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Distribution of juveniles of tree species along a canopy closure gradient
in a tropical cloud forest of the Venezuelan Andes
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Introduction

Andean tropical cloud forests are among
the most diverse and fragile forest ecosys-
tems in the world (Vareschi 1992, Brown &
Kappelle 2001). However, they are subject

Cloud forests represent a minor portion of the world forests, though outstan-
ding in terms of biodiversity, endemisms, and environmental services pro-
vided. Understanding the factors that drive the regeneration and species com-
position of these forests, and in particular how light availability affects the
patterns of juvenile tree distribution in the understory, is critical for conserva-
tion and restoration programs. In this study, we determined the range-size and
overlap of the abundance distribution of juveniles for 20 tree species in an
Andean tropical cloud forest in Venezuela along a gradient of percentage
canopy openness (%CO) used as a surrogate of light availability. The observed
distribution of %CO was then compared with a bounded null model of commu-
nity structure in order to test light partitioning as a driver of tree species’
coexistence. We measured %CO using hemispherical photography and the
abundance and size of juvenile trees in 280 plots of 1-m radius spread over a
32 ha forest area. The distribution of sites was skewed towards the lower end
of the %CO gradient (0.5 to 12.8%), while species abundance sharply dimini-
shed at both ends of the gradient. Nevertheless, 15 out of 20 species had a
non-random distribution in relation to %CO, with many species concentrated
near the lower side of the gradient. The observed pattern of species’ overlap
was within the 95% confidence limits for the average overlap expected under
the bounded null model. These patterns indicate that low canopy openness is
the rule in this forest, in spite of the scattered tree-fall gaps, and suggest that
light partitioning does not determine the tree community structure at the
juvenile stage. High redundancy in light requirements among juveniles of tree
species may have a positive effect on species coexistence in cloud forests,
thus maintaining a high species diversity. However, other factors such as
recruitment limitation and differential growth/carbon-gain among species at
the juvenile stage along the light gradient could contribute to the high diver-
sity of these ecosystems.

Keywords: Natural Regeneration, Light Availability, Understory, Shade Tole-
rance, Hemispherical Photography, Null Models

pogenic intervention (Hamilton 1995). Con-
servation of cloud forests is of great impor-
tance due to their high biodiversity and en-
demism, and their role in maintaining wa-
ter balance and preventing erosive proces-

to high rates of deforestation and anthro- ses in high mountain watersheds (Ataroff
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2001).

A persistent cloudiness for a large part of
the year characterizes the tropical cloud
forests (Ataroff 2001). Like other tropical
forests, the environment in cloud forest
understory is very heterogeneous at spatial
and temporal scales. The frequent cloudi-
ness together with high topographic varia-
tion accentuates this heterogeneity, which
imposes energetic limitations and affects
other factors such as evapotranspiration,
temperature and humidity (Hogan & Ma-
chado 2002, Schwarzkopf et al. 2011).

In the understory of tropical forests, light
is the main limiting resource for germina-
tion, growth, and survival (Poorter & Arets
2003, Pearcy 2007). In these forests there
is a wide light gradient from low irradiance
levels (1-2%) under closed canopies up to
25-30% in large gaps (Chazdon & Fetcher
1984, Endler 1993). Hence, tree species
have developed strategies to cope with the
limitations imposed by this resource. Seve-
ral researchers suggested that overlap of
juveniles of tree species could explain the
coexistence of a high number of species in
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tropical forests in terms of partitioning of
the light environment. This partitioning has
been associated with the formation of
varying size gaps in the forest (Denslow
1980). Accordingly, the aim of several stu-
dies was to identify functional groups asso-
ciated with the species’ light requirements.
For example, Bazzaz & Pickett (1980) pro-
posed the dichotomy between shade into-
lerant species requiring large amounts of
light to survive and grow, and shade tole-
rant species. Swaine & Whitmore (1988)
proposed a simple division of tree species
into two groups: pioneer or not pioneer (or
climax) based on seed germination and
seedling establishment. Other studies ba-
sed on these functional groups focused on
comparing the abundance and performan-
ce of juvenile trees between gap and non-
gap sites or among gaps of different size
classes (Denslow 1980, 1996, Nicotra et al.
1999, Brokaw & Busing 2000, Poorter &
Arets 2003, Wright et al. 2003). However,
several of these studies found no evidence
that niche partitioning explains the coexis-
tence of many species in gaps (Brokaw &
Busing 2000, Poorter & Arets 2003, Wright
et al. 2003, De Lima & De Moura 2008). It
has been pointed out that these studies
have not considered either the continuous
nature of the light gradient or the fact that
in a dense forest the proportion of sites
with medium to large gaps is very small
(Brokaw & Busing 2000, Acevedo et al.
2001, 2003, Poorter & Arets 2003, Lusk et
al. 2006). Furthermore, the light gradient in
the forest understory does not necessarily
correlate with the spatial location of the
gap (i.e., light can reach a point in the for-
est floor as direct or diffuse light), and de-
pending on geographical and topographi-
cal factors, light beam angle and intensity
can vary widely (Chazdon & Pearcy 1991).
Other authors have suggested that a con-
siderable overlap could occur among the
distribution ranges of juveniles of tree spe-
cies (Lusk et al. 2006). So far, few studies
have analyzed to what extent co-occurring
species overlap along the light gradient
(Lieberman et al. 1995, Lusk et al. 2006).

To address these problems, Lusk et al.
(2006) proposed a method based on the
“range-size” model (Grytnes 2003, Colwell
et al. 2005) in which the forest understory
light gradient is defined as a bounded do-
main with a “hard” lower boundary repre-
sented by absence of light and a “diffuse”
upper boundary determined by the size of
the largest canopy opening. According to
these authors, the gradient boundaries
impose constraints that influence the over-
lap of the range of species distributions
along the gradient, despite other factors
such as competition may have a large influ-
ence on community structure (Lusk et al.
2006). The average range size of the cumu-
lative distribution of the abundance of
juveniles of each species is plotted along
the light gradient represented by the per-
centage of canopy openness (%CO), and
the average pairwise overlap of these
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ranges is estimated. Further, the empirical
average overlap distribution is compared
against a bounded null model of commu-
nity structure using a resampling techni-
que. The bounded null model assumes
that: (i) domain boundaries depresses
species abundance through their influence
on range size. This is known as the “mid-
domain effect” which is the increasing
overlap of species ranges towards the cen-
ter of a shared domain bounded by geo-
metric constraints in relation to the distri-
bution of species’ range sizes. Towards the
center of the domain occurs a peak or
plateau of species richness (Colwell et al.
2005); (ii) species with optima close to
domain boundaries are limited to a narrow
range; and (iii) narrow ranges (in any part
of the gradient) may predispose species to
local extinction in dynamic understory light
environments (Lusk et al. 2006). This mo-
del predicts that both density of species
optima and species overlap should be high-
est in the domain center (intermediate
light environments) and lowest close to
the domain boundaries. Understanding the
causes of the high tree diversity of these
forests is crucial for conservation and res-
toration purposes. Unfortunately, there is
little comprehension of the mechanisms
allowing the coexistence of this high num-
ber of species, even in the most conspicu-
ous forest component, the tree commu-
nity. It is likely that, a set of processes ope-
rating at the juvenile stage largely contri-
butes to determine tree community com-
position and diversity. Since light is a limi-
ting factor in these ecosystems and juve-
niles are constrained to develop in their
understory or to take advantage of canopy
openings, we hypothesize that light gra-
dient partitioning plays a major role in
determining the tree community structure.
To test this hypothesis we analyzed the
range size distributions and the degree of
overlap of juvenile tree species along a gra-
dient of canopy openness for 20 tree spe-
cies in an Andean cloud forest.

Materials and methods

Study site

The study was undertaken in a tract of
tropical cloud forest at the San Eusebio
University Forest (SEUF) in the Venezuelan
Andes (8° 37" N; 71° 21" W) in Mérida state
(Fig. 1a-d). Elevation ranges from 2200 to
2500 m a.s.l.; precipitation varies between
1400 and 1560 mm annually with a short
dry season (December-February) and a wet
season (March-November). Annual avera-
ge temperature is 14.9°C and average pho-
tosynthetic photon flux in open sky is 1561
+ 77.2 umolm?s” (Garcia-Nufiez et al. 1995).
The forest grows on soils derived from the
Colén cretacean formation characterized
by stratified, massive, black, non-calcare-
ous lutites with conchoidal fracture. The
landscape consists of rounded hills, with
shallow to steep slopes (Marquez 1990).
The SEUF is part of the only sizable ever-

green mixed (conifers and broad-leaved)
forests in Venezuela (Lamprecht & Veillén
1967). The forest is thick and rich in ever-
green tree species densely covered by epi-
phytes, mosses, and lichens. The main tree
families are Lauraceae, Melastomataceae,
Guttiferae, Euphorbiaceae, Myrtaceae, and
Podocarpaceae. The forest comprises va-
rious plant communities ranging from den-
se high forest (DHF) with complex stratifi-
cation and a canopy 25-30 m high to sparse
low stature forests with canopies less than
15 m. The DHF has three layers: the upper
layer approximately 25-30 m in height with
emergent trees up to 40 m tall (mainly the
coniferous species Retrophyllum rospi-
gliosii), an intermediate layer 20-24 m in
height, and a lower layer 10-19 m. The un-
derstory comprises tree seedlings and sap-
lings, shrubs, vines, palms, and herbaceous
plants. Tree ferns (Cyathea spp.) and bam-
boos (Chusquea spp.) are common, the lat-
ter forming dense scrubs (Schwarzkopf
2003, Ramos & Plonczak 2007).

In the DHF, a 32 ha area was sampled to
measure juvenile tree species abundance
along a gradient of canopy openness. The
sampling procedure consisted of a syste-
matic virtual grid drawn from a random
point selected on a vegetation map within
the tract boundaries (Rangel 2004). The
grid consisted of parallel transects 100 to
1000 m in length depending on the tract
boundaries, and 100 m apart. Sample
points were marked at 30 m intervals with
the first point in each transect randomly
chosen. We uploaded the vegetation map
and the virtual grid in a Garmin GPSmap 60
CSX® using MapSetToolkit® v. 1.40 (Garmin
International Inc., Olathe, KS, USA). In this
way, the selected points could be reached
using the shortest path, avoiding obstacles
such as steep slopes, and minimizing the
impact caused by the opening of access
trails. A total of 30 points (15 in “non-dis-
turbed” areas and 15 in “gaps”) was se-
lected randomly after discarding points in
inaccessible sites (steep slopes, riverbeds).
The selected points were from sites with
no apparent perturbation (closed canopy,
absence of fallen trees) to sites with gaps
of various sizes (50-500 m?). Juveniles of
tree species, 30-150 c¢cm in height were
recorded in circular plots (radius = 1 m). For
most species, individuals below 30 cm
were very susceptible to death from
events such as drought, flood, and pa-
thogens. Individuals taller than 150 c<m
were discarded because light availability
was measured at that height. Juveniles
were measured only in the rainy season
(1975 individuals). For each individual we
recorded species name and total height.
Around points placed in non-disturbed
areas, eight plots were established in a cir-
cular 200 m* area (120 plots). The gaps
were delimited following the method pro-
posed by Brokaw & Busing (2000) and the
plots were distributed from border to gap
center (160 total plots). In each plot, a
hemispherical photograph was taken in
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both dry (February) and rainy (October)
seasons of 2010.

Hemispherical photographs
Hemispherical photography is one among
several techniques used for estimating
light availability and canopy structure. The
principle of this method is that a fish eye
lens captures an image that spans a 180°
arc, and when pointed vertically can cap-
ture all possible angles of incoming light
(Brusa & Bunker 2014). Other popular me-
thods include the LAI-2000° (plant canopy
analyzer - Li-cor, Lincoln, NE, USA), spheri-
cal densitometers, AccuPAR® ceptometer
(Decagon Devices, Pullman, WA, USA),
LIDAR, TRAC (Tracing radiation and archi-
tecture of canopies), and photosensitive
diazo paper (Jonckheere et al. 2004, Chia-
nucci & Cutini 2012, Brusa & Bunker 2014).
There are several methods to determine
light and canopy properties under a set of
environmental conditions and ecosystems.
Each method has advantages and disad-
vantages for estimating the various com-
ponents of light availability and canopy
structure. Some of them are very costly
(e.g., LIDAR, LAI2000), others although
cheap (e.g., densitometers, photosensitive
diazo paper) are strongly subjective (Brusa
& Bunker 2014). Hemispherical photogra-
phy is an option of intermediate cost that
has several advantages such as a spatial
discrimination, acquisition of foliage angu-
lar distribution, and gap fractions at diffe-
rent zenith and azimuthal angles. Digital
hemispherical photography is becoming
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Tachira

Study site

less expensive, and images can be acquired
easily. Also, they can be stored as perma-
nent records, making it possible to get
repeated records over time of the variation
in light and canopy properties of the same
point (Chen & Black 1991, Chianucci & Cu-
tini 2012). However, hemispherical photo-
graphs have several disadvantages such as
the need for certain environmental condi-
tions to enable photographs to be taken
(overcast sky), correct exposure, including
diaphragm aperture, time of exposure, cor-
rection of lens distortion, and tedious work
in processing the images (Zhang et al.
2005, Inoue et al. 2004). Nonetheless, the
continuous progress in digital camera tech-
nology, software for processing raw data
and efforts to standardize protocols of
image acquisition and processing make this
one of the most promising methods for
analyzing light availability and canopy pro-
perties.

We took hemispherical photographs to
estimate the percentage of canopy open-
ness at the center of each plot using a 10
Mp digital camera Nikon COOLPIX® P5000
with a “Fisheye Converter” Nikon FC-E8
with a 183° optical field. The camera was
mounted on a tripod and leveled with the
top of the lens standing 150 cm above the
ground. We took photographs only in over-
cast conditions using an appropriate de-
gree of exposure following the protocol
proposed by Zhang et al. (2005). For image
processing, we used Gap Light Analyzer
(GLA) v. 2.0 (Frazer et al. 1999). We cor-
rected the lens distortion (from 183° to

Fig. 1 - Study site location.
Satellite images including
the boundaries of (a)
Venezuela; (b) Mérida
State; (c) San Eusebio Uni-
versity Forest (SEUF); and
(d) study site ca. 32 ha
(Images from Google Earth
v5.0 July, 2013).

Trujillo

Barinas

180°) with a third degree polynomial equa-
tion (Frazer et al. 2001 - eqgn. 1):

Y =6.638 - X —0.0025 - X *—(2.4014E-0 5) X °

where Yis the radial position of a projected
point measured in pixels from the optical
center of a full resolution digital image
(1600 x 1200 pixels) and X is the angular
distance (0° < X < 90°). For differentiating
sky from vegetation pixels, we used the
software SIDELOOK (Nobis & Hunziker
2005). We selected the blue channel to
maximize pixel differentiation. The soft-
ware automatically transforms the images
(n =560) to black and white and generates
the optimal threshold for differentiating
between sky and vegetation pixels. For
each optimized image, GLA computes a set
of variables related to light environment
and canopy structure. As inputs, GLA requi-
res: latitude, longitude, altitude, growing
season interval, slope, cloudiness index,
solar constant, and spectral fraction of the
study site. The program simulates the
potential amount of light that would reach
a given point on the forest floor through-
out the growing season and generates se-
veral outputs such as %CO among other
variables.

Juvenile tree distribution along the
light gradient

The percentage of canopy openness
(%CO) was used as a surrogate of the light
environment (Poorter & Arets 2003, Lusk
et al. 2006, Whitfeld et al. 2014). It is de-
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fined as the percentage of sky that can be
seen from below the canopy (Frazer et al.
1999). This variable is widely used because
it is easy to measure without the need for
costly devices. In many forests, there is a
strong bias towards sites with %CO < 5%
(Montgomery & Chazdon 2002, Lusk et al.
2006), thus almost everywhere the %CO is
very low. Therefore, a large proportion of
the forest is favorable for regeneration of
shade tolerant species, but few places
exist in which light demanding species can
regenerate. Given the large areas for
growth of shade tolerant species, small dif-
ferences in light requirements could suffice
to avoid competitive exclusion and allow
the coexistence of populations of numer-
ous species. To avoid underestimating the
relative abundance of species at the upper
end of the light gradient, the plots were
ordered from low to high values of %CO
and transformed to a percentage scale
(i.e., 0% for the lowest value and 100% for
the highest). Therefore, equal intervals in
the transformed %CO scale represent equal
areas of microsite availability. The median
and interquartile range (IQR) of the distri-
bution of each species was represented
over the axis of the transformed gradient
of %CO. The sum of all species’ individuals
produces the accumulated distribution for
the whole forest. The IQR is a robust indi-
cator of species’ distribution since it exclu-
des extreme values at both extremes of
the gradient (Lusk et al. 2006). A goodness
of fit Kolmogorov-Smirnov test was used
to detect non-randomness in the IQR of
the abundance distribution of each species
against the cumulative empirical distribu-
tion of the %CO for the whole forest. If the
p-value for a species is = 0.05, then its
abundance distributes randomly along the
%CO gradient, i.e., the light environment
has no effect on the distribution of juve-
niles of that species Lusk et al. (2006).

For comparing the average pairwise over-

50

40

30

20

Frequency (%)

Fig. 2 - Frequen-
cy distribution of
plots according
to percentage of
canopy open-
ness above 1.5 m
in the under-
story of the
dense high for-
est (DHF) at San
Eusebio Univer-
sity Forest
(SEUF), Mérida,
Venezuela.

0 2 4 6 8

10 12 14 16

Canopy openness (%)

lap of the empirical species IQR on the
rank-transformed canopy openness with
the proposed bounded null model, we
used the Mid-domain Null Monte Carlo sim-
ulation procedure (McCain 2004) to gene-
rate 95% confidence intervals for the pre-
dicted average pairwise overlap interquar-
tile distribution from the null model based
on the midpoints of the empirical species
distributions. We ran 1000 simulations
using resampling with replacement. If the
empirical pattern of the predicted average
pairwise overlap departs strongly from the
confidence limits for the null model distri-
bution, then the results should be consis-
tent with the hypothesis that there is a par-
titioning of the light environment by the
juveniles of tree species along the gradient
of %CO.

Results
Percentage of canopy openness

More than 75% of the plots showed a %CO
< 4.5% and 50% had a %CO < 2.2%. Maximum

%CO was 12.6 % (Fig. 2). There were no sta-
tistically significant differences in %CO
between the rainy and dry seasons (p =
0.134, paired student t-test, n = 280).

Juvenile distribution on the %4CO
gradient

The Kolmogorov-Smirnov test showed
that only five of 20 species (only those
species with at least 10 individuals were
included) had their juveniles randomly dis-
tributed in relation to %CO (p>0.05): Myr-
cianthes karsteniana, Myrcia fallax, Aegi-
phila terniflora, Roupala obovata and Psico-
tria spp. (Tab. 1). All the others had clearly
non-random distributions with p-values
well below 0.05. This suggests a certain
degree of light partitioning by the juveniles
of tree species. The abundance IQRs show
that a high number of species concentrate
in a %CO < 6.6% (Fig. 3). The abundance IQR
of all combined species (identified as “For-
est” in Fig. 3) matched approximately with
the IQR of the ordered samples (ie.,
between 1.3 and 4.2 %CO), and the mid-

Tab. 1 - Non-randomness Kolmogorov-Smirnov test of juvenile tree species distribution along the percentage of canopy openness
gradient in the experimental area at SEUF, Mérida, Venezuela.

Species Family Abbreviation P-value
Hyeronima moritziana Euphorbiaceae Hm <0.001
Ocotea macropoda Laureaceae Om <0.001
Beilshmiedia sulcata Laureaceae Bs <0.001
Tetrorchidium rubrivenium Euphorbiaceae Tr <0.001
Retrophyllum rospigliosii Podocarpaceae Rr <0.001
Myrcia acuminata Myrtaceae Ma <0.001
Oreopanax capitatus Araliaceae Oc <0.001
Billia colombiana Hippocastanaceae Bc <0.001
Cyathea spp Cyatheaceae Csp <0.001
Oreopanax reticulatus Araliaceae Or <0.001
Passiflora lindeniana Passifloraceae Pl <0.001
Miconia meridensis Melastomataceae Mm 0.001
Casearia tachirensis Flacourtiaceae Ct 0.003
Prunus moritziana Rosaceae Pm 0.004
Eugenia sp. Myrtaceae Esp 0.006
Myrcia fallax Myrtaceae Mf 0.051
Roupala obovata Proteaceae Ro 0.093
Myrcianthes karsteniana Myrtaceae Mk 0.205
Psicotria spp. Rubiaceae Psp 0.247
Aegiphila terniflora Verbenaceae At 0.295
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Fig. 3 - Interquartile
ranges of juvenile tree
species’ distributionon 0.0 0.8

Distribution of juveniles of tree species in an Andean tropical forest

Canopy openness (%)

the rank transformed I
gradient of percentage
of canopy openness
(280 plots, 1975 indivi-
duals). Letters identify-
ing ranks are species
abbreviations and their
position correspond to
the median (midpoint)
of the abundance distri-
bution of juvenile trees.
For abbreviations, see
Tab. 1.
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i i n L i i i 1 i i i 1 i i l 1 i i i
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156 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Percentile of samples ordered by canopy openness

point (median) of 17 species is within this
range. Only three species (Ocotea macro-
poda, Oreopanax reticulatus, and Passiflora
lindeniana) had their median outside this
range. Also, four species (Aegiphila terni-
flora, Eugenia spp., Myrcianthes karstenia-
na, and Psicotria spp.) showed IQRs similar
to that for the whole forest, suggesting an
intermediate distribution along the %CO
gradient. Beilshmiedia sulcata and Hyeron-
ima moritziana had a wide IQR, suggesting
that these species perform relatively well
along the %CO gradient. Although several
species’ IQR lower-ends are below the 25™
percentile of %CO, only the tree fern Cya-
thea spp. has its midpoint close to such
limit. This could indicate that below 1.2% CO
there are strong limitations for the survival
and growth of tree species. On the other
hand, above 4.4% CO juvenile tree species
seem to face growth limitations.

Null model of community structure

The average empirical distribution of pair-
wise overlap of species’ IQRs was well
within the upper and lower 95% confidence
limits generated by the bounded null mo-
del of community structure (Fig. 4). Spe-
cies richness (represented by the overlap
of IQRs) peaked at nearly 2.2 % canopy
openness, close to the median %CO.

iForest 9: 363-369

Canopy openness (%)
0.0 0.8 1.2 2.2 4.3 6.6 12.8

Number of species
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Percentile of samples ordered by canopy openness
Fig. 4 - Empirical distribution of species richness along the canopy openness gradient.
Empirical distribution of species richness along the canopy openness gradient (unbro-

ken line) and 95% confidence limits for the average distribution predicted by the
bounded null model (dotted lines).
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Discussion

The range size for untransformed percen-
tage of canopy openness from 0.5% to
12.8% is similar to the results found in other
studies (Lieberman et al. 1995, Figueroa &
Lusk 2001, Poorter & Arets 2003, Lusk et al.
2006, Moll-Rocek et al. 2014). Poorter &
Arets (2003) compared 15 studies carried
out with different measurement techni-
ques in tropical forests around the world
reporting average values of %CO between
0.7 and 4.3% and maxima between 10 and
20%. In the majority of forests, either tropi-
cal or temperate, the frequency distribu-
tion of light environments is biased to-
wards microsites with less than 5% canopy
openness (Montgomery & Chazdon 2002,
Lusk et al. 2006). Ostertarg (1998) estima-
ted for Costa Rican lowland forest an ave-
rage %CO of 7.3 in gaps and 3.9 under
closed canopy. Studies for the cloud forest
have shown lower than average values of
%CO. For example, in an Andean cloud fo-
rest, Acevedo et al. (2003) found a %CO
ranging from 3.4% to 9.5%. In a cloud forest
of Southeast Brazil, De Carvahlo & De Oli-
veira-Filho (2001) found a range of %CO
from 5 to 18% in 31 gaps 50-70 m? in size. In
the tropical cloud forest, low %CO is proba-
bly related to the complex vertical struc-
ture, which is composed of at least three
dense layers, and abundant epiphytes in-
tercepting a large part of the solar radia-
tion.

In general, the pattern of abundance dis-
tribution of tree species was nonrandom in
relation to the light environment, but with
a high overlap within the interquartile ran-
ge of %2CO. Species abundance was strongly
depressed towards both extremes of the
IQR of %CO, whereas the highest number
of species had IQRs overlapping around
the median %CO. The empirical pattern of
species’ IQR overlap did not depart from
the confidence limits established for the
average overlap expected under the as-
sumptions of the null model of community
structure. This supports the results found
in other studies that the observed diffe-
rences in niche expression along the %CO
gradient do not necessarily imply species
coexistence (Lusk et al. 2006). Thus, the
majority of species in this forest appears to
be of intermediate shade tolerance. Figue-
roa & Lusk (2001) found that the average
light environment for 13 of 26 species
occurred between 4 and 12% of %CO in a
temperate Chilean forest. Wright et al.
(2003) evaluated 73 abundant species in
Barro Colorado Island (Panamd) and exami-
ned the hypothesis that under closed ca-
nopies, morphology and physiology deter-
mine shade tolerance. They did not find a
high number of species functionally equiva-
lent in the extremes of the regeneration
gradient, and rather a few species, either
clearly shade tolerant or clearly light de-
manding. Most species had intermediate
light requirements. The authors suggested
that juveniles of light demanding tree spe-
cies are relatively rare because they are
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ephemeral, die quickly in high shade, or
they grow fast to larger sizes if light levels
remain high. In contrast, shade tolerant
species are relatively abundant in the juve-
nile phase because they are persistent, and
survive and grow slowly under shade. Our
results show that juveniles of tree species
in this forest have low abundances in the
upper boundary of the light environment in
large canopy gaps. Additional evidence co-
mes from physiological and morphological
features measured during a shade house
experimental study (Quevedo RA, unpubli-
shed data) showing that juveniles of seve-
ral tree species growing under low shade
have low growth rates, low photosynthetic
rates, and high susceptibility to photoinhi-
bition. These results are important for an
understanding of limitations and the deter-
mination of strategies for preserving and
restoring tree diversity in these ecosys-
tems.

Although 15 of the 20 studied species
showed a non-random distribution along
the canopy openness gradient, suggesting
some degree of light partitioning, the test
based on the bounded null model indicated
that the community fits within the confi-
dence interval for the null model, meaning
that species’ range overlap did not deviate
significantly from a random pattern. More-
over, species on the lower half of the gra-
dient tend to have wide distribution ranges
along the %CO gradient, and most species
have a wide distribution range and mid-
point placed towards the center of the gra-
dient (16 species between the 35" and 65™
percentile, whereas only three species
have ranges outside the IQR of %CO lo-
cated near the upper boundary. These pat-
terns suggest that in this forest, not only
low canopy openness is the rule in spite of
scattered tree fall gaps, but also, that light
partitioning does not determine tree com-
munity structure at the tree juvenile stage,
rather there is a strong niche overlap in
relation to light availability. The three spe-
cies with IQR close to the upper boundary
of the light gradient cannot be considered
truly pioneer species, as their abundances
peak between 4 and 6.6 %CO. Possibly,
given the complex vertical structure of
these ecosystems, the diffuse radiation
gradient would be more efficient in detec-
ting light demanding species.

High redundancy in light requirements
among juveniles of tree species may have a
positive effect on species’ coexistence in
cloud forests and, therefore, in the mainte-
nance of a high species diversity. However,
other factors such as recruitment limita-
tion (Hubbell et al. 1999) and differential
growth/carbon-gain among species at the
juvenile stage along the %CO range shown
in this study would contribute to under-
standing the causes of the high diversity of
these ecosystems and ways to preserve
them.
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