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Introduction
Spatial heterogeneity is a constant charac-

teristic  of  ecosystems.  Incident  sunlight  is
probably  the  most  heterogeneous  and  dy-
namic factor affecting plants in the forest un-
derstory (Pearcy 1999). The physical struc-
ture of the forest acts as a diffusing, filtering,

and  shading  device  with  effects  that  differ
depending on the size and location of ope-
nings in the canopy (Smith & Berry 2013).
Even in relatively uniform and dense canopy
forest  stands,  significant  spatial  variation
exists in light transmission to the understory
(Pearcy 1983,  Chazdon 1988,  Lieffers et al.

1999,  Valladares  2003).  Changes  in  forest
structure  produce  light  flecks  of  different
size, from sunflecks up to gaps, whose inci-
dence govern  the  duration  and  intensity of
radiation and creates contrasting conditions
below  the  canopy  (Runkle  1981,  Canham
1989,  Canham et al. 1990,  Osunkoya et al.
1992, Lieffers et al. 1999). While light hete-
rogeneity on  the forest  floor  influences the
growth  and  survival  of  seedlings  and  sap-
lings  (Sims  & Pearcy 1993,  Nicotra  et  al.
1999,  Valladares  et  al.  2004),  accurate  de-
termination  of  the  light  environment  to
which individual plants are subject remains a
challenge (Poorter et al. 2005). Measurement
of spatial and temporal variation in light en-
vironments  associated  with  forest  gaps  is
also technically challenging (Wayne & Baz-
zaz 1993,  Bazzaz 1996,  Deutschman et  al.
1999,  Marthews et al.  2008) and is further
complicated by the lack of an adequate de-
scriptive framework for the depiction of gaps
(Lieberman et al. 1989) and sunflecks (Pear-
cy et al. 1994,  Smith & Berry 2013). Most
gap models assume distinct gap phases with
horizontally uniform light distribution at the
small scale (Deutschman et al. 1999,  Norby
et al.  2001).  However,  the common use of
mean values means that these models fail to
consider, for instance, shading interactions at
the forest floor level (Bugmann 2001).

A general characteristic of such gap models
is  their  one-dimensionality,  which  spans
from a given minimum to a given maximum
value along an incident light axis (Kolasa &
Rollo 1991). However, the need to better un-
derstand how the surrounding light environ-
ment either limits or enhances plant growth
and survival has been widely recognized. In-
dividual plants must cope with spatial varia-
tion of many resources, including light, and
such functionally important heterogeneity is
expected to be multidimensional. For instan-
ce, access to sunlight is generally negatively
correlated  with  moisture  and  can  shift  the
balance  between  the  positive  and  negative
effects  of  microsites  or  growth  areas,  with
consequent  effects  on  plant  performance
(Parrish & Bazzaz 1985, Stuefer et al. 1994,
Stuefer  1996,  Hutchings  &  Wijesinghe
1997, Bugmann 2001).

Some studies have addressed the plasticity
of  plant  responses  to  changing  environ-
ments,  although  incorporation  of  quantita-
tive determinations of environmental hetero-
geneity in these studies is rare (Coutand et
al.  2010). In  this paper,  we consider “con-
trast” (defined in  relation  to the immediate
environment of light and shade) to be an im-
portant component of the environmental va-
riation  to  which  an  individual  is  exposed
(Kotliar & Wiens 1990). We evaluate plant
response to light, with an explicit considera-
tion of surrounding light conditions or con-
text. Instead of pooling a number of observa-
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Attributes and frequency of forest gaps are usually described in reference to a
one-dimensional gradient of light, which may relate to their disturbance dy-
namics. Similarly, species are customarily classified by their light response. We
propose a bi-dimensional  light  framework that  facilitates the understanding
and comparison of forest systems and the understanding of plant responses to
the complex light environment. This light plane is based on two spatially re-
lated components: (1) light received directly on a particular point (Focal); and
(2) a statistical summary of the immediate environment representing the light
conditions surrounding that point (Context). The contrast between these two
values is null when Focal=Context and positive when Focal>Context or other-
wise negative. Light was assessed using hemispherical photographs using a spa-
tial arrangement of pictures spaced ~3 m in-between. Eight forest plots were
surveyed, each with a central gap of different size. Sapling performance of Al-
nus acuminata, Cornus excelsa, Liquidambar styraciflua,  Persea americana
and Quercus laurina was also assessed within these plots. Measurements of
stem height,  basal  diameter,  and  slenderness allometry  were taken over a
period of more than two years. We found in the light plane that plots were dis-
tributed in a pattern congruent with their estimated degree of disturbance
(gap size), which spanned wide areas in the plane.  Liquidambar styraciflua.
and Quercus laurina were found to be sensitive to focal light, irrespective of
context  light.  All  species  responded  to  focal  light  under  negative  contrast.
Cornus and Persea grew taller and more slender as focal light increased, par-
ticularly under null contrast. There is evidence suggesting that plant growth is
dependent on the contrast measured. Thus, it would be relevant to devise a
functional classification of tree species that considers their response to both
direct light and luminosity of the immediate environment as measured by a
contrast value.

Keywords:  Cartesian  Plane,  Canopy  Filter,  Light  Context,  Shade  Tolerance,
Sunflecks, Light Plane
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tions into one average value, we distinguish
two components of the light environment at
a given growth point: a reference value (fo-
cal point) and a context value, and refer to
this  bivariate  representation  as  the  “light
plane”. We propose that measurement of the
difference between these two values enables
classification  of  the  overall  light  environ-
ment  into  three  contrasting  types:  (1)  null
(C=), where the values of both light compon-
ents are equal;  (2) positive (C+),  where the
focal light  value is higher  than the context
value;  or  (3)  negative  (C-),  when  the focal
light value is lower than that of the context.
Conventional  use  of  the  light  average  as-
sumes that  Focal = Context. However, only
where  the  contrast  is  null  can  spots  or
patches be aggregated in a larger, internally
homogeneous  environment,  at  either  the
high or low extremes of the light gradient. In
these terms, we would expect an increasing
frequency  and  intensity  of  disturbance  to
drive  contrast  values  towards  zero,  i.e.,
where  the  contrast  is  null  and  highly  lit,
patches  are  abundant  in  the  environment.
However,  null  contrasts  would  be  rare  in
old-growth  understory,  while  positive  and
negative contrasts would be frequent and as-
sociated with  the presence of uneven  deep
shade,  intermittently  broken  by  sunflecks.
We hypothesize  that  a  homogeneous  envi-
ronment (e.g., low light levels in the under-
story) may intensify local stress, while some
amount  of  contrast  (e.g.,  low  light  levels
within a gap) may have a balancing effect on
plant  performance.  Plant  response to direct
light  therefore differs in positive,  null,  and

negative contrasts depending on  the shade-
tolerance attributes of each species. Species
that respond positively to increasing light in
null contrast growth areas will be considered
more heliophilous than those responding to
light in negative contrast areas, which will,
in turn, be more heliophilous than species re-
sponding to positive contrasts.

To  explore  the  functional  effects  of  light
heterogeneity,  we  assessed  the  early  life-
stage performance of five tree species native
of southern Mexico (Alnus acuminata, Cor-
nus  excelsa,  Liquidambar  styraciflua,  Per-
sea americana,  and  Quercus laurina).  Pre-
vious studies in the area indicated that these
species  differ  in  terms  of  shade-tolerance
and  thus  offer  a  range  of  plant  responses
suitable to explore the effects of light hetero-
geneity in their immediate growing environ-
ment. We suggest that plant responses to ho-
mogeneous  and  contrasting  conditions  can
contribute to a more profound understanding
of shade tolerance variation between species.
The  spatial  light  contrasts  defined  in  this
study are the result of a number of forest at-
tributes,  including stem density,  basal area,
mean tree height and, crown cover (Tab. 1),
that can be related to natural or induced dis-
turbance patterns.

Methods

Study site
We conducted  the  study at  Rancho  Mer-

ced-Bazom,  a  private  farm  in  the  central
highlands  of Chiapas (Mexico),  2350-2400
m a.s.l., 16° 44′ N, 92° 29′ W]. The regional

climate  is  temperate-subhumid,  with  mean
annual  temperature  of  12-14  °C;  mean an-
nual rainfall of 1250 mm (FORTAM 1984).
Most (85%) of the rainfall occurs from May
through October, and nocturnal frosts can be
common at ground level in open areas from
December to March.  The soils are modera-
tely deep  loams,  clay loams,  or  sandy-clay
loams and  are  derived  from Tertiary lime-
stone.  The original  forest  cover  correspon-
ded  to  associations  of  oak forest,  pine-oak
forest, and evergreen cloud forest (Breedlove
1981).  The  moderately  disturbed  stands  at
the study site comprise many (30-35) canopy
and  understory  tree  species,  whose  upper
crowns are often well illuminated due to the
sparse  distribution  of  large  canopy  trees
(>35 m in height -  González-Espinosa et al.
1991).  The  crowns  and  branches  are  typi-
cally highly colonized by epiphytes as ferns,
orchids and bromeliads.

Plots and forest gaps
We  located  eight  gaps  within  a  forested

area of approx.  50  hectares  (ha),  each sur-
rounded by a belt of forested habitat. The E
to  W width  of  such  habitats  was  at  least
equivalent to the longest gap axis (d); thus,
plot  size was proportional  to gap size. The
majority of the plots were located > 100 m
apart (only plots 1 and 2 were 60 m apart).
We erected a barbed-wire fence around each
plot  to  prevent  grazing  and  trampling.  We
established  E  to  W transects,  located  3  m
apart  within  each  plot,  with  intersection
points marked every 2.5 m. The coordinates
of each intersection provided the spatial re-
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Tab. 1 - Proposed relationships between forest structural attributes and ecological interactions in trees and saplings within focal and context
areas, presented in a hypothetical, successional gradient: shadeC= denotes null contrast under permanent shade; C- denotes negative contrast; C+

denotes positive contrast;  lightC= denotes null contrast under permanent light; (H): relatively high values; (I): intermediate values; (L): rela -
tively low values.

Structural
attributes

Interactions
shadeC= C+ C-

lightC=

References
Focal Focal Context Focal Context Focal

L L H H L H -
Canopy
filter

Basal area H L H H L L Ediriweera et al. (2008), Comeau (2002)
Crown cover H L H H L L -
Stem density H L I-H H-I L L Comeau (2002)
Crown height I-L H I-L L-I H H Ediriweera et al. (2008), Comeau (2002)

Physical
condition

Root competition H L H H L L Chapin et al. (1987), Huante et al. (1998), 
Coomes & Grubb (2000)

Nutrient availability L I-H L L I-H I-H Chapin et al. (1987), Huante et al. (1998), 
Coomes & Grubb (2000), Bazzaz (1996)

Light availability L H L L H H Pearcy et al. (1994), Smith et al. (1989)
Air temperature 
fluctuation

L H L L H H Leakey et al. (2005)

Soil moisture H L H H L L Chapin et al. (1987), Huante et al. (1998), 
Coomes & Grubb (2000)

Plant
Reaction

Shade tolerance H H L L H L Montgomery & Chazdon (2002), Canham 
(1989)

Risk of photoinhibition L L H H L H Powles (1984)
Light use efficiency H H L L H L Pearcy et al. (1994), Küppers (1985)
Water use efficiency L L H H L H Hanba et al. (2002)
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ference for both seedling transplantation and
hemispherical  photography,  both  of  which
were carried out at the center of the resulting
area (7.5 m2), referred to as the growth area
(GA).

Light assessment
Hemispherical  photographs  were  taken

between  07:00  and  11:00  a.m.  in  overcast
daylight in April 1999,  coinciding with the
annual maximum openness of the forest ca-
nopy. The plot perimeter was included in the
series of photographs. The camera was posi-
tioned 1.2 m above the ground, at approxi-
mately twice the initial  height of the tallest
transplanted  seedling,  and  oriented  so  that
the upper portion of the picture was north.
We  used  a  reflex  Pentax  camera  with  a
Sigma 8-mm hemispherical  lens  and  black
and white film (Ilford 400 ASA). The images
were digitized with a scanner at 75 dots per
inch (dpi). We set the gray level threshold at
the middle  of the gray scale (256  classes).
Hemispherical  photographs  were  analyzed
using the software HEMIPHOT® v.5 (Ter Stee-
ge  1994),  obtaining  the  Direct  Site  Factor
(DSF, %), which is the proportion of the full
above-canopy sunlight  reaching  the  under-
story (considered in this study to be 1.2 m
above the forest floor).

Spatial light variation
Light  variation  was  described  using  the

DSF obtained  for  each  photograph,  which
represented the focal light (Focal); the con-
text  value  (Context)  is  the  average  of  the
DSF values of the eight surrounding points
(a total of 60 m2). Both values are included
in the light contrast (C) equation (eqn. 1):

Based on this expression, and with the Fo-
cal values in the ordinate and Context values
in the abscissa, we mapped the light contrast
determined for each pair of values (Fig. 1) in
the understory of the eight forest stands. We
used this contrast to characterize light envi-
ronments as either negative (C- < -0.01), null
(-0.01≤ C= ≤ 0.01) or positive (C+ > 0.01).

Transplanted species
In March 1999, we transplanted one-year-

old  seedlings  of  five  common  native  tree
species  of  cloud  forests  in  Mexico  (Gon-
zález-Espinosa et al. 2011). The species used
were  (in  hypothesized  increasing  order  of
shade-tolerance, based on seed size correla-
tion -  Osunkoya et al. 1994):  Alnus acumi-
nata  Kunth (n = 92), Liquidambar styraci-
flua L. (n = 124), Cornus excelsa Kunth (n =
124), Quercus laurina Bonpl. (n = 131), and
Persea americana Mill. (n = 125). Seedlings
were planted  following a random sequence
of  species.  We  measured  individual  stem

height (SH) and basal stem diameter (BSD)
at 15 months and 27 months after transplan-
tation.  These variables  were used to  assess
plant performance and were combined in an
allometric shape ratio expression in order to
describe the relative stem height in relation
to  stem  thickness  (stem  slenderness,  SS -
eqn. 2):

Statistical analysis
We used covariance models,  classified by

contrast type, allowing for either a linear or
quadratic  relationship.  Stem  height  (SH),
basal stem diameter (BSD),  both  log trans-
formed, or stem slenderness (SS) at 15 and
27 months after transplantation, served as re-
sponse variables and focal light was an inde-
pendent variable. This approach allowed us
to compare the effects of light on plant per-
formance within different light environments
by performing  separated  regressions  within
each  contrast  type,  when  warranted  by  an
omnibus covariance test. All statistical ana-
lyses were performed using IBM-SPSS ver-
sion  19  (IBM Corp  2010),  R (R Develop-
ment Core Team 2008), and RStudio (2012).

Results

Light plane
The range and relative frequencies of pos-

sible contrast values are illustrated in Fig. 1.
The upper right quadrant represents the most
open and disturbed forest conditions, where
highest  Focal and  Context values are likely
to be found (strong C= dominance). This may
happen when disturbance has just created a
gap. The lower right quadrant includes sha-
ded patches surrounded by lighted areas (C-

dominance). This condition may result from
tall  plants  remaining  in  a  gap  after  distur-
bance or because of incipient secondary ve-
getation growth. The upper left quadrant fea-
tures  conditions  where  focal  light  is  high,
but the surroundings are dark (C+ dominan-
ce). This could be due to the loss of one or
more branches of some well-developed trees
or a forest that has been selectively harvested
but is fairly well developed.  The lower left
quadrant  depicts  the  set  of  values  that  are
likely to be found under well-preserved fo-
rest  conditions  (greatest  contrast  evenness).
Our study plots were located in this region.

Light heterogeneity in the study area
We  found  no  Focal values  with  a  DSF
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Fig. 1 - Spatial hetero-
geneity of light condi-
tions. (a) Hypothetical 
light plane with focal 
light ranging from DSF 
< 5% to DSF = 100% 
(completely open; upper
right panel) and the cor-
responding light context
values. The diagonal 
represents the identity 
line. Negative and posi-
tive light contrasts are 
located below and above
the line, respectively; 
(b) Frequency distribu-
tion of expected light 
contrast types in each of 
the four Cartesian plane 
quadrants in (a), which 
can be related to varying
levels of canopy open-
ness due to disturbance.

C=
Focal−Context
Focal+Context

SS =ln
SH
BSD
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>45% in any of our study plots (Tab. 2), and
only 27% of the patches could be considered
to be internally homogeneous (Focal = Con-
text, close to the identity line in Fig. 1). Po-
sitive  contrasts  (Focal>Context)  accounted
for 39% of the points found above the iden-
tity  line,  while  negative  contrasts  (33.8%)
were confined to the area below the identity
line (Focal<Context). Estimates of  DSF de-
creased  with  increased  distance  from  the
center of the gap (linear regression: F[2, 681] =
49.08, R2 = 0.126). Fig. 2 shows the bivaria-
te  distribution  for  each  plot  and  condition
(understory,  edge,  and gap).  The light-con-
trast fields of gaps are confined, as expected,
to the upper right quadrant,  and are mostly
found in small gaps (except in plot 2). Plots
5 and 3 have larger and more heterogeneous
gaps (Tab. 2). In general, we observed that
the  understory  provides  a  more  heteroge-
neous condition, with the exception of plots
1, 5 and 6. We found that was not confined
to the lower left quadrant.

Plant response to light heterogeneity
Only the performance of Liquidambar and

Quercus could  be explained  by focal light,
independently of  Context.  After 27  months
of  growth  in  understory  locations  that  re-
ceived  more  direct  sunlight,  Liquidambar
(Fig. 3) grew taller (F[1, 105] = 6.67, P = 0.011,
R2 =  0.05)  with  thicker  stems  (F[1, 105] =
16.61,  P<0.001,  R2 = 0.13),  and the plants
were less slender overall (F[1, 105] = 23.94, P <
0.001, R2 = 0.18). Similar trends were obser-
ved at the first evaluation (15 months). How-
ever, stem slenderness was not found to be
related  to  DSF at  that  point.  Quercus  de-
veloped slightly slender stems at higher va-
lues of DSF, but this was only detectable at
the  first  evaluation  of  growth,  15  months
after  transplantation  (F[1, 105] =  6.16,  P  =
0.014, R2 = 0.04). None of the study species
responded to focal light within a C+, but si-
gnificant effects of the other two contrast ty-
pes were found. In the case of Liquidambar,
the omnibus covariance test revealed the pre-

sence of a significant interaction between fo-
cal light  and contrast  type (all  P  < 0.038),
which suggests that distinct regressions can
be used under each contrast type. In the case
of  Persea,  this  interaction was also signifi-
cant but only at the first growth evaluation
for stem height  (P < 0.028) and stem slen-
derness (P < 0.001). In the case of  Cornus,
this  same interaction was only found to be
significant at the second evaluation of stem
height (P < 0.029). On the other hand, Alnus
and Quercus did not respond to contrast type
interactions in any of the cases.

Shade in brighter context (C-)
Plant  performance  of  all  species,  except

Cornus, was explained by focal light (DSF),
when  seedlings  were  exposed  to  negative
contrasts during growth. The effect of focal
light was observed in the first evaluation of
SH in  Alnus  (quadratic  regression:  F[2, 18] =
5.38,  P  = 0.015,  R2 =  0.32)  and  of  SS in
Persea (linear regression: F[2, 35] = 4.85, P =
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Fig. 2 - The framework pro-
posed to characterize the 
light landscapes in forest sys-
tems, applied to each habitat 
type as defined by the dis-
tance d to the center of the 
gap, with main radius r: Gap 
(d ≤ r), Edge (r <d≤ 2r), Un-
derstory (2r<d≤ 3r) in eight 
plots. Plots were arranged 
along an axis of disturbance 
that was deemed to correlate 
with gap size. The plots are 
light-contrast fields, mapping
data into a space defined by 
its conditions of illumination,
where context light is plotted 
on the x-axis and DSF on the 
y-axis.

Tab. 2 - Description of eight study plots at Rancho Merced-Bazom, in the central highlands of Chiapas (Mexico). Size of forest gaps, total
plot size, and mean light direct site factor (DSF ± SE) in each plot are presented. Values of DSF that share the same letter do not differ signi-
ficantly at P<0.05. (n): number of samples taken in each habitat condition.

Characteristics
Plot

1 2 3 4 5 6 7 8
Gap area (m2) 89.5 63.8 174 78.3 168 67.5 63 72
Plot area (m2) 682.5 450 945 577 892.5 472.5 577.5 375
n (Gap+Edge+Us) 17+40+47 15+22+33 36+58+32 15+22+40 31+56+32 15+22+26 15+32+28 15+22+13
DSF (%) 20.9 ± 0.67b 17.7 ± 0.86a 21.7 ± 0.81b 23.7 ± 1.05b 25.8 ± 0.63c 22.7 ± 0.62b 27.1 ± 0.59c 26.0 ± 0.89c

Latitude 16° 44′ 06″ 16°44′ 08″ 16°44′ 22″ 16°44′ 25″ 16°44′ 26″ 16°44′ 21″ 16°44′ 21″ 16°44′ 25″
Longitude 92° 29′ 18″ 92°29′ 19″ 92°29′ 21″ 92°29′ 18″ 92°29′ 24″ 92°29′ 27″ 92°29′ 27″ 92°29′ 27″
Altitude (m a.s.l.) 2420 2390 2420 2410 2410 2400 2410 2460
Slope 4 9 4 5 5 2 14 5
Aspect SW SW SE W N NE SW W
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0.013, R2 = 0.21 - Fig. 3). Quercus BSD and
SS responded  to  focal  light  at  27  months
after transplantation in this  C-  (quadratic re-
gression: F[1, 25] = 3.49, P = 0.046, R2 = 0.16
and F[1, 25] = 9.05, P = 0.001, R2 = 0.37, re-
spectively). Significant effects of focal light
on  Liquidambar  were  found  at  both  eva-
luations but only in the C- (Fig. 3). Both SH
(F[1, 41] = 4.86, P = 0.03, R2 = 0.08) and BSD
(F[1, 41] = 3.99, P = 0.052, R2 = 0.07) were po-
sitively related to light (linear regression). At
27  months  after  transplantation,  similar
trends  were  observed  in  Liquidambar SH
(linear regression: F[1, 33] = 11.50, P = 0.002,
R2 =  0.24)  and  BSD (F[1, 33] =  13.55,  P  =
0.001,  R2 = 0.27);  at  this  evaluation,  focal
light  also explained  a negative response in
SS (F[1, 33] = 13.42,  P  =  0.001,  R2 = 0.27 -
Fig. 3).

Similar light (C=)
Stem height of saplings of Cornus showed

a  positive  relationship  to  DSF at  the  first
evaluation  (quadratic  regression:  F[2, 34] =
6.23,  P = 0.005,  R2 = 0.23).  At 27 months
after transplantation, the SS of Cornus could

be explained by focal light (quadratic regres-
sion:  F[2, 33] = 3.15,  P  = 0.056,  R2 = 0.11).
The  response  of  Persea to  focal  light  was
observed  at  the  first  evaluation  under  null
Contrast in both  SH and  SS (linear regres-
sion: F[1, 35] = 5.55, P = 0.024, R2 = 0.11, and
F[2, 33] = 7.93,  P  = 0.008,  R2 = 0.16),  with
positive  effects  presented  in  both  response
variables (Fig. 3).

Discussion

Forest structure and understory light 
environments

As  Veblen  (1989) and  Denslow  et  al.
(1998) found  in  southern  temperate  and
tropical  forests,  estimates  of  relative  direct
sunlight were negatively correlated with the
distance of  each  point  to  the  center  of the
gap.  However,  the  low  level  of  explained
variance (about 10%) suggests the existence
of  a  potentially  large  number  of  fine-scale
multivariate microhabitats. In our study, this
heterogeneity was expressed in the low pro-
portion  of  null  contrasts.  Gap  habitats  are
dominated by C+ (50%) contrasts and not, as

expected, by those of  C=. This result is un-
derstandable when considering that the small
study gaps mostly featured a shade context,
where incident light was higher than that of a
sunfleck but lower than that of a gap. While
Focal values that  are  higher  than  those  of
Context imply  positive  contrasts,  only  the
lower  portion  of  Context values  (Fig.  1 -
lower left quadrant) include the shade condi-
tions implied in the definition of a sunfleck
(Chazdon & Pearcy 1991). Moderate natural
or human disturbance regimes contribute to
spatial  light  heterogeneity  within  uneven-
aged stands,  where a large number of fine-
scale  microhabitats  are  possible.  More  ex-
treme  Contrast values may be less frequent
but  occur  as the result  of the low-intensity
but  chronic  disturbance  regime  undergone
by the  study  plots  in  recent  decades.  Our
study allowed to explore  predictions of the
model only in the lower portion of the focal
light  and  context  gradients,  indicating  the
need for further investigation in larger forest
gaps and (or) less dense forest stands, in or-
der to encompass the entire potential  range
of values.
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Fig. 3 - Linear re-
gression of sapling
response as a func-

tion of focal light in
different light con-

texts: negative con-
trast (dotted line),

null (black thin line),
and positive contrast
(dashed line). (a) Re-
sponse of Liquidam-
bar, 27 months after

transplantation; (b)
Response of Persea,

15 months after trans-
plantation.
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To date, the spatial structure of understory
microhabitats has not been satisfactorily de-
scribed (Baroloto  & Couteron  2010,  Smith
& Berry 2013),  and  inconsistencies  in  the
choice, interpretation, and implementation of
thresholds have led to inconsistent estimates
of  the  relevance  of  key  features,  such  as
forest  gaps,  forest  edge,  and  sunflecks,  as
well as the understory or null gaps (Lieber-
man et al. 1989, Smith et al. 1989, Pearcy et
al. 1994, Leakey et al. 2005, Smith & Berry
2013).  Our  results  suggest  that  the  light
plane and contrasts, which are relatively ea-
sily obtained from field measurements or ob-
servations, may help distinguish the relative
role of transient light on plant performance
within a particular spatial scale.

Plant responses to light environments
In open habitats,  C- may have supplemen-

tary  effects  on  Liquidambar and  Quercus,
since these species responded to  C- by pro-
ducing  longer  and  stronger  stems  (Liqui-
dambar).  High  rates  of  net  carbon  gain  in
shade-intolerant  species  allow seedlings  to
grow rapidly in height and, thereby, outcom-
pete  slower-growing  neighbors  (Walters  &
Reich  1999).  However,  certain  species  are
unable to fully exploit periods of extremely
strong light (Sims & Pearcy 1993), probably
due to low relative humidity and/or high leaf
temperature load (Weis & Berry 1988,  Nii-
nemets  1998,  McDonald  &  Urban  2004,
Brenes-Arguedas et al. 2011) or photoinhibi-
tion (Powles 1984,  Kitao et al. 2006 -  Tab.
1). Thus, while Liquidambar is regarded as a
typical  heliophilous  (shade-intolerant)  spe-
cies,  analysis  of its performance as a func-
tion of some of the proposed light heteroge-
neity metrics provides an insight into its mo-
re complex responses to spatially and tem-
porally varying environments.

Outside  the  gaps,  the  response  to  C- in
forests with low-disturbance levels could be
explained where species tend to avoid focal
shade and utilize intermittent radiation from
neighboring sunflecks. In this regard, it has
been suggested that a given sunfleck can in-
crease  the  use  efficiency  of  a  subsequent
sunfleck,  provided  that  the  period  of  low
light  between  the  two  sunflecks  is  short
(Pearcy et al. 1994).

On  the  other  side  of  the  shade-tolerance
spectrum, Quercus and Persea presented the
expected  early  allocation  of  resources  to
stem diameter  (and  possibly  below-ground
growth) that has been reported for shade-to-
lerant  species  (Kitajima 1994,  Lusk 2004).
Persea  responded  positively  to  the  focal
light, when its context was similarly illumin-
ated  (null  contrast).  This  finding  suggests
that this species may take advantage of the
availability of light in patches that are larger
than  its  growth  area,  such  as  a  small  gap
(i.e.,  focal  area + context  area = 67.5  m2),
where the response of Persea could be even

more rapid than that presented by Liquidam-
bar.  This  agrees  with  previous  studies  of
Persea americana, which is considered to be
a light-demanding, fast-growing climax spe-
cies  that  presents  a  high-light  saturation
point for photosynthesis (more related to he-
liophilous species), a rapid response to sun-
flecks, and considerable drought tolerance. It
has  been  interpreted  that  these  functional
traits provide  this  species with an adaptive
advantage  for  colonizing  small  gaps,  when
the forest canopy is disturbed, and will tole-
rate shade conditions during regeneration in
old-growth forests (Denslow 1987, Wolsten-
holme & Whiley 1999). Spatial heterogenei-
ty can affect performance at any stage of the
plant’s  life,  but  the  consequences  may be
more severe in early life cycle stages (Gómez
2003).  The  plasticity  observed  in  Persea
agrees with that reported in previous studies
(Pearcy 1983,  Rozendaal et  al.  2006),  sug-
gesting  that  shade-tolerant  climax  species
may display a wider plasticity because of the
significant  ontogenetic  changes  that  occur
throughout their life cycle. This finding also
suggests that established saplings of shade-
tolerant species can increase their investment
in foliage, increasing plant size at the expen-
se of roots, while species that are intolerant
of shade cannot (Naumburg et al. 2001, Lusk
2004).

This study presents a novel way to quantify
at stand level the notion of complementary
patches that represent possible temporal and
spatial shifts in the balance between the po-
sitive and negative effects of microsites (Par-
rish & Bazzaz 1985, Stuefer et al. 1994, Stu-
efer 1996, Hutchings & Wijesinghe 1997).

We recognize  that  measuring  forest  light
environments with hemispheric photography
implies high spatial correlation if the images
are  separated  by only a  few meters.  How-
ever, in our study site the abundant presence
of epiphytes, vines and lianas, along with a
dense shrub layer, produce considerable va-
riation in light conditions within the regene-
ration stratum that is not necessarily detec-
table  when using neighboring photographs.
Moreover, light conditions were evaluated at
each location at the beginning of the study
but not at the end. Secondary succession in
these forests may be highly dynamic, and the
abiotic conditions experienced by the plants
at the beginning of the study may differ con-
siderably from those prevalent after a period
of 27 months.  In  addition to light availabi-
lity, plant performance is determined by eco-
logical  interactions  between  standing  trees
and saplings, in terms of above and below-
ground  resource  availability.  The  spatial
light contrasts defined in this study reflect a
number of forest  structural attributes at  the
canopy and understory levels, including stem
density,  basal  area,  mean  tree  height,  and
crown cover, that collectively determine the
forest light filter (Tab. 1). Regardless of how

light  is measured,  or  even how other  envi-
ronmental  variables  such as slope  angle  or
soil  humidity are assessed,  it  is  possible  to
extract the focal and context spatial compo-
nents  in  order  to  generate  the  Cartesian
plane. Our study shows that taking the direc-
tion of light variation into account provides
strong support  to  the proposition  that  light
contrast provides a valuable and informative
measure for  the  characterization  of  species
response to light environment and represents
an improvement over the traditional one-di-
mensional  light  gradients  that are customa-
rily in use.

The heterogeneity model proposed in  this
study warrants further exploration, including
analysis  of  additional  computation  expres-
sions. For instance, the examination of con-
trasts of focal light with the minimum light
context  or  maximum light  context,  or  con-
trast in time between initial and final value
recorded within a given neighborhood.  Ex-
perimental  studies  on  the  effects  of  spatial
light contrasts could profitably be conducted
with  young  plants,  as  well  as  herbs,  over
shorter time-spans, under field, common gar-
den,  and controlled  growth  conditions.  We
recognize the need to further explore the ef-
fect  of the  light  environment  heterogeneity
on physiological responses at the level of the
photosynthetic  apparatus,  incorporating  a
larger number of plant species in order to re-
flect a wider shade-tolerance gradient.

Conclusions
Plant  performance very likely depends on

the relative conditions of the light environ-
ment within their habitat. The results of this
study  suggest  that,  in  addition  to  taking
point-level data regarding the direct light re-
ceived  at  the  growing  spot,  it  is  useful  to
consider light variation measured in context
environments  within  the  forest  understory.
The  response  of  plant  species  to  different
light  contrasts  suggests  that  responses  to
changing light may prove effective in plant
species  functional  classification  schemes,
providing a framework for  a more detailed
functional  account  than that  represented by
the common extremes of high-light demand
and shade-tolerance.  Such an increased va-
riety of criteria in  the recognition  of func-
tional types of tree (or shrub and herb) spe-
cies may be of value in managing highly di-
verse forests, where ecological theory related
to gap-phase regeneration and abrupt habitat
transitions  may not  necessarily  apply  in  a
conveniently straightforward manner. An in-
tegrated  study  of  plant  performance  could
also include  additional  gradients  of  the re-
sources  (e.g.,  water  stress)  and  regulators
(e.g.,  heat  load)  that  interact  in  numerous
ways  with  light  availability  and  its  hetero-
geneity.  Careful  examination  of  long-term
ontogenetic trends may enhance our under-
standing of the ability of plants to respond to
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environmental heterogeneity through succes-
sional  change  (Coleman  et  al.  1994,  Lusk
2004).

Acknowledgements
We thank  A.  Luna-Gómez,  M.  Martínez-

Icó, H.E. Castañeda-Ocaña, and I. Romero-
Nájera for their help during fieldwork,  and
K. McMillan for comments and a revision of
the English language. The Consejo Nacional
de Ciencia y Tecnología (CONACYT) pro-
vided  a  scholarship  to  GMD  (Ref.  no.
124319).  Research  was  supported  by  the
European Commission through the SUCRE
Project  (ERBIC-18TC  970146;  INCO-DC
Programme, Framework 4), the BIOCORES
Project  (ICA4-TC-2001-10095;  INCO Pro-
gramme,  Framework 5),  the  FOREST Pro-
ject  (Alpha  Programme  of  the  European
Commission,  2005-2007),  and  by  Federal
subsidies to  MGE at ECOSUR (from 1997
and thereafter).

References
Baroloto C, Couteron P (2010). Fine-scale micro-

habitat heterogeneity in a French Guiana forest.
Biotropica  42:  420-428.  -  doi:  10.1111/j.1744-
7429.2009.00620.x

Bazzaz  FA (1996).  Plants  in  changing  environ-
ments:  linking  physiological,  population  and
community  ecology.  Cambridge  University
Press,  Cambridge,  UK, pp.  322.  [online]  URL:
http://books.google.com/books?id=QqNooptkY-
h4C

Breedlove DE (1981). Flora of Chiapas. Part 1: in-
troduction to the flora of Chiapas.  Academy of
Sciences, S Francisco, CA, USA, pp. 35.

Brenes-Arguedas T, Roddy AB, Coley PD, Kursar
TA (2011).  Do  differences  in  understory  light
contribute  to  species  distributions  along  a  tro-
pical rainfall gradient? Oecologia 166: 443-456.
- doi: 10.1007/s00442-010-1832-9

Bugmann H (2001). A review of forest gap mo-
dels. Climatic Change 51: 259-305. - doi:  10.10
23/A:1012525626267

Canham CD (1989).  Different responses to gaps
among shade-tolerant  tree species.  Ecology 70:
548-550. - doi: 10.2307/1940200

Canham CD, Denslow JS,  Platt  WJ,  Runkle  JR,
Spies  TA, White  PS (1990).  Light  regimes be-
neath closed canopies and tree-fall gaps in tem-
perate and tropical forests. Canadian Journal of
Forest  Research  20:  620-631.  -  doi:  10.1139/
x90-084

Chapin  FS,  Bloom  AJ,  Field  CB,  Waring  RH
(1987). Plant responses to multiple environmen-
tal factors. BioScience 37: 49-57. - doi: 10.2307/
1310177

Chazdon  RL (1988).  Sunflecks and their  impor-
tance  to  forest  understory  plants.  Advances  in
Ecological  Research  18:  2-54.  [online]  URL:
http://books.google.com/books?id=X8jwI0WE1
s4C

Chazdon RL, Pearcy RW (1991). The importance
of  sunflecks  for  forest  understory  plants.  Bio-
Science 41: 760-766. - doi: 10.2307/1311725

Coleman JS, McConnaughay KDM, Ackerley DD
(1994).  Interpreting  phenotypic  variation  in
plants. Trends in Ecology and Evolution 9: 187-
191. - doi: 10.1016/0169-5347(94)90087-6

Comeau PG (2002). Relationships between stand
parameters and understorey light in boreal aspen
stands. Journal of Ecosystems and Management
1:  1-8.  [online]  URL:  http://jem.forrex.org/for-
rex/index.php/jem/article/viewArticle/240

Coomes  DA, Grubb  PJ  (2000).  Impacts  of  root
competition in forests and woodlands: a theore-
tical framework and review of experiments. Eco-
logical Monographs 70: 171-207. - doi: 10.1890/
0012-9615(2000)070[0171:IORCIF]2.0.CO;2

Coutand  C,  Chevolot  M,  Lacointe  A,  Rowe  N,
Scotti I (2010). Mechanosensing of stem bending
and its interspecific variability in five neotropi-
cal  rainforest  species.  Annals  of  Botany  105:
341-347. - doi: 10.1093/aob/mcp286

Denslow JS (1987). Tropical rain forest gaps and
tree species diversity. Annual Review of Ecology
and Systematics 18: 431-451. - doi: 10.1146/an-
nurev.es.18.110187.002243

Denslow  JS,  Ellison  AM,  Sanford  RE  (1998).
Treefall  gap  size effects  on  above- and  below-
ground processes in a tropical wet forest. Journal
of Ecology 86: 597-609. - doi:  10.1046/j.1365-
2745.1998.00295.x

Deutschman  DH, Levin  SA, Pacala  SW (1999).
Error propagation in a forest succession model:
the role of fine-scale heterogeneity in light. Eco-
logy  80:1927-1943.  -  doi:  10.1890/0012-9658
(1999)080[1927:EPIAFS]2.0.CO;2

Ediriweera  S,  Singhakumara  BMP,  Ashton  MS
(2008). Variation in canopy structure, light and
soil  nutrition  across  elevation  of  a  Sri  Lankan
tropical rain forest. Forest Ecology and Manage-
ment 256: 1339-1349. - doi: 10.1016/j.foreco.20
08.06.035

FORTAM (1984). Huixtán: diagnóstico municipal
[Huixtán: Municipal diagnosis]. Fortalecimiento
Municipal, Plan Chiapas, Tuxtla Gutiérrez, Me-
xico.

Gómez JM (2003).  Spatial  patterns  in  long-dis-
tance dispersal of Quercus ilex acorns by jays in
a heterogeneous landscape. Ecography 26: 573-
584. - doi: 10.1034/j.1600-0587.2003.03586.x

González-Espinosa  M,  Quintana-Ascencio  PF,
Ramírez-Marcial  N,  Gaytán-Guzmán  P (1991).
Secondary succession  in  disturbed  Pinus-Quer-
cus forests of the highlands of Chiapas, México.
Journal of Vegetation Science 2: 351-360. - doi:
10.2307/3235927

González-Espinosa M, Meave JA, Lorea-Hernán-
dez  FG,  Ibarra-Manríquez  G,  Newton  AC
(2011).  The Red  List  of  Mexican  cloud  forest
trees. Fauna and Flora International, Cambridge,
UK, pp.  148.  [online] URL:  http://www.cabdir-
ect.org/abstracts/20123245182.html

Hanba YT, Kogami  H, Terashima I (2002).  The
effect of growth irradiance on leaf anatomy and
photosynthesis in  Acer species differing in light
demand. Plant, Cell and Environment 25: 1021-
1030. - doi: 10.1046/j.1365-3040.2002.00881.x

Huante P, Rincón E, Chapin FS III (1998). Effect
of  changing  light  availability  on  nutrient  fora-

ging in tropical deciduous tree-seedlings. Oikos
82: 449-458. - doi: 10.2307/3546366

Hutchings MJ, Wijesinghe DK (1997). Patchy ha-
bitats,  division of labour and growth dividends
in clonal  plants.  Trends in  Ecology and Evolu-
tion  12:  390-394.  -  doi:  10.1016/S0169-5347
(97)87382-X

IBM Corp (2010). IBM SPSS Statistics for Win-
dows (version 19.0). Armonk, NY, USA.

Kitajima K (1994). Relative importance of photo-
synthetic traits and allocation patterns as corre-
lates of seedling shade tolerance of 13  tropical
trees. Oecologia 98: 419-428. - doi:  10.1007/BF
00324232

Kitao M, Lei TT, Koike T, Tobita H, Maruyama Y
(2006).  Tradeoff between shade adaptation  and
mitigation of photoinhibition in leaves of  Quer-
cus  mongolica and  Acer  mono acclimated  to
deep shade. Tree Physiology 26: 441-448. - doi:
10.1093/treephys/26.4.441

Kolasa J, Rollo C (1991). Introduction: the hetero-
geneity of heterogeneity: a glossary. In: “Ecolo-
gical heterogeneity” (Kolasa J, Pickett STA eds).
Springer,  New  York,  USA,  pp.  1-23.  -  doi:
10.1007/978-1-4612-3062-5_1

Kotliar NB, Wiens JA (1990). Multiple scales of
patchiness  and  patch  structure:  a  hierarchical
framework for the study of heterogeneity. Oikos
59: 253-260. - doi: 10.2307/3545542

Küppers M (1985). Carbon relations and competi-
tion between woody species in  a Central Euro-
pean  hedgerow.  Oecologia  66:  343-352.  -  doi:
10.1007/BF00378296

Leakey AD, Scholes JD, Press MC (2005).  Phy-
siological  and  ecological  significance  of  sun-
flecks for dipterocarp seedlings. Journal of Expe-
rimental  Botany  56:  469-482.  -  doi:  10.1093/
jxb/eri055

Lieberman  M,  Lieberman  D,  Peralta  R  (1989).
Forests are not just Swiss cheese: canopy stereo-
geometry of non-gaps in tropical forests. Ecology
70: 550-552. - doi: 10.2307/1940201

Lieffers  VJ,  Messier  C,  Stadt  KJ,  Gendron  F,
Comeau  PG  (1999).  Predicting  and  managing
light  in  the  understory of boreal forests.  Cana-
dian  Journal of Forest Research 29: 796-811.  -
doi: 10.1139/x98-165

Lusk CH (2004). Leaf area and growth of juvenile
temperate  evergreens  in  low  light:  species  of
contrasting  shade  tolerance change rank during
ontogeny.  Functional  Ecology  18:  820-828.  -
doi: 10.1111/j.0269-8463.2004.00897.x

Marthews  T, Burslem D,  Phillips  R,  Mullins  C
(2008).  Modelling  direct  radiation  and  canopy
gap  regimes  in  tropical  forests.  Biotropica  40:
676-685. - doi:  10.1111/j.1744-7429.2008.0043
1.x

McDonald RI, Urban DL (2004). Forest edges and
tree  growth  rates  in  the  North  Carolina  Pied-
mont.  Ecology 85: 2258-2266. - doi:  10.1890/0
3-0313

Montgomery  RA,  Chazdon  RL  (2002).  Light
gradient partitioning by tropical tree seedlings in
the absence of canopy gaps. Oecologia 131: 165-
174. - doi: 10.1007/s00442-002-0872-1

Naumburg  E,  Ellsworth  DS,  Katul  GG (2001).

© SISEF http://www.sisef.it/iforest/ 454  iForest  8: 448-455

http://dx.doi.org/10.1111/j.1744-7429.2009.00620.x
http://dx.doi.org/10.1111/j.1744-7429.2009.00620.x
http://books.google.com/books?id=QqNooptkYh4C
http://books.google.com/books?id=QqNooptkYh4C
http://dx.doi.org/10.1007/s00442-010-1832-9
http://dx.doi.org/10.1023/A:1012525626267
http://dx.doi.org/10.1023/A:1012525626267
http://dx.doi.org/10.2307/1940200
http://dx.doi.org/10.1139/x90-084
http://dx.doi.org/10.1139/x90-084
http://dx.doi.org/10.2307/1310177
http://dx.doi.org/10.2307/1310177
http://dx.doi.org/10.2307/1311725
http://dx.doi.org/10.1016/0169-5347(94)90087-6
http://dx.doi.org/10.1890/0012-9615(2000)070%5B0171:IORCIF%5D2.0.CO;2
http://dx.doi.org/10.1890/0012-9615(2000)070%5B0171:IORCIF%5D2.0.CO;2
http://dx.doi.org/10.1093/aob/mcp286
http://dx.doi.org/10.1146/annurev.es.18.110187.002243
http://dx.doi.org/10.1146/annurev.es.18.110187.002243
http://dx.doi.org/10.1046/j.1365-2745.1998.00295.x
http://dx.doi.org/10.1046/j.1365-2745.1998.00295.x
http://dx.doi.org/10.1890/0012-9658(1999)080%5B1927:EPIAFS%5D2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(1999)080%5B1927:EPIAFS%5D2.0.CO;2
http://dx.doi.org/10.1016/j.foreco.2008.06.035
http://dx.doi.org/10.1016/j.foreco.2008.06.035
http://dx.doi.org/10.1034/j.1600-0587.2003.03586.x
http://dx.doi.org/10.2307/3235927
http://www.cabdirect.org/abstracts/20123245182.html
http://www.cabdirect.org/abstracts/20123245182.html
http://dx.doi.org/10.1046/j.1365-3040.2002.00881.x
http://dx.doi.org/10.2307/3546366
http://dx.doi.org/10.1016/S0169-5347(97)87382-X
http://dx.doi.org/10.1016/S0169-5347(97)87382-X
http://dx.doi.org/10.1007/BF00324232
http://dx.doi.org/10.1007/BF00324232
http://dx.doi.org/10.1093/treephys/26.4.441
http://dx.doi.org/10.1007/978-1-4612-3062-5_1
http://dx.doi.org/10.2307/3545542
http://dx.doi.org/10.1007/BF00378296
http://dx.doi.org/10.1093/jxb/eri055
http://dx.doi.org/10.1093/jxb/eri055
http://dx.doi.org/10.2307/1940201
http://dx.doi.org/10.1139/x98-165
http://dx.doi.org/10.1111/j.0269-8463.2004.00897.x
http://dx.doi.org/10.1111/j.1744-7429.2008.00431.x
http://dx.doi.org/10.1111/j.1744-7429.2008.00431.x
http://dx.doi.org/10.1890/03-0313
http://dx.doi.org/10.1890/03-0313
http://dx.doi.org/10.1007/s00442-002-0872-1
http://jem.forrex.org/forrex/index.php/jem/article/viewArticle/240
http://jem.forrex.org/forrex/index.php/jem/article/viewArticle/240
http://books.google.com/books?hl=en&lr=&id=X8jwI0WE1s4C&oi=fnd&pg=PA1&dq=+%22Sunflecks+and+their+importance%22+%22Chazdon%22&ots=RfVt6O1tpm&sig=ZCCzkn4wXwhRQpn_NB0rj0v3c7Q&redir_esc=y#v=onepage&q=%22Sunflecksandtheirimportance%22%22Chazdon%22&f=false
http://books.google.com/books?hl=en&lr=&id=X8jwI0WE1s4C&oi=fnd&pg=PA1&dq=+%22Sunflecks+and+their+importance%22+%22Chazdon%22&ots=RfVt6O1tpm&sig=ZCCzkn4wXwhRQpn_NB0rj0v3c7Q&redir_esc=y#v=onepage&q=%22Sunflecksandtheirimportance%22%22Chazdon%22&f=false


Méndez-Dewar G et al. - iForest 8: 448-455 

Modeling dynamic understory photosynthesis of
contrasting species in ambient and elevated car-
bon  dioxide.  Oecologia  126:  487-499.  -  doi:
10.1007/s004420000543

Nicotra A, Chazdon RL, Iriarte SV (1999). Spatial
heterogeneity of light and woody seedling rege-
neration  in  tropical  wet  forests.  Ecology  80:
1908-1926. - doi:  10.1890/0012-9658(1999)080
[1908:SHOLAW]2.0.CO;2

Niinemets  U (1998).  Growth  of  young  trees  of
Acer  platanoides and  Quercus  robur along  a
gap-understory continuum: interrelationships be-
tween allometry,  biomass  partitioning,  nitrogen
and  shade-tolerance.  International  Journal  of
Plant  Sciences  159:  318-330.  -  doi:  10.1086/
297553

Norby RJ, Ogle K, Curtis PS, Badeck FW, Huth
A,  Hurtt  GC,  Kohyama  T,  Peñuelas  J  (2001).
Aboveground  growth  and  competition  in  forest
gap models: an analysis  for studies  of climatic
change.  Climatic  Change  51:  415-447.  -  doi:
10.1023/A:1012510619424

Osunkoya OO, Ash JE, Hopkins MS, Graham AW
(1992).  Factors  affecting  survival  of  tree seed-
lings in North Queensland rainforests. Oecologia
91: 569-578. - doi: 10.1007/BF00650333

Osunkoya OO, Ash JE, Hopkins MS, Graham AW
(1994). Influence of seed size and seedling eco-
logical  attributes  on  shade-tolerance  of  rain-
forest tree species in northern Queensland. Jour-
nal of Ecology 82: 149-163. - doi: 10.2307/2261
394

Parrish JAA, Bazzaz FA (1985). Ontogenetic ni-
che  shifts  in  old-field  annuals.  Ecology  66:
1296-1302. - doi: 10.2307/1939182

Pearcy  RW  (1983).  The  light  environment  and
growth of C3 and C4 species in the understorey
of a Hawaiian forest. Oecologia 58: 26-32. - doi:
10.1007/BF00384538

Pearcy RW (1999). Responses of plants to hetero-
geneous  light  environments.  In:  “Handbook  of
functional plant  ecology” (Pugnaire F, Vallada-
res F eds). Marcel Dekker, New York, USA, pp.
269-314.

Pearcy  RW,  Chazdon  RL,  Gross  LJ,  Mott  KA
(1994). Photosynthetic utilization of sunflecks, a

temporally  patchy  resource  on  a  time  scale  of
seconds to minutes. In: “Exploitation of environ-
mental heterogeneity by plants: Ecophysiological
processes  above  and  below ground”  (Caldwell
MM, Pearcy RW eds). Academic Press, San Die-
go, CA, USA, pp. 175-208. - doi: 10.1016/B978-
0-12-155070-7.50011-1

Poorter L, Bongers F, Sterck FJ, Woll H (2005).
Beyond the regeneration phase: differentiation of
height-light trajectories among tropical tree spe-
cies.  Journal  of  Ecology  93:256-267.  -  doi:
10.1111/j.1365-2745.2004.00956.x

Powles SB (1984).  Photoinhibition  of photosyn-
thesis induced by visible light. Annual Review in
Plant  Physiology  35:15-44.  -  doi:  10.1146/an-
nurev.pp.35.060184.000311

R Development Core Team (2008). R: a language
and environment  for statistical  computing (ver-
sion 3.0.2). R Foundation for Statistical Compu-
ting, Vienna, Austria. [online] URL: http://www.
R-project.org

Rozendaal DMA, Hurtado VH, Poorter L (2006).
Plasticity in leaf traits of 38 tropical tree species
in response to light; relationships with light de-
mand and adult stature. Functional Ecology 20:
207-216.  -  doi:  10.1111/j.1365-2435.2006.011
05.x

Runkle JR (1981). Gap regeneration in some old-
growth forests of the eastern United States. Eco-
logy 62: 1041-1051. - doi: 10.2307/1937003

RStudio (2012). RStudio: integrated development
environment  for  R  (version  0.97.551).  Boston,
MA, USA. [online] URL: http://www.rstudio.org

Sims DA, Pearcy RW (1993). Sunfleck frequency
and  duration  affects  growth  rate  in  understory
plant, Alocasia macrorrhiza. Functional Ecology
7: 683-689. - doi: 10.2307/2390189

Smith W, Knapp A, Reiners W (1989). Penumbral
effects on sunlight penetration in plant commu-
nities. Ecology 70: 1603-1609. - doi: 10.2307/19
38093

Smith  WK,  Berry  ZC  (2013).  Sunflecks?  Tree
physiology 33: 233-237. - doi: 10.1093/treephys/
tpt005

Stuefer JF (1996). Potential and limitations of cur-
rent  concepts  regarding  the  response  of  clonal

plants to environmental heterogeneity. Vegetatio
127: 55-70. - doi: 10.1007/BF00054847

Stuefer JF, During H, de Kroon H (1994).  High
benefits  of  clonal  integration  in  stoloniferous
species in response to heterogeneous light envi-
ronments. Journal of Ecology 82: 511-518. - doi:
10.2307/2261260

Ter Steege H (1994). Hemiphot: a programme to
analyze vegetation indices, light and light quality
from  hemispherical  photographs.  Tropenbos,
Wageningen, The Netherlands, pp. 44.

Valladares  F  (2003).  Light  heterogeneity  and
plants:  from  ecophysiology  to  species  coexist-
ence  and  biodiversity.  Progress  in  Botany  64:
439-471. - doi: 10.1007/978-3-642-55819-1_17

Valladares F, Aranda I, Sánchez-Gómez D (2004).
La luz como factor ecológico y evolutivo para las
plantas y su interacción con el agua [Light as an
ecological and evolutionary factor for plants and
their  interaction  with  water].  In:  “Ecología  del
bosque  mediterráneo  en un  mundo  cambiante”
(Valladares F ed). Organismo Autónomo de Par-
ques Nacionales. Ministerio de Medio Ambiente,
Madrid, Spain, pp. 335-369.

Veblen TT (1989). Tree regeneration responses to
gaps along a trans Andean gradient. Ecology 70:
541-543. - doi: 10.2307/1940197

Walters M, Reich P (1999). Low-light carbon ba-
lance  and  shade  tolerance  in  the  seedlings  of
woody plants:  do  winter  deciduous  and  broad-
leaved evergreen species differ? New Phytologist
143: 143-154. - doi:  10.1046/j.1469-8137.1999.
00425.x

Wayne PM, Bazzaz FA (1993). Birch seedling re-
sponses to daily time courses of light in experi-
mental forest gaps and shadehouses. Ecology 74:
1500-1515. - doi: 10.2307/1940078

Weis E, Berry JA (1988). Plants and high temper-
ature stress. Symposia of the Society for Experi-
mental Biology 42: 329-346.

Wolstenholme  B,  Whiley  A (1999).  Ecophysio-
logy of  the  avocado  (Persea  americana Mill.)
tree as a basis for pre-harvest management. Re-
vista Chapingo Serie Horticultura 5: 77-88. [on-
line]  URL:  http://209.143.153.251/WAC4/WA
C4_p077.pdf

iForest 8: 448-455 455  © SISEF http://www.sisef.it/iforest/ 

http://209.143.153.251/WAC4/WAC4_p077.pdf
http://209.143.153.251/WAC4/WAC4_p077.pdf
http://dx.doi.org/10.1007/s004420000543
http://dx.doi.org/10.1890/0012-9658(1999)080%5B1908:SHOLAW%5D2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(1999)080%5B1908:SHOLAW%5D2.0.CO;2
http://dx.doi.org/10.1086/297553
http://dx.doi.org/10.1086/297553
http://dx.doi.org/10.1023/A:1012510619424
http://dx.doi.org/10.1007/BF00650333
http://dx.doi.org/10.2307/2261394
http://dx.doi.org/10.2307/2261394
http://dx.doi.org/10.2307/1939182
http://dx.doi.org/10.1007/BF00384538
http://dx.doi.org/10.1016/B978-0-12-155070-7.50011-1
http://dx.doi.org/10.1016/B978-0-12-155070-7.50011-1
http://dx.doi.org/10.1111/j.1365-2745.2004.00956.x
http://dx.doi.org/10.1146/annurev.pp.35.060184.000311
http://dx.doi.org/10.1146/annurev.pp.35.060184.000311
http://www.R-project.org/
http://www.R-project.org/
http://dx.doi.org/10.1111/j.1365-2435.2006.01105.x
http://dx.doi.org/10.1111/j.1365-2435.2006.01105.x
http://dx.doi.org/10.2307/1937003
http://www.rstudio.org/
http://dx.doi.org/10.2307/2390189
http://dx.doi.org/10.2307/1938093
http://dx.doi.org/10.2307/1938093
http://dx.doi.org/10.1093/treephys/tpt005
http://dx.doi.org/10.1093/treephys/tpt005
http://dx.doi.org/10.1007/BF00054847
http://dx.doi.org/10.2307/2261260
http://dx.doi.org/10.1007/978-3-642-55819-1_17
http://dx.doi.org/10.2307/1940197
http://dx.doi.org/10.1046/j.1469-8137.1999.00425.x
http://dx.doi.org/10.1046/j.1469-8137.1999.00425.x
http://dx.doi.org/10.2307/1940078

	Spatial heterogeneity of light and tree sapling responses in the understory of disturbed montane forests
	Introduction
	Methods
	Study site
	Plots and forest gaps
	Light assessment
	Spatial light variation
	Transplanted species
	Statistical analysis

	Results
	Light plane
	Light heterogeneity in the study area
	Plant response to light heterogeneity
	Shade in brighter context (C-)
	Similar light (C=)

	Discussion
	Forest structure and understory light environments
	Plant responses to light environments

	Conclusions
	Acknowledgements
	References


