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Although plant competition is recognized as a fundamental factor that limits survival and species coexistence, its relative importance 
on light capture efficiency and carbon gain is not well understood. Here, we propose a new framework to explain the effects of  
neighborhood structures and light availability on plant attributes and their effect on plant performance in two understory shade-
tolerant species (Palicourea padifolia (Roem. & Schult.) C.M. Taylor & Lorence and Psychotria elata (Swartz)) within two successional 
stages of  a cloud forest in Costa Rica. Features of  plant neighborhood physical structure and light availability, estimated by hemi-
spherical photographs, were used to characterize the plant competition. Plant architecture, leaf  attributes and gas exchange param-
eters extracted from the light-response curve were used as functional plant attributes, while an index of  light capture efficiency 
(silhouette to total area ratio, averaged over all viewing angles, STAR) and carbon gain were used as indicators of  plant performance. 
This framework is based in a partial least square Path model, which suggests that changes in plant performance in both species 
were affected in two ways: (i) increasing size and decreasing distance of  neighbors cause changes in plant architecture (higher crown 
density and greater leaf  dispersion), which contribute to lower STAR and subsequently lower carbon gain; and (ii) reductions in light 
availability caused by the neighbors also decrease plant carbon gain. The effect of  neighbors on STAR and carbon gain were similar 
for the two forests sites, which were at different stages of  succession, suggesting that the architectural changes of  the two under-
story species reflect functional convergence in response to plant competition. Because STAR and carbon gain are variables that 
depend on multiple plant attributes and environmental characteristics, we suggest that changes in these features can be used as a 
whole-plant response approach to detect environmental filtering in highly diverse tropical forest communities.
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Introduction

In tropical forest understories, light is one of the most limiting 
resources ( Chazdon and  Fetcher 1984,  Chazdon and  Pearcy 
1991). Light availability affects several plant traits and contributes 
to plant coexistence in different habitats ( Hubbell et al. 1999, 
 Adler et al. 2013). Like other resources, light availability varies in a 
complex way because it changes at different scales, depending on 
a day and seasonal basis, and on the diffuse effects produced by 
clouds or vegetation ( Craine and  Dybzinski 2013). In addition, 

light resource properties lead to competitive dynamics, where indi-
vidual investment in plant height improves access to light ( Falster 
and  Westoby 2003), while other plants adjust their functional traits 
to withstand low light regimens ( Valladares and  Niinemets 2008). 
In most cases, the interpretation of the effects of competition on 
plants, specifically light competition, is related to the way in which 
the competition was measured or defined ( Freckleton and 
 Watkinson 1999,  Weigelt and  Jolliffe 2003). Herein, we use the 
practical definition of competition described by  Grime (1979) and 
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 Trinder et al. (2012) as the capture of essential resources from a 
common limited pool by neighboring individuals.

In forests where larger individuals decrease the amount of 
light available to smaller individuals, the process of asymmetric 
competition occurs ( Schwinning and  Weiner 1998,  Freckleton 
and  Watkinson 1999). In general, four key elements can be 
identified when plant competition occurs between and within 
different plant populations: (i) competition zone, e.g., the areas 
of interaction; (ii) intensity of competition, e.g., the amount of 
resource captured by neighbors; (iii) competition effect, e.g., the 
amount of resource available in the neighborhood; and (iv) the 
responses of the plants to the resource availability ( Goldberg 
1987,  Weigelt and  Jolliffe 2003,  Berger et al. 2008,  Bittebiere 
et al. 2012). These elements may represent the complexity of 
plant competition in different neighborhoods, which can be stud-
ied using growth features ( Trinder et al. 2012) or herein by 
functional traits and whole-plant performance.

From this standpoint, some researchers have demonstrated 
correlations between plant functional traits and growth patterns in 
different gradients of competition ( Weiner 1984,  Cornwell and 
 Ackerly 2009,  Trinder et al. 2013). This suggests that the adapta-
tion to different degrees of competition may allow the coexistence 
of species and define the assembly of local plant communities. 
Different plant features have been considered as functional traits 
that change due to competition, such as specific leaf area (SLA; 
 Butterfield and  Callaway 2013), nitrogen content ( Trinder et al. 
2012), biomass growth ( Weiner 1984,  Trinder et al. 2013) and 
height ( Falster and  Westoby 2003). However, the direct implica-
tions of plant competition or neighborhood structure on plant 
architecture and subsequently on light capture efficiency and car-
bon gain have seldom been demonstrated. Additionally, which 
properties of plant competition most influence plant architecture 
or any other trait has rarely been studied.

It is known that different species with contrasting morphology 
can converge in their crown architecture to achieve similar light 
capture efficiency ( Valladares et al. 2002,  Pearcy et al. 2004), 
and how these changes are mediated by the shade and sunlight 
regimens above their crowns ( Pearcy et al. 2005,  Delagrange 
et al. 2006). However, does the neighborhood structure have a 
significant effect on the plant features and consequently on the 
light capture efficiency and carbon gain more than the light avail-
ability alone? Studies have shown that plants under competitive 
environments adjust their architecture and biomass allocation 
depending on plant part placement of neighbors in relation to 
available resources ( Tremmel and  Bazzaz 1995). For this, we 
consider that the surrounding structure of the neighborhood 
around each plant can affect different plant features and their 
associated performance. This previous affirmation does not dis-
card light availability as a major factor influencing these features. 
It is expected that plants that can adjust their architectural pattern 
in contrasting plant neighborhoods or competitive environments 
may have found a way to  survive and coexist in different habitats. 

If the above is true, species that can change their functional archi-
tecture at different organization levels (e.g., branching, allometry, 
biomechanics and form) could produce ‘optimal’ compensatory 
efficiencies for the particular condition of each local environment, 
which will allow them to exploit different habitats and survive.

Here, we propose a new framework where we analyze the 
importance of neighborhood structure on light availability and its 
implication on plant attributes like gas exchange, plant architecture 
and leaf attributes (Figure 1). From this, we study how the 
changes in the plant attributes related to asymmetric competition 
affect plant performance like light capture efficiency and carbon 
gain. This was studied in two understory shrub species ( Palicourea 
padifolia (Roem. & Schult.) C.M. Taylor & Lorence and Psychotria 
elata (Swartz)) that are found naturally within two cloud forest 
communities of different successional status in Costa Rica. In gen-
eral, we address two general hypotheses. (i) Understory plants 
associate their photosynthetic, leaf attribute and architectural fea-
tures according to the degree of neighborhood structure. Light 
availability and the successional status of the cloud forest were 
established as an ancillary hypothesis to explain plant responses. 
(ii) Changes in plant architecture, leaf attributes and gas exchange 
associated with neighborhood structure and consequently with 
light availability lead to a convergence in the plant performance 
(light capture efficiency and carbon gain). The purpose of this 
study is to increase our understanding of how whole-plant 
responses to asymmetric competition can lead to a convergence 
of plant functions. Ultimately, this convergence must be consid-
ered as a key factor that will contribute to plant community struc-
ture in the diverse tropical ecosystems.

Materials and methods

Study site and plant species

We conducted this study at two sites in Río Macho, Cartago, 
Costa Rica. The first site is a secondary old forest (SOF) of 
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Figure 1. Partial least square Path model, explaining the effect of eco-
logical factors on plant attributes and performance. Solid and dashed 
lines represent the inner and outer models.
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21.26 ha near to Estación de Biología Tropical y Acuicultura 
(EBTARM) (9°45′52.64″N, 83°51′44.13″W, 1700 m above 
sea level (a.s.l.)). Annual rainfall is 2416 mm, and the monthly 
mean temperature is 15.8 °C ( Pérez-Molina and  Cordero 
2012). The most abundant tree species in this site are Vibur-
num costaricanum, Lozania mutisiana, Symphonia globulifera, 
Ilex lamprophylla and Dendropanax arboreus, distributed along 
three forest canopy strata and topographic slopes between 
20 and 50%. The second site is a secondary young forest 
(SYF) of 11.62 ha to the west of EBTARM (9°45′24.42″N, 
83°50′59.16″W, 1700 m a.s.l.). The average rainfall is 2146 mm, 
and monthly mean temperature is 16.5 °C ( Pérez-Molina and 
 Cordero 2012). Some of the most common plant species in 
this site are Syzygium jambus, Vismia baccifera, Miconia 
dodecandra, Myrsine coriacea and V. costaricanum, distributed in 
at least two forest canopy strata, and topographic slopes lower 
than 30%. Forest structure and the most common species com-
position at both sites are presented in Table S1 available as 
Supplementary Data at Tree Physiology Online. According to 
aerial photographs and interviews, the SOF and SYF forest have 
53 and 20 years of natural regeneration, respectively, both 
from abandoned pastures and soils derived from Ultisol. These 
sites are classified within the rainy tropical lower montane life 
zone ( ITCR 2008).

Two Rubiaceae plants were used in this study: P. padifolia 
and P. elata. Palicourea padifolia is a common shrub (2–7 m in 
height) found in cloud forest from southern Mexico to Panama 
( Taylor 1989). It can be recognized by reddish-purple pyrami-
dal, terminal inflorescences with yellow, 1-day flowers orga-
nized in cymose clusters ( Taylor 1989). Psychotria elata is an 
understory shrub (5–8 m in height) of premontane and wet 
forest from southern Mexico to Ecuador, easy to recognize by 
inflorescences surrounded by two ovate red involucral bracts. 
Both species occur in similar light environments in our study 
area. According to the  Hallé et al. (1978) model, both species 
seem to fit a Koriba architectural model as a result of  their 
sympodial branching, decussated phyllothaxy and branch 
 mortality.

Field design

We choose 10 target plants of P. padifolia and P. elata at each 
study site. Each plant was selected by considering plant heights 
between 1 and 2 m, the absence of obvious mechanical damage 
or herbivory and growing in sites avoiding strong slopes, and 
plants that were far from trails. Each plant was separated by 
more than 5 m between them but including different areas 
across each site. On these target plants, we measured different 
features of the neighborhood environment and functional plant 
traits categorized into seven groups: neighborhood structure, 
light availability, plant architecture, leaf attributes, gas exchange, 
light capture efficiency and plant carbon gain. The estimated 
variables in each group are described below.

Neighborhood structure

All neighboring woody plants (excluding woody climbers and 
palms) within a 5 m radius that exceed the height at the top of the 
crown of the target plant were measured. From each neighbor 
plant, height (h, m), circumference at breast height (c, m), the 
horizontal orientation with respect to the magnetic north (α) and 
their distance to the target plant from the stem to stem at 1.3 m (d, 
m) were measured. The c was measured with a tape (±0.05 cm), 
α by digital compass (BG, Bushnell, Overland Park, Kansas, USA) 
and d using a laser range finder (Disto D2, Leica Geosystems AG, 
Heerbrugg, Switzerland). Tree height (h) was determined by two 
methods according to the visibility of the tree top crown: direct 
measurements of the tallest leaf by laser range finder and trigo-
nometry height  estimations with a digital clinometer (Forestry Pro, 
Nikon,  Shinagawa-ku, Tokyo, Japan) and laser range finder.

We extracted five characteristics of the neighborhood struc-
ture that influence plant features: (i) the number of neighbors (n) 
or the number of plants falling within the 5 m radius as a density- 
dependent factor; (ii) maximum neighbor height (Hmax, m), which 
relates to the neighborhood size; (iii) tree aggregation index (δ), 
which is related to the neighbor dispersion; (iv) near tree interfer-
ence (Wnear, m3 m−1), which is related to the nearest interaction 
factor; and finally, (v) distance-dependent plant interference (W, 
m3 m−1), which is related to neighborhood size–distance effect. 
W was calculated according to the Weiner model ( 1984), which 
defines W as:
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where i is each neighbor plant; n the total number of neighbors; 
and h, c and d are the height, circumference at breast height and 
distance as described above. W varies between 0 and ∞, where 
higher values correspond to higher interference and competi-
tion. Wnear was calculated in the same way except that we used 
the value of the nearest i neighbor. δ was calculated according 
to  Zar (2010) considering the horizontal orientation of the 
neighbors as follows:
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where i and n are as described above, and α is the horizontal 
angle of orientation of each neighbor plant. δ varies between 0 
and 1, where 0 describes completely aggregated neighbor-
hoods and 1 completely dispersed neighborhoods.

Understory light environment measurement

We measured the light availability of each target plant using 
hemispherical photographs ( Rich 1989) just after harvesting 
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the plant. The photograph was taken with a digital camera 
(Sigma EX SD14, Sigma, Setagaya-ku, Japan) equipped with a 
35-mm fisheye lens. The camera was leveled at 1.50 m by a 
tripod and the photo was taken oriented to the magnetic north. 
Five pictures with different shutter speeds were taken; however, 
we only selected the picture with the best contrast for the analy-
sis. Resulting images were analyzed with HemiView 2.1 soft-
ware (Delta-T Instruments, Cambridge, UK). The image 
processing was performed by creating 160 sky sector (8 azi-
muth classes and 20 elevation angle classes) and, for a specific 
day, the time series (1 min interval) of openness along the solar 
track. From this analyses, direct site factor (DSF), indirect site 
factor (ISF) and global site factor (GSF) were estimated. Direct 
site factor and ISF estimate the fraction of direct and diffuse 
radiation as an index of light availability, respectively, expected 
to reach the spot where the photo was taken. Global site factor 
is the mean of DSF and ISF. Additionally, leaf area index (LAI) 
was estimated as a forest cover indicator above each plant 
according to the HemiView 2.1 software.

Plant architecture and leaf attributes

We measured for each target plant the individual stem height, 
the basal diameter at 5 cm aboveground (Db, cm) and the num-
ber of leaves as indicators of the plant architecture. Other 
parameters described below in the light capture efficiency mea-
surements were also used as proxies of plant architecture, such 
as crown density, leaf dispersion, distance between leaves and 
total leaf area. Additionally, we extracted a segment of three 
mature and fully expanded leaves from the top crown to measure 
lamina thickness with a digital micrometer (293-349 Mitutoyo, 
Miyazaki, Japan). These segments were dried at 58 °C for >72 h 
and weighed to calculate SLA (m2 kg−1). Other leaf attributes 
measured were mean petiole length, mean leaf size and mean 
leaf angle, also described below in the light capture efficiency 
measurements. All of these parameters are used here as func-
tional features that can change their properties in response to 
ecological factors ( Pérez-Harguindeguy et al. 2013).

Gas exchange analysis

We used a portable photosynthesis system LI-6400 (Li-Cor, 
Nebraska, USA), open configured, equipped with an artificial 
light source and carbon dioxide (CO2) assembly to measure the 
gas exchange of a mature and fully expanded leaf from the top 
crown of each plant. We obtained light and CO2 response curves 
following  Tambussi and  Graciano (2010). Leaf temperature was 
maintained between 25 and 27 °C, and relative humidity was 
kept between 65 and 80% for both protocols. Light-response 
curves (A–I) were obtained using a CO2 concentration of 
390 p.p.m. According to previous light-response data, carbon 
assimilation was measured at irradiances ranging from 1500 to 
0 µmol m−2 s−1 with leaves pre-illuminated at 1000 µmol m−2 s−1 
for 5–7 min. Carbon assimilation (A) versus irradiance (I) was 

fitted using a nonrectangular hyperbola model ( Marshall and 
 Biscoe 1980,  Thornley and  Johnson 1990) to extract the follow-
ing leaf photosynthetic parameters: maximum assimilation rate 
(Amax, µmol CO2 m−2 s−1), dark respiration rate (Rdark, µmol  
CO2 m−2 s−1), apparent quantum yield (Qapp, µmol CO2 m−2 s−1/
µmol m−2 s−1) and the curvature of the regression (θ). Light 
compensation point (Ic, µmol m−2 s−1) was calculated indepen-
dently by ‘x’ line interception of linear regression analysis of data 
points between 0 and 60 µmol m−2 s−1 of light. This model was 
fit by the nls2 package ( Grothendieck 2014) of R software 
( R  Development  Core  Team 2014). We extracted from irradi-
ances of 1000 µmol m−2 s−1 the leaf conductance (g, mmol H2O  
m−2 s−1), transpiration (E, mmol H2O m−2 s−1) and CO2 assimila-
tion (A1000), and then we calculated the water use efficiency 
(WUE, µmol CO2 m−2 s−1/mmol H2O m−2 s−1) by the ratio of 
A1000/E.

We carried out the CO2 response curve (A–Ci) after the 
light-response curve in the same leaf, varying the CO2 con-
centration between 50 and 900 p.p.m. at light irradiance of 
1000 µmol m−2 s−1 and atmospheric pressure of 86−87 Pa. 
Carbon dioxide assimilation versus internal carbon concentration 
(Ci) data were fitted following the  Ethier and  Livingston (2004) 
version of Farquhar’s model ( Farquhar et al. 1980) to extract 
the following leaf biochemical parameters: maximum rate of car-
boxylation (Vcmax, µmol CO2 m−2 s−1), maximum photosynthetic 
electron flow rate (Jmax, µmol e− m−2 s−1), day respiration rate 
(Rday, µmol CO2 m−2 s−1), chloroplast CO2 compensation point 
(Γ, µmol mol−1) and mesophyll conductance (gi, mmol CO2  
m−2 s−1). All of these parameters extracted from A–I and A–Ci 
curves were used to quantify the photosynthetic capacity and as 
a possible indicator of physiological acclimation ( Pearcy 1987).

Crown architecture

We measured the crown architecture according to  Pearcy and 
 Yang (1996) following the protocol of  Pearcy et al. (2013) in 
order to calculate light capture efficiency and whole-plant car-
bon gain according to  Duursma et al. (2012) and  Pearcy and 
 Yang (1996), respectively. These methodologies consider the 
node as the basic form, where the articulated sum of nodes, 
petioles and leaves with their orientations, distributions and size 
reflects the three-dimensional plant architecture ( Pearcy and 
 Yang 1996). For this, each node, petiole and leaf blade were 
described by its length and diameter (except leaf blade) with 
digital calipers (±0.005 mm), orientation according to the true 
north with a digital compass (±1 °) and inclination from the 
horizontal with a digital clinometer (±0.05 °); however, in the 
leaf blade, the orientation and leaf angle (inclination) were con-
sidered from the vector of the steepest angle of the leaf surface. 
For each species, the leaf shape was standardized by establish-
ing 38 point marks along the leaf silhouette using an x, y coor-
dinate system centered in the leaf blade base. Schematic 
description of a plant in the field and its three-dimensional plant 
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and crown architecture are shown in Figure S1 available as Sup-
plementary Data at Tree Physiology Online.

Light capture efficiency

After obtaining the three-dimensional plant architecture for each 
individual, we measured the light capture efficiency by an index 
of the silhouette to total area ratio, averaged over all viewing 
angles (STAR, m2 m−2) calculated by YplantQMC R package 
( Duursma and  Cieslak 2013) according to  Duursma et al. 
(2012). This index was obtained with a grid-tracer leaf area 
method of a size 100 grid and 244 sectors placed uniformly 
over the hemisphere. This method determines at each sector on 
the hemisphere the ratio of the silhouette or displayed area (AD, 
m2) from the intersecting grid points to the estimated total leaf 
area (AL, m2), to then extract the average of AD/AL across all 
sectors over the hemisphere. STAR, averaged over all viewing 
angles, values produced ranges of 0–0.5, where 0.5 describe a 
plant without overlapped leaves and, therefore, with a greater 
light interception efficiency.

Likewise, other parameters indicative of plant architecture 
were extracted by YplantQMC like the number of leaves, the leaf 
dispersion (the ratio of observed average distance to five near-
est leaves between the expected average distances to five near-
est leaves for a random distribution), the observed average 
distance to five nearest leaves (O5, m), the crown density 
(AL/AC, the ratio of AL to the total surface area of 3D convex hull 
wrapped around the leaf cloud) and AL. Parameter proxies 
of leaf attributes, such as the mean leaf size, mean leaf angle 
and mean petiole length, were also extracted from all plant 
leaves.

Simulation of whole-plant carbon gain

We used the gas exchange parameters extracted by the light 
curve response, the crown architecture, the understory light 
environment and atmospheric characteristics of each target 
plant to simulate the whole-plant carbon gain by YPLANT 3.2 
( Pearcy and  Yang 1996). From this, leaf photosynthetic param-
eters such as Amax, Rdark, Qapp and θ were extracted from previous 
analyses of gas exchange. Constant values of 0.85 and 0.05 for 
leaf absorbance and transmittance, respectively, were used 
according to  Pearcy et al. (2013). HemiView output as gap frac-
tions of the 160 sky sectors and the fraction of the solar disk 
visible through the gap in 21 March (spring equinox) were used 
as characteristics of understory light regimes. Minimum and 
maximum temperatures of 12.5 and 23.5 °C, respectively, 
390 p.p.m. of CO2 atmospheric concentrations and 82 Pa of air 
pressure were used as the input values for atmospheric charac-
teristics. Twenty-four hours of carbon gain (net carbon gain) for 
the leaves of each target plant was estimated at the spring equi-
nox (21 March), when there is 12 h of daylight at the latitude of 
9.76N. Because YPLANT 3.2 estimates only the net daytime 
assimilation per unit leaf, 12 h of darkness carbon balance 

( respiration) was subtracted by the dark respiration per foliage 
per minute, similar to  Lusk et al. (2011).

Statistical analyses

We compared the light environment and neighborhood charac-
teristics across sites for each species using a multivariate analy-
sis of variance (MANOVA). Then we extracted the univariate 
analysis of variance (ANOVA) to interpret the overall multivariate 
effects on each variable. For each species, we compared the 
plants’ architecture and leaf attributes, light curve response 
parameters and CO2 curve response parameters across sites 
using MANOVA and extracted the univariate ANOVA in each 
comparison. In all MANOVA, we extracted the Hotelling–Lawley 
statistic to describe the multivariate effect according to  Quinn 
and  Keough (2002). Within each species, we used a t-test to 
compare the effect of the sites on STAR and net carbon gain. We 
also applied two analyses of covariance (ANCOVAs) within each 
species to measure the effect of AL/AC and leaf dispersion as 
covariate factor on STAR, and using the site as a categorical fac-
tor. We conducted the previous analyses using R software ver-
sion 3.1.1 ( R  Development  Core  Team 2014).

We employed a partial least square (PLS) Path model for each 
plant species to measure how the neighborhood structure can 
affect the light availability, and how these ecological factors can 
affect the plant architecture, leaf attributes and gas exchange 
and their implication for STAR and net carbon gain (Figure 1). 
We conducted this analysis due to the soft assumptions of nor-
mal distribution, sample size and multicollinearity of the field 
data. We used SmartPLS 3.1 software ( Ringle et al. 2014) to 
conduct this analysis, where we implemented a path weighting 
scheme to estimate the inner values of the standardized latent 
variable and a bootstrapping of 5000 iterations based on the 
individual changes to extract the variation of the inner and outer 
variables and their significance according to two-tailed t-tests.

Results

Neighborhood and light availability

The neighborhood structure and light availability around of each 
species were different between SOF and SYF (P. padifolia: 
Hotelling–Lawley(9,10) = 6.94, P < 0.01; P. elata: Hotelling–
Lawley(9,10) = 14.69, P < 0.001) (Table 1). In the surrounding 
neighborhood of P. padifolia, differences in parameters of the 
physical structure between sites were found in n and W, where 
plants in the SOF showed higher values of W and a lower amount 
of neighbors than plants in the SYF. In P. elata, differences in 
parameters of the surrounding physical structure were found 
only in Hmax, where neighbors in the SOF showed higher values 
than neighbors in the SYF. Neighborhood characteristics like 
Wnear and δ did not differ between sites within each species. The 
light features of the surrounding neighborhood of each species 
showed higher values of light availability (DSF, ISF and GSF) and 
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LAI in SYF than SOF. These results confirm that both species 
overlap their light regimes within each site (Table 1).

Plant architecture and leaf attributes

The responses of the architecture and leaf attributes within each 
species across sites showed differences in P. eltata (Hotelling–
Lawley(12,7) = 7.35, P = 0.04) but not in P. padifolia (Hotelling–
Lawley(12,7) = 3.72, P = 0.16). The univariate response in P. elata 
suggests that differences were found in Db, mean leaf size, O5, 
SLA and leaf thickness, where plants in the SYF present higher 

value of Db and lower values of mean leaf size, O5, SLA and leaf 
thickness than plants in the SOF (Table 2). Although P. padifolia 
did not show a multivariate response across sites, the univariate 
analyses suggest that plants of P. padifolia in the SYF present high 
value of Db and lower values of mean petiole length and SLA than 
plants in the SOF.

Gas exchange

The multivariate comparison within each species across sites on 
the parameters extracted from the light curve and CO2 curve 
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Table 1. Neighborhood structure and light availability estimated by interference measures and hemispherical canopy photography of P. padifolia and 
P. elata in two cloud forests of different successional status, Río Macho, Costa Rica: SYF and SOF. Values are the mean (n = 20) and the standard devia-
tion. Significant differences between sites are represented by a posteriori ANOVA test extracted from MANOVA. n, number of neighbors; Hmax, maximum 
neighbor height; Wnear, near tree interference; W, distance-dependent plant interference; δ, tree aggregation index; LAI, leaf area index; DSF, direct site 
factor; ISF, indirect site factor; GSF, global site factor. P-values for each ANOVA are given next to the F values (*P, 0.05; **P, 0.01; ***P, 0.001).

Characteristics Species

Palicourea padifolia Psychotria elata

SYF SOF F SYF SOF F

Neighborhood features
 n 47.70 ± 14.41 29.00 ± 9.41 10.13** 41.80 ± 9.83 38.50 ± 9.07 0.58
 Hmax (m) 15.05 ± 2.68 16.22 ± 3.65 0.53 14.57 ± 2.28 17.36 ± 3.10 5.03*
 Wnear (m3 m−1) 1.04 ± 1.59 1.60 ± 3.48 0.05 1.06 ± 1.62 1.74 ± 3.24 3.97
 W (m3 m−1) 18.70 ± 5.13 28.45 ± 11.52 4.76* 28.39 ± 16.25 28.11 ± 12.27 0.07
 δ 0.85 ± 0.07 0.77 ± 0.07 2.18 0.86 ± 0.09 0.84 ± 0.14 0.23
Light characteristics
 LAI 2.10 ± 0.29 3.10 ± 0.60 23.63*** 2.13 ± 0.30 3.07 ± 0.65 22.10***
 DSF 0.19 ± 0.05 0.16 ± 0.03 2.25 0.22 ± 0.07 0.14 ± 0.03 10.17**
 ISF 0.17 ± 0.04 0.12 ± 0.02 12.45** 0.18 ± 0.05 0.12 ± 0.02 19.87***
 GSF 0.19 ± 0.05 0.15 ± 0.03 2.65 0.21 ± 0.07 0.14 ± 0.03 11.13**

Table 2. Plant architecture and leaf traits of P. padifolia and P. elata in two cloud forests of different successional status, Río Macho, Costa Rica: SYF 
and SOF. The values are the mean (n = 10) and the standard deviation per species at each site. Significant differences between sites across species 
and significant differences between species, site and its interaction are represented by a posteriori ANOVA text extracted from MANOVA. Db, basal 
diameter; O5, the observed average distance to five nearest leaves; AL/AC, crown density (the ratio of AL to the total surface area of 3D convex hull 
wrapped around the leaf cloud); SLA, specific leaf area. P-values for each ANOVA are given next to the F values (*P, 0.05; **P, 0.01; ***P, 0.001).

Parameters Species

Palicourea padifolia Psychotria elata

SYF SOF F SYF SOF F

Plant architecture
 Height (m) 1.73 ± 0.22 1.67 ± 0.23 0.22 1.52 ± 0.23 1.50 ± 0.21 0.03
 Db (cm) 1.32 ± 0.25 1.08 ± 0.18 6.32* 1.32 ± 0.23 1.04 ± 0.20 8.26*
 Number of leaves 62.50 ± 25.43 59.30 ± 23.21 0.17 80.70 ± 34.58 58.10 ± 24.09 2.08
 O5 (m) 0.09 ± 0.01 0.10 ± 0.01 2.91 0.09 ± 0.01 0.11 ± 0.01 16.31***
 Leaf dispersion 0.93 ± 0.08 0.93 ± 0.09 0.01 0.89 ± 0.07 0.95 ± 0.09 2.58
 AL/AC 0.18 ± 0.03 0.16 ± 0.03 2.09 0.23 ± 0.06 0.21 ± 0.05 1.02
 Total leaf area (m2) 0.21 ± 0.10 0.22 ± 0.10 0.20 0.31 ± 0.16 0.29 ± 0.08 0.01
Leaf traits
 Mean leaf size (cm2) 32.59 ± 3.08 38.56 ± 10.32 1.82 38.46 ± 6.56 51.50 ± 10.19 12.16**
 Mean leaf angle (°) 31.04 ± 9.55 30.98 ± 5.18 0.02 22.84 ± 8.56 27.96 ± 6.60 2.80
 Mean petiole length (mm) 8.39 ± 2.00 11.10 ± 4.36 5.60* 9.95 ± 2.45 17.92 ± 5.09 18.64***
 SLA (m2 kg−1) 19.78 ± 4.40 24.06 ± 3.45 6.87* 19.29 ± 2.01 25.22 ± 2.09 40.99***
 Lamina thickness (mm) 0.19 ± 0.02 0.18 ± 0.02 2.26 0.24 ± 0.07 0.19 ± 0.05 6.96*
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responses showed that the gas exchange traits differed between 
sites in P. elata (Hotelling–Lawley(13,6) = 14.22, P = 0.04) but 
not in P. padifolia (Hotelling–Lawley(13,6) = 6.23, P = 0.19). The 
univariate responses in P. elata suggest that differences were 
found in Rdark, Ic and gi, where plants in the SYF present higher 
values of these parameters than plants in the SOF (Table 3). 
Although P. padifolia did not show differences in the multivariate 
response of gas exchanges across sites, the univariate analyses 
suggest that plants in the SYF present higher values of Rday and 
Γ than plants in the SOF.

Plant performance

Comparisons between sites of the modeled plants within spe-
cies showed that plants did not differ either in STAR (P. pafi-
folia: t19 = −1.70, P = 0.11; P. elata: t19 = −1.71, P = 0.11, 
Figure 2a) or in net daily carbon gain (P. pafifolia: t19 =  1.07, 
P = 0.30; P. elata: t19 = 0.06, P = 0.95, Figure 2b). In both 
species, the STAR responds significantly to AL/AC (see Table 
S2 available as Supplementary Data at Tree Physiology 
Online) but not to leaf  dispersion, sites or their interactions 
(AL/AC sites and leaf  dispersion sites). In both species across 
sites, increases in AL/AC led to decreases in STAR (Figure 3a 
and c).

Partial least square Path model

Our framework showed that the ecological factors have impor-
tant effects on several plant attributes and their performance 
( Figure 4). This was expressed significantly by two pathways in 

both species. First, neighborhood structure influences plant 
 architecture, and this architecture affects STAR and conse-
quently carbon gain. Second, neighborhood structure mostly 
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Table 3. Gas exchange parameters extracted from light and CO2 curve responses of P. padifolia and P. elata in two cloud forests of different succes-
sional status, Río Macho, Costa Rica: SYF and SOF. Values are the mean (n = 10) and the standard deviation. Significant differences between sites across 
species are represented by a posteriori ANOVA text extracted from MANOVA. Amax, maximum assimilation rate; Rdark, dark respiration rate; Ic, light 
compensation point; Qapp, apparent quantum yield; θ, curvature; g, leaf conductance; E, transpiration; WUE, water use efficiency; Vcmax, maximum rate 
of carboxylation; Jmax, maximum photosynthetic electron flow rate; Rday, day respiration rate; Γ, chloroplast CO2 compensation point; gi, mesophyll 
 conductance. P-values for each ANOVA are given next to the F values (*P, 0.05).

Parameters Species

Palicourea padifolia Psychotria elata

SYF SOF F SYF SOF F

Light curve response
 Amax (µmol CO2 m−2 s−1) 5.38 ± 0.56 4.97 ± 0.83 1.83 4.35 ± 0.74 4.16 ± 0.62 0.33
 Rdark (µmol CO2 m−2 s−1) 0.23 ± 0.11 0.30 ± 0.21 0.21 0.22 ± 0.10 0.13 ± 0.06 5.76*
 Ic (µmol m−2 s−1) 2.72 ± 1.28 3.38 ± 2.41 0.19 2.54 ± 1.31 1.54 ± 0.71 4.91*
 Qapp (µmol CO2 m−2 s−1/µmol m−2 s−1) 0.09 ± 0.03 0.09 ± 0.01 0.01 0.09 ± 0.01 0.09 ± 0.02 1.18
 θ (−) 0.17 ± 0.22 0.16 ± 0.26 0.09 0.09 ± 0.14 0.17 ± 0.21 0.76
 g (mmol H2O m−2 s−1) 0.09 ± 0.03 0.08 ± 0.04 0.23 0.06 ± 0.02 0.05 ± 0.03 2.19
 E (mmol H2O m−2 s−1) 1.03 ± 0.29 0.91 ± 0.35 0.74 0.86 ± 0.25 0.61 ± 0.31 4.40
 WUE (µmol CO2 m−2 s−1/mmol H2O m−2 s−1) 5.08 ± 1.34 5.51 ± 2.26 0.15 4.82 ± 1.01 8.21 ± 3.82 1.20
CO2 curve response
 Vcmax (µmol CO2 m−2 s−1) 15.75 ± 3.25 15.09 ± 4.00 0.27 14.21 ± 4.20 13.95 ± 4.33 0.07
 Jmax (µmol e− m−2 s−1) 40.12 ± 8.99 43.40 ± 10.79 0.51 38.77 ± 5.71 37.06 ± 8.93 0.39
 Rday (µmol CO2 m−2 s−1) 0.30 ± 0.15 0.20 ± 0.09 4.85* 0.28 ± 0.11 0.25 ± 0.09 0.61
 Γ (µmol mol−1) 5.52 ± 0.65 4.97 ± 0.38 6.21* 5.29 ± 0.36 5.40 ± 0.33 0.47
 gi (mmol CO2 m−2 s−1) 165.42 ± 1.86 154.95 ± 3.15 0.61 154.52 ± 1.85 130.16 ± 2.69 5.70*

Figure 2. STAR, averaged over all viewing angles, and net daily carbon 
gain of P. padifolia and P. elata in two cloud forests of different succes-
sional status, Río Macho, Costa Rica: SYF and SOF. Circles are the mean 
(n = 10), errors bars the standard deviation and dashed lines represent 
the population mean.
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modifies light availability and the resulting light regime influ-
ences carbon gain ( Figure 4; see Table S3 available as Supple-
mentary Data at Tree Physiology Online). Although light 
availability in both  species was associated with changes in leaf 
attributes, these features showed no influence on plant perfor-
mance. In P. elata, light  availability was related to changes in gas 
exchange, but only in P. padifolia was gas exchange related to 
carbon gain. In general, the neighborhood structure explained 
14 and 39% of light availability in P. padifolia and P. elata, 
respectively. This structure of neighbors was explained mainly 
by W and δ in P. padifolia and W and Hmax in P. elata (Table 4), 
where increases in the structure produce decreases in light 
availability and changes in plant architecture traits. Together, 
neighborhood structure and light availability explained 44 and 
54% of plant architecture variance, and 25 and 63% of the 
variance on leaf attributes in P. padifolia and P. elata, respec-
tively. All light availability variables (ISF, DSF and LAI) showed 
significant weight on their latent group. In both species, the AL, 
number of leaves, AL/AC and O5 were shown to be variables that 
have significant influence on plant architecture, while only SLA, 
leaf thickness and petiole length were variables that influence 
the leaf attributes group. In P. padifolia and P. elata, plant archi-
tecture and leaf attributes explained 28 and 77% of the STAR 
variance, respectively, but only the plant architecture group had 
a significant effect. In general, changes in plant architecture 
 promote increases in STAR. Light availability, gas exchange 
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Figure 3. STAR, averaged over all viewing angles, related to crown density (the ratio of leaf area (AL) to crown surface area (AC)) and leaf dispersion 
of P. padifolia and P. elata in two cloud forests of different successional status, Río Macho, Costa Rica: SYF and SOF. One-way ANCOVA results are 
represented in Table S2 available as Supplementary Data at Tree Physiology Online.

Figure 4. Partial least square Path model results explaining the effect of 
ecological factors on plant attributes and performance. Path coefficients 
and their significance, extracted by bootstrapping, are given near the 
arrows, values within ellipses are the proportions of variance explained by 
the model. Outer loadings are presented in Table 4. *P, 0.05; **P, 0.01; 
***P, 0.001.
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and STAR explained 70 and 27% of net daily carbon gain in 
P. padifolia and P. elata, respectively, but only the increases in 
light availability and STAR had a significant effect on the 
increases in carbon gain. In both species, Amax, E, g and WUE 
were outer factors associated with changes in gas exchange. 
However, in P. padifolia, these changes were associated also 
with Qapp, while in P. elata, gas exchange variations were associ-
ated with Ic and Rdark.

Discussion

Ecological factors

This study is a first approximation disentangling the relative 
impact of the neighborhood structure on plant features and their 
performance. In addition, this study shows the direct effect of the 
 neighborhood structure on some plant features more than the 
light availability, which highlights the importance of  surrounding 
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Table 4. Loadings of the outer model and bootstrapping results (mean ± standard error (SE), and t-test) from the PLS Path model, explaining the effect 
of ecological factors on plant attributes and performance. The inner variables are presented in bold. W, distance-dependent plant interference; n, num-
ber of neighbors; δ, tree aggregation index; Hmax, maximum neighbor height; Wnear, near tree interference; DSF, direct site factor; ISF, indirect site factor; 
LAI, leaf area index; AL/AC, crown density; O5, the observed average distance to five nearest leaves; SLA, specific leaf area; Amax, maximum assimilation 
rate; E, leaf transpiration; Ic, light compensation point; Qapp, apparent quantum yield; Rdark, dark respiration rate; WUE, water use efficiency; g, leaf con-
ductance; θ, curvature; STAR, silhouette to total area ratio, averaged over all viewing angles, the light capture efficiency. P-values for each bootstrapping 
are given next to the t-test (*P, 0.05; **P, 0.01; ***P, 0.001).

Outer model Species

Palicourea padifolia Psychotria elata

Loadings Mean ± SE t-Test Loadings Mean ± SE t-Test

Neighborhood structure
 W 0.81 0.72 ± 0.19 4.16*** 0.81 0.75 ± 0.19 2.12***
 n 0.41 0.53 ± 0.29 1.44 0.43 0.52 ± 0.25 1.75
 δ −0.76 −0.59 ± 0.26 2.89** −0.10 −0.37 ± 0.21 0.45
 Hmax −0.04 −0.03 ± 0.23 0.16 0.83 0.61 ± 0.27 3.10**
 Wnear −0.28 −0.40 ± 0.24 1.14 −0.13 −0.49 ± 0.30 0.44
Light availability
 DSF 0.90 0.86 ± 0.11 8.28*** 0.96 0.96 ± 0.02 42.64***
 ISF 0.97 0.95 ± 0.08 12.03*** 0.98 0.97 ± 0.02 45.18***
 LAI −0.73 −0.76 ± 0.14 5.12*** −0.60 −0.58 ± 0.19 3.01**
Plant architecture
 AL/AC 0.71 0.61 ± 0.25 2.87** 0.77 0.68 ± 0.22 3.52***
 Basal diameter −0.12 −0.45 ± 0.24 0.50 0.34 0.48 ± 0.23 1.48
 Plant height 0.32 0.36 ± 0.21 1.51 0.05 0.45 ± 0.26 0.18
 Leaf dispersion 0.49 0.58 ± 0.26 1.9 −0.23 −0.47 ± 0.27 0.85
 No. of leaves 0.65 0.66 ± 0.27 2.37* 0.67 0.66 ± 0.26 2.59**
 O5 0.64 0.52 ± 0.26 2.49* 0.76 0.70 ± 0.20 3.85***
 Total leaf area 0.73 0.69 ± 0.20 3.52*** 0.54 0.55 ± 0.24 2.01*
Leaf traits
 Leaf thickness −0.82 −0.69 ± 0.22 3.80*** −0.80 −0.77 ± 0.12 6.44***
 Mean leaf angle 0.64 0.52 ± 0.25 2.51* 0.44 0.49 ± 0.23 1.90
 Mean leaf size 0.43 0.57 ± 0.24 1.77 0.79 0.79 ± 0.10 7.68***
 Petiole length 0.46 0.59 ± 0.26 2.49* 0.87 0.87 ± 0.05 17.72***
 SLA 0.94 0.80 ± 0.22 4.26*** 0.83 0.81 ± 0.11 7.45***
Gas exchange
 Amax 0.71 0.66 ± 0.23 3.15** 0.64 0.59 ± 0.23 2.61**
 E 0.92 0.85 ± 0.16 5.97*** 0.81 0.70 ± 0.25 3.19***
 Ic 0.10 0.38 ± 0.24 0.43 0.88 0.84 ± 0.14 6.13***
 Qapp 0.45 0.45 ± 0.21 2.15* −0.09 −0.28 ± 0.21 0.42
 Rdark 0.16 0.39 ± 0.25 0.65 0.83 0.81 ± 0.15 5.62***
 WUE −0.84 −0.74 ± 0.20 4.28*** −0.69 −0.62 ± 0.24 2.84**
 g 0.87 0.79 ± 0.18 4.74*** 0.76 0.66 ± 0.24 3.16**
 θ −0.46 −0.44 ± 0.24 1.83 −0.35 −0.36 ± 0.20 1.77
STAR
 STAR 1 – – 1 – –
Carbon gain
 Carbon gain 1 – – 1 – –
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neighborhood on plan performance. Specifically, the results 
 indicate that the species studied are experiencing particular 
habitats with contrasting neighborhood structure and light avail-
ability. Following this, the highest amount of n are indicative of 
early successional stages ( Finegan 1996), and the highest Hmax 
is a typical feature of late successional stages ( Huston and 
 Smith 1987). The similarity in neighborhood aggregation and 
Wnear between sites suggests that the directionality and distance 
of interaction are homogeneously distributed around each plant. 
Although W was a variable that had greater weight in the neigh-
borhood structure according to the PLS model in both species, 
this was only different in the surrounding neighborhood of 
P. padifolia. In general, the differences in number and size of 
neighbors around each plant can explain the interference values, 
where the value of W in SYF is explained by the number of 
neighbors and in the SOF by the neighbors’ size. The resulting 
light availability from  distance-dependent interference can affect 
the plant attributes and their performance according to the 
neighborhood structure between sites, and also depends on par-
ticular properties of the neighborhood structure within each site. 
These effects could have implications on the quality of light for 
these and other species in the understory, because the quality 
of light in the understory depends on the stage of succession of 
the forest and their species composition ( Kabakoff and  Chazdon 
1996,  Kitajima et al. 2005), although this latter aspect was not 
addressed in this study.

The light patterns showed that the SOF understory presents 
dimmer light regimes than the SYF understory, probably due to 
neighbor sizes and leaf cover above each plant. However, both 
species overlapped in their light environments within each for-
est. According to the PLS Path model, this light availability 
responds concomitantly to the surrounding neighborhood, spe-
cifically through distance-dependence features. This is consis-
tent with studies that suggest that neighborhood indices based 
on the relative effects of the size and distance of neighboring 
trees could be used to determine canopy light index ( Grote et al. 
2013). Moreover, the path coefficients of the light environment 
variables (ISF, DSF and LAI) resulted in an ecological factor with 
great weight on leaf attributes and carbon gain. Like other stud-
ies, light availability has a strong influence on leaf attributes like 
SLA, petiole length, leaf size and carbon gain ( Valladares et al. 
2002).

Plant architecture and leaf attributes

Plant architecture and leaf trait responses could be separated in 
to three groups: attributes affected by the species, by the site 
and the attributes not affected by either of these. It is clear that 
in many cases, the response of attributes may have overlapping 
effects between the first two groups, because the intrinsic 
responses of any plant’s traits, especially shade-tolerant species, 
depend on the genetics and ecological features of each plant 
with their environment ( Valladares and  Niinemets 2008). 

 Previous analyses had shown that the patterns of crown density, 
leaf angle and total leaf area responded at the species level 
( Guzmán 2015), while Db, mean petiole length, O5 and SLA are 
variables that changed according to the site features. In many 
cases, increases in the distance between leaves or the petiole 
length and decreases in the SLA have been described as a strat-
egy to increase the light capture in dimmer light environments, 
allowing decreases in leaf overlapping ( Gálvez and  Pearcy 
2003) and increases the amount of light that can be intercepted 
per unit leaf dry mass ( Evans and  Poorter 2001), respectively.

Whatever the effect on attributes, changes between sites 
within species have been developed as strategies for increasing 
the plant performance, which allow them to survive and coexist 
within communities ( Reich et al. 2003,  Adler et al. 2013). For 
example, increases in SLA in the SYF could be associated with a 
resource-acquisitive leaf economics strategy typical of high-light 
gap environments, while decreases in the SLA in SOF could be 
associated with a resource-conservative strategy typical of dim-
mer light regimens ( Adler et al. 2013). Thus, the resulting varia-
tions of these strategies in a competitive scenario could prevent 
the environmental filtering of the species, and may promote 
plant coexistence in the communities.

Gas exchange

Gas exchange traits did not show a differential responses 
between sites in P. padifolia and show a slight difference in 
P. elata, which suggests a similitude of photosynthetic perfor-
mance of each species regardless of the state of forest succes-
sion ( Allen and  Pearcy 2000). This latter could be related to a 
general response of photosynthesis of shade-tolerant species to 
light environments, where in many cases, these species are 
described as plants with little phenotypic plasticity at the level of 
leaf physiology ( Valladares and  Niinemets 2008). In terms of 
their responses,  Medrano et al. (2002) suggest that the resis-
tance in the transport of molecules (CO2 and H2O) inside and 
outside of leaf mesophyll can limit different physiological pro-
cesses. It is possible that the absence of conductance effects 
like gi (except in P. elata) or g was responsible for the absence 
of variations in Amax, WUE, Vcmax and Jmax between sites. Changes 
in WUE have been observed in other studies adducing strong 
effects on transpiration due to greater radiation load between 
sites ( Kuiper 1961); however, here, this pattern was not 
observed. Although there are multivariate differences of gas 
exchange within sites in P. elata, the similarities of Vcmax and Jmax 
in both species across sites suggest that the biochemical ability 
of carboxylation and electron flow in the leaves do not exhibit 
symptoms of photosynthetic stress. In many cases, differences 
in the carboxylation and electron flow in leaves are the result of 
environmental stress like high radiation or high temperature and 
they will have strong implications in other processes like assimi-
lation, respiration or the light compensation point ( Niinemets 
et al. 1998). Then, results such as differences in Rdark and Ic in 
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P. elata are the product of the leaf physiological adaptation to 
each site rather than the stress effect of each environment.

Contrary to previous interspecific studies in Psychotria spe-
cies with light-demanding and shade-tolerant plants ( Pearcy 
et al. 2004), the gas exchange parameters here had a slight or 
no effect on carbon gain. However, this result is probably due to 
the low range of variations in gas exchange values and the low 
plasticity in the leaf physiology presented by shade-tolerant 
plants in comparison with light-demanding species ( Valladares 
and  Niinemets 2008).

Plant performance

These plants exhibit different changes in the functional traits, but 
not all changes can increase or affect the plant performance. In 
this study, the results suggest that STAR performance is mainly 
affected by AL/AC, AL, O5 and number of leaves, suggesting an 
important role of plant architecture. These features along with 
some other leaf attributes explained more than of 28 and 77% 
of STAR performance in P. padifolia and P. elata, respectively. This 
is consistent with  Duursma et al. (2012), who suggest that 
>42% of STAR is explained by AL/AC, and highlighted the great 
role of leaf dispersion, number of leaves and total leaf area in the 
light capture function. Although in this study the leaf attributes 
had minor effects on STAR, other authors showed how changes 
in the petiole length and leaf size may affect the light capture due 
to the implications for leaf distribution and self-shading ( Takenaka 
1994,  Gálvez and  Pearcy 2003). In this sense, architectural traits 
have greater effect on plant performance than leaf attributes, 
which suggests that the crown traits override the individual leaf 
response in a way that changes in AL/AC can promote a conver-
gence response on STAR in both species. However, which of 
these plant attributes can have a greater impact on STAR perfor-
mance due to asymmetric competition? Although there are some 
traits highly correlated with STAR, in a natural environment with 
an asymmetric competition, the multidimensional response of the 
plant attributes can affect STAR performance more than a single 
variable per se. From this perspective, trade-off analysis has 
shown that individual plant attributes respond in different ways 
from each other ( Wright et al. 2005,  Shipley et al. 2006). This 
situation provides a plethora of compensating effects for the sur-
vival in different environments or asymmetric interactions for 
plants in natural environments.

Regardless of the light environment, plants of both species at 
both sites present a convergence in the net daily carbon gain. 
Previous studies point out that changes in light environment, 
STAR and gas exchange have strong implications on carbon gain 
( Pearcy 1987,  Evans and  Poorter 2001). However, our results 
suggest that some plant attributes have a great capacity for 
adjustment due to the neighborhood competition and that the 
smaller changes in gas exchange along with the corresponding 
architectural adjustments between sites can cause a compensatory 
effect on net daily carbon gain. This later point could have 

 significant ecological consequences for these understory spe-
cies, as discussed below.

Implications of neighborhood structure on plant 
performance

Even though our sample size is slightly small, our results are in 
agreement with the general trend reported in the literature and 
they show a novel way to explain the effects of plant competition 
on plant performance. It is possible that the compensatory effect 
of the neighborhood structure on light capture efficiency and 
whole-plant carbon gain could play an important role in the 
coexistence of these species at this cloud forest. The compensa-
tory effects of plant attributes may allow an ‘optimal’ plant per-
formance according to the neighborhood competition in a way 
that survival could be maximized in different environments. This 
suggests that the convergence in plant functions with respect to 
light capture efficiency and carbon gain may subtly prevent 
niche partitioning for the light resource through site-specific 
adaptation of plant traits. Thus, it is likely that the functional 
convergence of plant traits may explain the presence of these 
shade-tolerant species both in the old and young successional 
stages. Similar conclusions may be found in the  Sterck et al. 
(2013) experiments based on the light compensation point of 
the plant, where they suggest that the plasticity in the plant 
physiology of  shade-tolerant and -intolerant tropical under-
story species is a specialization to neutralize the separation of 
light niches among species. The point of view of  Sterck et al. 
(2013) and our results suggest that the similarities of the indi-
vidual fitness obtained by plasticity or local adaptation could 
explain the presence of  the understory species in different 
natural communities, favoring more the neutral theory ( Hubbell 
2001) than stabilizing mechanisms ( Chesson 2000). How-
ever, it is clear that both processes can simultaneously influ-
ence an understory species ( Adler et al. 2007) and influence 
the dynamics of competition and coexistence in different plant 
neighborhoods.

On the other hand, because STAR and whole-plant carbon 
gain are variables that depend on multiple plant attributes and 
environmental factors, we propose that changes in these fea-
tures must be used as a whole-plant trait-based approach to 
detect the environmental filtering of species within and among 
communities. In many cases, trait-based studies with a single 
variable have focused mainly to detect the coexistence ( Adler 
et al. 2013), community assembly ( Ackerly and  Cornwell 
2007), habitat filtering ( Cornwell et al. 2006) and niches 
( Sterck et al. 2011) through features that do not necessarily 
reflect the complexity of the whole-plant adaptation to spatial 
and temporal variations. Plant indexes that consider the multidi-
mensional response of plant adaptation due to temporal and 
spatial gradients of neighborhoods must be used as key factors 
to detect complex ecological dynamics in ecosystems, after 
costly intensive work.
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In conclusion, we found that the local adaptation of plant 
architecture, leaf attributes and gas exchange of P. padifolia and 
P. elata by neighborhood structure and light availability are 
 associated with the convergence in plant performance of light 
capture efficiency and net daily carbon gain. The above can be 
achieved by two pathways: (i) by changes in the plant architec-
ture by distance-dependent neighborhood factors; or (ii) by 
changes in the carbon gain by light environments. Future work 
must be directed to demonstrate how whole-plant fitness param-
eters, e.g., light capture efficiency and carbon gain, are associ-
ated with stabilizing processes and fitness equality among 
communities as well as how this association allows for the sur-
vival and assembly of species.

Supplementary data

Supplementary data for this article are available at Tree Physiology 
Online.
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