light treatments had large effects on phenotypic 
expression for most variables in most species (Fig. 1). 
There were significant differences among species for 
a given variable in a given treatment. Species differed 
in their phenotypic plasticity. The interaction between 

light treatment and species nested within the appro- 
priate habitat affiliation was significant for all seven 
variables (Table 3; graphically, this can be seen in Fig. 
1 where the responses of gap or understory species 
frequently cross). Thus, mean phenotypic expression 
was unpredictable across light treatments. Understory 
species did not have greater shoot relative growth rate 
(RGR) than gap species in the low light treatment (Fig. 
2). Gap species had significantly greater shoot RGR in 
the intermediate light treatment but not in the high light 
treatment (Fig. 2). Apparent photosynthetic quantum 
yield, obtained from assimilation-irradiance curves, 
was lower in the high PPFD treatment than in the other 
two treatments for both understory and gap species. 
This was linked to a slight but chronic photoinhibition 
measured by "in vivo" chlorophyll fluorescence and 
revealed by a 5-10% reduction in the photochemical 
efficiency of photosystem II (Fv/Fm in dark adapted 
leaves), from which the plants only partially recovered 

overnight. 
Plasticity indices were significantly lower for struc- 

tural than for physiological variables (median for struc- 
tural parameters = 0.35; median for physiological pa- 
rameters = 0.61; Mann-Whitney U rank sum test, P = 

0.03). However, interspecific variations in plasticity in- 
dices were greater for structural variables. The largest 
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differences among species were found for structural 
variables such as root:shoot ratio or leaf area ratio (Fig. 
3, Table 4). Significant differences between gap and 
understory species were found in the plasticity of six 
out of the seven variables (Table 4). The mean phe- 
notypic plasticity of the seven variables was signifi- 

species P. micrantha was not statistically higher than 
that of understory species (Tukey's test, P < 0.05, Fig. 
4). 

Large differences between species were also found 
when the plasticity of shoot RGR in response to PPFD 
was studied as the slope of the growth response. Dif- 

cantly greater for the six gap species than for the ten ferent responses were found not only between but also 

understory species (Table 4). When the mean pheno- within the gap and the understory species. Some gap 
typic plasticity for the seven variables was calculated species such as P. grandis, P. micrantha, and P. ra- 
for each species independently, gap species exhibited cemosa exhibited a large increase in shoot RGR in 
the highest values. Only the mean plasticity of the gap response to low to medium PPFD, and a large decrease 
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TABLE 4. ANOVA of the phenotypic plasticity index for the 
seven selected variables for the 16 Psychotria species 
grouped according to their habitat affiliation (gap and un- 
derstory; see Table 1). 

Under- 
Gap story 

Variable species species F 

Leaf mass per unit area 0.57 0.39 14.0 ** 
Leaf area ratio 0.71 0.41 7.9** 
Supporting biomass 0.27 0.29 0.5 
Root:shoot ratio 0.50 0.28 4.8* 
Photosynthetic capacity 0.64 0.55 5.3* 
Dark respiration 0.66 0.58 6.3* 
Shoot relative growth rate 0.63 0.52 4.7* 
Mean 0.62 0.46 5.2* 

* P < 0.05, ** P < 0.01. 

in response to medium to high PPFD (Fig. 5). Two 

subgroups of understory species could be observed. 
One subgroup exhibited relatively small increases in 

response to both low to medium and medium to high 
PPFD changes (e.g., P. chagrensis, P. acuminata, and 
P. marginata). The other, more heterogeneous sub- 
group exhibited a large increase in response to low to 
medium PPFD and a small decrease in response to 
medium to high PPFD (e.g., P. horizontalis, P. ten- 
uifolia, and P. pittieri). 

The 16 species of Psychotria exhibited very different 
mean leaf longevities, ranging from <4 to >29 mo 
(Table 5). Gap species had, on average, shorter leaf 
life-span than understory species (460 vs. 540 d, re- 

spectively; significant for P < 0.05, ANOVA). The 
mean phenotypic plasticity for the seven variables de- 
creased significantly with increasing leaf longevity 
(Fig. 6). Remarkably, leaf longevity was not related to 
mean values of structural or physiological variables at 
the leaf level, such as leaf mass per unit area or pho- 
tosynthetic capacity at a given treatment. 

Multivariate comparisons of species were carried out 
with both mean values under the intermediate PPFD 
treatment (the one rendering the highest number of sig- 
nificant differences among species) and phenotypic 

FIG. 4. Sixteen Psychotria species ordered 
by mean phenotypic plasticity for seven vari- 
ables (supporting biomass, root:shoot ratio, leaf 
mass per unit area, leaf area ratio, relative 
growth rate, photosynthetic capacity, and dark 
respiration). Species from gaps (open bars) ex- 
hibited larger values than species from the forest 
understory (hatched bars). The letter code in- 
dicates significant differences among species 
(ANOVA, Tukey's test P < 0.05). 
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plasticity indices. Understory and gap species were 
rather scattered and intermingled in the principal com- 
ponent plot of mean values (Fig. 7). Eight understory 
species clustered together, but two understory species, 
P. emetica and P. ipecacuanha, both with unusually 
high root:shoot ratios, were positioned far from the 
centroid for understory species. Five gap species clus- 
tered together, but one gap species, P. pubescens, with 
an unusually large shoot RGR, was positioned far from 
the centroid for gap species. Factor loadings revealed 
a tendency towards low values of supporting biomass 
and high values of leaf area ratio in understory species. 
Gap and understory species were better segregated in 
principal components space when the plasticity indices 
were used in the analyses instead of the mean values 
(Fig. 7). Gap species shared high plasticity in shoot 
RGR in response to PPFD and had greater plasticity in 
the structural variables than understory species. 

DISCUSSION 

Plant evolution in a heterogeneous environment 
leads to one of two alternatives: specialization to a 
fraction of the environmental heterogeneity; or gen- 
eralized adaptation to a broad range of environments 
(Bazzaz 1996). In opposition to expectations from the 
classical approach to adaptation and specialization, our 
study shows that understory species of Psychotria did 
not perform better in terms of relative growth rate than 
their gap counterparts in the low light treatment (Figs. 
1 and 2). Gap species performed better than understory 
species in the intermediate PPFD treatment, and ex- 
hibited greater plasticity (Figs. 2-4). Even though phe- 
notypic plasticity is often cited as a characteristic of 

generalists (Spitze and Sadler 1996), it can be the result 
of specialization to a fraction of the environmental het- 

erogeneity (Lortie and Aarssen 1996). The speciali- 
zation hypothesis (habitat selection processes resulting 
in specialized taxa or ecotypes) can be accepted in our 

comparison of gap and understory species, but follow- 
ing the approach of Lortie and Aarssen (1996) that 
reconciles specialization and phenotypic plasticity by 
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FIG. 5. Plastic growth response to an increase in the light treatment from low to medium PPFD (left graph), and from 
medium to high PPFD (right graph) for gap (open bars) and understory (hatched bars) species of Psychotria. Each value 
represents the slope of the corresponding part of the relative growth rate vs. PPFD graph. 

considering the position along environmental gradients 
to which plants are specialized. In this approach, phe- 
notypic stability is considered to be more adaptive than 

plasticity in adverse environments (for instance the 
dark understory of the rainforest), while plants from 
more favorable environments (e.g., forest gaps) are 
more plastic as a consequence of selection for spe- 
cialization to this environment (Lortie and Aarssen 
1996). 

While it is easy to recognize the ecological advan- 
tages of phenotypic plasticity, it is less straightforward 
to find scenarios where a plastic response to the en- 
vironment could be maladaptive. Examples of the latter 
have been pointed out for plants growing under extreme 
conditions, and usually in the absence of strong com- 

petition (Chapin 1991, Chapin et al. 1993). Such plants 
tend to show a conservative pattern involving slow, 
steady growth and nutrient storage even when condi- 

TABLE 5. Leaf longevity (days) of the 16 species of Psy- 
chotria studied. 

Species Mean 1 SD n 

P. limonensis 870.2 a 292.9 52 
P. ipecacuanha 696.3 b 363.2 44 
P. marginata 690.1 b 307.1 161 
P. horizontalis 685.7 b 337.6 190 
P. acuminata 648.3 b 152.3 154 
P. chagrensis 644.6 b 288.2 248 
P. grandis 629.1 b 326.9 51 
P. micrantha 535.6 c 192.4 226 
P. racemosa 513.2 c 181.4 170 
P. psychotriifolia 498.8 c 320.1 99 
P. pittieri 415.1 d 197.3 336 
P. brachiata 382.2 d 147.8 570 
P. gracilifora 339.1 e 145.0 287 
P. tenuifolia 303.4 e 204.0 145 
P. pubescens 212.4 f 100.6 196 
P. emetica 118.8 g 141.7 91 

Note: A letter code following the mean is used to indicate 
significant differences (ANOVA, P < 0.01). 

tions are temporarily favorable (Chapin 1980, Chapin 
et al. 1986, Mulkey et al. 1991a, Waller 1991) in order 
to avoid the production of a plant too large or structures 
too expensive to be sustained once conditions deteri- 
orate. Specialization to a low-resource environment 
seems to start with modification in a key growth-related 
variable. This results in a cascade of effects that trig- 
gers the entire "stress resistance syndrome" reported 
by Chapin et al. (1993); i.e., low rates of growth, pho- 
tosynthesis, and nutrient absorption, high root:shoot 
ratios, low rates of tissue turnover, and high concen- 
trations of secondary metabolites. The understory spe- 
cies of Psychotria had lower shoot growth rates in the 
intermediate PPFD treatment, lower photosynthetic 
rates in each PPFD treatment (Figs. 1 and 2), and lower 
rates of leaf turnover (Table 5). These results are con- 
sistent with a stress resistance syndrome in understory 
species of Psychotria. However, there is limited eco- 
physiological information to explain the trade-offs be- 
tween the different traits involved in successful per- 
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FIG. 7. Principal components ordination of 16 species of Psychotria (upper graphs) according to their mean response to 
the intermediate PPFD treatment (left) and to their phenotypic plasticity (right) for seven variables (LMA = leaf mass per 
unit area, R:S = root:shoot ratio, SUP = percentage of supporting biomass, LAR = leaf area ratio, RESP = dark respiration, 
AMAX = photosynthetic capacity, and RGR = shoot relative growth rate). Lower graphs show factor loadings. Abbreviations 
in the upper graphs indicate species (see Table 1); uppercase abbreviations indicate understory species, and lowercase 
abbreviations indicate gap species. Solid and open circles indicate the centroids of understory and gap species, respectively. 

formance under adverse conditions (Lambers and 
Poorter 1992, Atkin et al. 1996). 

The greater plasticity in response to PPFD of gap 
Psychotria species could also be related to the pre- 
dictable environmental change (gap closure) experi- 
enced by gap species. Predictability of environmental 
heterogeneity determines the direction of evolutionary 
changes in phenotypic plasticity (Scheiner 1993, Huber 
1996). Since the formation of canopy openings that 
influence any individual in the understory is unpre- 
dictable (Lorimer and Frelich 1988), plasticity in long- 
lived understory plant species might not be directly 
enhanced by selection. In contrast, species that are de- 
pendent on gaps experience a predictable progression 
of light environments once a gap is created (vegetation 
regeneration leads to a gradual decrease in the available 
light; Denslow 1987, Uhl et al. 1988). This predictable 
change may select for phenotypic plasticity in gap- 
dependent species. 

Phylogenetic analysis of species used in comparative 
plant ecophysiological studies has been infrequent, de- 
spite its potential to elucidate important evolutionary 
questions (Monson 1996), and may enhance the un- 

derstanding of the forces responsible for evolutionary 

changes in plasticity. As argued by Schlichting (1986), 
if changes in phenotypic plasticity have arisen solely 
via drift (random changes not driven by selection), then 
the degree of similarity in plasticity between taxa 
should directly reflect their relatedness. Within the ge- 
nus Psychotria two subgenera, Psychotria and Heter- 
opsychotria, have been described (Hamilton 1989a, 
1989b). Subgenus Psychotria is monophyletic and the 
species of subgenus Heteropsychotria used in this 
study appear to form a monophyletic group as well (M. 
Nepokroeff, personal communication). While we have 
found a significant correlation between phenotypic 
plasticity and habitat affiliation, phylogeny (subgenus 
ascription) was not correlated with plasticity or with 

plant performance in any given PPFD treatment, sug- 
gesting that phenotypic plasticity has evolved repeat- 
edly through natural selection in this genus. 

Several studies have found that light-demanding 
trees requiring gaps for successful regeneration had 

higher and more flexible metabolic rates than did 
shade-tolerant trees (Bazzaz 1979, Bazzaz and Pickett 
1980, Bazzaz and Carlson 1982, Chazdon 1992, 
Strauss-Debenedetti and Bazzaz 1996). Gap species 
typically have greater ability to acclimate photosyn- 
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thesis to low light than do understory species to high 
light (Mulkey et al. 1991a, Fredeen and Field 1996, 
Strauss-Debenedetti and Bazzaz 1996). But there is not 
a general consensus, and there seems to be a number 
of exceptions to the prediction that high light species 
have greater photosynthetic acclimation potential than 
low light species. For example, Fetcher et al. (1987) 
could not correlate successional status with photosyn- 
thetic acclimation potential in six rainforest tree spe- 
cies. Gas exchange characteristics in response to light 
availability did not differ between gap and understory 
species in a comparison of seedlings of 13 tropical tree 

species, although greater plasticity in total biomass and 
RGR was observed for more light demanding species 
(Kitajima 1994). Temperate forest, mid-successional 
tree species were found to have greater phenotypic 
plasticity than either early or late successional species 
(Neuner and Bannister 1995), which was suggested to 
be an adaptation to a broader range of ecosystem con- 
ditions in midsuccession. Similar photosynthetic ac- 
climation to light was observed in a gap specialist and 
a generalist Piper species (Walters and Field 1987, 
Field 1988). 

Even though the Psychotria species studied were, in 

general, more plastic for gas exchange variables than 
for structural variables, the largest differences in plas- 
ticity among species were found for structural variables 
such as root:shoot ratio or leaf area ratio (Fig. 3). Gap 
species (e.g., P. grandis, P. pubescens, and P. bra- 
chiata) were more plastic in their allocation to roots 
or leaves than were understory species (e.g., P. cha- 

grensis, P. limonensis, and P. acuminata). While much 
of the research on plant response to variation in forest 

light environment has focused on the photosynthetic 
responses of leaves, net whole plant carbon gain and 

photosynthate allocation are crucial to define seedling 
ecology and to understand plant persistence beneath a 
closed canopy (Canham 1988, Zipperlen and Press 
1996). Inherently slow growth rates are often not due 
to low photosynthetic rates but to morphological fea- 
tures such as low leaf area per leaf dry mass (Lambers 
and Poorter 1992, Kitajima 1994, Atkin et al. 1996). 
Our results point to the existence of higher genetic 
restrictions in morphological plasticity in understory 
species than in gap species of Psychotria. The func- 
tional implications of this reduced morphological plas- 
ticity on light harvesting via leaf display and crown 
architecture can be very relevant in the ecological seg- 
regation of similar species co-occurring in a given for- 
est (Canham 1988). 

Higher leaf longevity diminishes nutrient losses and 
is a factor contributing to success in resource-limited 
environments (Lambers and Poorter 1992). Moreover, 
the light environment influences leaf longevity, with 
shade leaves typically having longer life-spans than sun 
leaves (Chabot and Hicks 1982, Sims and Pearcy 1992). 
Sun plants, however, typically have higher rates of leaf 

production, compensating for the more rapid leaf se- 

nescence (Pearcy and Sims 1994). In agreement with 
this pattern, gap species of Psychotria exhibited shorter 
leaf life-spans than understory species. Since a com- 
ponent of plasticity involves structural changes in 
leaves on a developmental time scale (i.e., sun vs. shade 
leaves), leaf longevity interacts with phenotypic plas- 
ticity due to its influence on the speed at which a given 
genotype can track environmental changes. In the Psy- 
chotria species we studied, mean phenotypic plasticity 
increased with decreasing leaf longevity (Fig. 6), in 
agreement with the expected relationship between plas- 
ticity and leaf turnover rates. Leaf life-span is closely 
interrelated with several others plant traits (e.g., growth 
rate, leaf mass per unit area, photosynthetic capacity), 
and general trends in these relationships, such as fast 
growth and high leaf turnover in high resource envi- 
ronments, have been found across diverse ecosystems 
(Reich et al. 1991, 1992, Ryser 1996, Prado and De 
Moraes 1997), although some of these traits are not 
always correlated within a given habitat (see Reich 
1993). Since plasticity of the Psychotria species has 
been explored in a controlled environment, while leaf 
longevity was estimated in field populations, the cor- 
relation found here between plasticity and leaf turnover 

requires confirmation by additional studies. Besides, 
leaf longevity itself can exhibit phenotypic plasticity 
(Ackerly and Bazzaz 1995, Kitajima et al. 1997), which 
also requires further research. 

In most ecophysiological studies of light responses 
of plants, only a small group of species is compared. 
With a few exceptions (e.g., Popma and Bongers 1988, 
Osunkoya et al. 1994, and Veenendaal et al. 1996), 
these studies only include two or three species, one 
from each different light environment. Patterns of plas- 
tic responses to the light environment based on a few 
species, each representing a contrasting ecological 
strategy, should be interpreted with caution. As we 
have shown here, a given shade tolerance can be as- 
sociated with a different plasticity in response to light 
even within a taxonomically close group of species 
(i.e., subgenus). We have found different levels of plas- 
ticity and leaf turnover within both gap and understory 
species, and within each of the two phylogenetic groups 
of species of Psychotria. However, mean phenotypic 
plasticity for a set of structural and physiological var- 
iables was positively related to light availability of nat- 
ural populations and to leaf longevity. Even though 
understory species did not perform better than gap spe- 
cies in the low PPFD treatment, the larger plasticity of 

gap species was consistent with a reappraisal of the 

specialization hypothesis (Lortie and Aarssen 1996). 
Gap and understory species of Psychotria differed 
more in their plastic response to the light environment 
than in the mean phenotypic response to each light 
environment. Ecological studies comparing sympatric 
plant species sharing resources in very diverse envi- 
ronments would probably benefit more from the com- 
bined exploration of plasticity and specialization than 
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from only the search for species differences regarding 
specialization following the classical NeoDarwinian 
view of adaptation. 
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