
Journal of Tropical Ecology

www.cambridge.org/tro

Research Article

Cite this article: Quevedo-Rojas A,
Jerez-Rico M, Fariñas MR, Schwarzkopf T, and
García-Núñez C (2024). Light penetration and
topography shape juvenile tree species
assemblies in the understory of the tropical
Andean cloud forest. Journal of Tropical
Ecology. 40(e21), 1–13. doi: https://doi.org/
10.1017/S0266467424000178

Received: 1 June 2023
Revised: 29 May 2024
Accepted: 20 June 2024

Keywords:
Environmental gradients; forest understory;
indicator species; tropical mountain cloud
forests (TMCFs); forest regeneration; shade
adaptation; ecological restoration; canopy
openness; floristic composition

Corresponding author:
Ana Quevedo-Rojas; Email: anaq@ula.ve

© The Author(s), 2024. Published by Cambridge
University Press. This is an Open Access article,
distributed under the terms of the Creative
Commons Attribution licence (http://creativeco
mmons.org/licenses/by/4.0/), which permits
unrestricted re-use, distribution and
reproduction, provided the original article is
properly cited.

Light penetration and topography shape
juvenile tree species assemblies in the
understory of the tropical Andean cloud forest

Ana Quevedo-Rojas1 , Mauricio Jerez-Rico2, Mario R. Fariñas3,

Teresa Schwarzkopf3 and Carlos García-Núñez3,4

1Facultad de Ciencias Forestales y Ambientales, Escuela Técnica Superior Forestal, (ETSUFOR), Universidad de Los
Andes (ULA), Conjunto Forestal, Mérida, Venezuela; 2Facultad de Ciencias Forestales y Ambientales, Centro de
Estudios Forestales y Ambientales de Postgrado (CEFAP), Universidad de Los Andes, Conjunto Forestal, Mérida,
Venezuela; 3Facultad de Ciencias, Instituto de Ciencias Ambientales y Ecológicas (ICAE), Universidad de Los Andes,
Núcleo La Hechicera, Mérida, Venezuela and 4Center for Urban and Global Studies (CUGS), Trinity College, Hartford,
CT, USA

Abstract

The floristic composition of the understory plays a fundamental role in the long-term
conservation of the diversity, structure, and function of mountain cloud forests in the Andes.
We evaluated the relationship between the understory tree floristic composition of four types of
predefined cloud forests and the canopy structure, the light transmitted to the understory, and
the effect of topography. Through multivariate analysis, we found an environmental gradient
correlated with light penetration into the understory and a gradient associated with the slope
and, to a lesser extent, with the elevation. Then, we identified floristically well-differentiated
ecological groups in response to environmental conditions; however, the groups only partially
coincided with the understory composition of the predefined forests. We found environmental
response species groups such as Roupala obovata and Beilschmiedia sulcata that are indicator
species of sites with lower light penetration into the understory but with steeper slopes and
higher elevation. In comparison, Clusia multiflora and Zanthoxylum quinduense to be the main
indicator species from sites with greater light penetration into the understory and lower slope
and elevation. These findings support appropriate species selection when implementing
restoration strategies in forest landscape restoration plans.

Introduction

Tropical humid forests represent the most diverse ecosystems on the planet, and amidst these,
tropical mountain cloud forests (TMCFs) have the greatest biological diversity and fragility
(Brown & Kappelle 2001); however, they are subject to high deforestation rates and damaging
human interventions and the effects of climate change (Aide et al. 2019, Fadrique et al. 2018,
Rodríguez-Morales et al. 2009). The TMCFs vegetation develops typically on rugged topography
under conditions of persistent cloudiness, high rainfall, relatively low temperatures, and high
humidity (Hogan & Machado 2002, Aparecido et al. 2018, Fahey et al. 2016, Luna et al. 2001,
Oliveira et al. 2014). Low solar radiation reaching the canopy is perhaps the most limiting
resource for plant growth and reproduction in these ecosystems (Pearcy 2007,Malhi et al. 2017),
mainly due to high cloudiness and terrain inclination. A complex combination of topographical
variables such as elevation, slope, and aspect, influence local climate variables such as air
temperature, precipitation, wind, and solar radiation (Aparecido et al. 2018, Cavelier 1996,
Fahey et al. 2016, Liu et al. 2023, Oliveira et al. 2014). In addition, the likelihood of natural
disturbances increases with slope, substantially changing the local light regime. The interactions
between the light environment and vegetation in the forest understory play a fundamental role
in shaping forest ecosystems’ structure, diversity, and function, influencing the future forest
community structure (Huo et al. 2014). The understory of TMCFs typically shows very low
photosynthetic photon fluxes, which can suddenly increase after tree falls and landslides (Clark
et al. 2016, Quevedo-Rojas et al. 2018, Schwarzkopf et al. 2011). Disturbances also determine
mountain ecosystems’ structure, composition, and functioning (Dar & Parthasarathy 2022).
Cloud immersion affects the amount of solar radiation that reaches TMCFs affecting
temperature and humidity. The dynamics of structure and composition of these forests are
ultimately the result of the relationships of climate, topographical variables (influencing soil
structure, nutrients, and water relations), and floristic composition, especially the understory
juvenile tree species. Even so, the role of juvenile tree communities in forest development is one
of the least studied areas in the forest ecology of cloud forests (Dar & Parthasarathy 2022,
Homeier et al. 2010, Rahman et al. 2017). This study evaluated the floristic composition of the
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juvenile tree species in the understory of four cloud forest types in
the Venezuelan Andes. These forests were classified from aerial
photographs (Rangel 2005) according to combinations of canopy
height (tall canopy, 25–30 m height; medium, 20–25 m; low, 15–20
m); upper canopy density (dense to sparse), and the number of
strata observed from the ground as indicators of structural
complexity. We hypothesize that the understories of these forests
differ in their juvenile tree floristic composition due to differences
in canopy structure/floristic composition, light penetration, and
topographic variables; therefore, we anticipate the existence of
species or groups of indicator species in the understory of
environmental conditions characteristic of each forest. Our goal
was to answer the following questions: (i) Does the understory of
these forests differ in the floristic composition of juvenile trees? (ii)
Do canopy structure, light, and topographical variables constitute
environmental gradients associated with variations in the juvenile
tree floristic composition across the understory of the forest types?
and (iii) Are there species or groups of indicator species
characterizing the understory of each forest?

Materials and methods

Study area

The study was carried out in the San Eusebio University Forest
(SEUF) which contains representative vegetation communities of
the Andean cloud forest ecosystem. The SEUF (ca. 369 ha) is
located in the Andes mountains of Mérida (8°37 000″ N–71°21 0
00″W), Venezuela (Figure 1). The forest has an irregular structure,
with broadleaf and conifer species, being the latter
(Podocarpaceae) a remarkable component of the canopy. It is
rich in tree species colonized by abundant and diverse epiphytes
(Lamprecht & Veillon 1967). Besides the Podocarpaceae;
Lauraceae, Melastomataceae, Euphorbiaceae, and Myrtaceae are
the predominant tree families (Ramos & Plonczak 2007). Elevation
ranges from 2220 to 2440 meters above sea level (masl)
(Schwarzkopf et al. 2011) and the climate is characterized by
persistent cloudiness occurring year-round, an average annual
precipitation of 1,500 mmwith a short dry season between January
and March, an average year temperature of 14.9°C, and relative
humidity above 90%. The general topography goes from rounded
hills with gentle slopes to steep and abrupt hills and ravines
(Márquez 1990).

The area is a pristine primary forest (Rollet 1984), although
some anthropic disturbance occurred in the 1950s (Schwarzkopf
et al. 2011). The four forest types identified by Rangel (2005) were
classified as tall dense forest (TDF), medium-tall medium-dense
forest (MMDF), low dense forest (LDF), and low sparsely-dense
forest (LSF) (Figure 1). The TDF is characterized by a tall
continuous canopy (25–30 m) and a complex structure with three
well-differentiated strata: an upper dense stratum between 25 and
30 m high, with sparse emergent trees that can reach 40 m in
height; an intermediate stratum between 20 and 25 m tall, formed
by medium-size tree species and smaller trees of emergent species;
and a lower stratum 10–15 m tall formed by small trees, shrubs,
and regeneration of large trees. The MMDF is characterized by an
upper stratum 20–25 m tall formed by an almost continuous
canopy with medium-sized emergent trees. A second stratum is
15–18 m tall, and a third stratum is around 10 m tall composed of
small trees, young medium-sized trees, and shrubs. The LDF has
two strata, the upper dense one forming a continuous canopy 18–
20 m tall and a second stratum 10–15 m tall. The LSF has a single

open stratum of 8–10m, with sparse emergent trees rarely reaching
15–20 m tall (Figure S1). Gaps in these forests are usually small
with areas of 50–400 m2 (Quevedo et al. 2016). Larger gaps formed
by disturbances such as landslides are quickly covered by bamboo
(Chusquea sp.) and vines that often limit the regeneration of tree
species.

Sampling

We used the vegetation map of Rangel (2005) for delimiting the
areas to sample in the selected forests, excluding sites previously
identified as being close to the land-farm frontier, sites logged in
the past, or with signs of previous silvicultural intervention (e.g.,
presence of planted trees). Further, we established a stratified
sampling design with proportional allocation, i.e., the sample size
was determined according to each forest’s relative weight (area).
On the map, a starting point was randomly selected in each forest
and identified by its geographic coordinates. From these points,
‘virtual’ sampling grids were laid out using MapSetToolkit v.1.77
(Anon 2022). The ‘virtual’ grids consisted of parallel transects of
variable length (100–1,000 m), traced 100 m apart and
perpendicularly oriented in the predominant slope direction.
Also, the starting point of each transect was randomly chosen, and
successive points were located systematically every 30m (Figure 1).
The base map, grids, and points were transferred to a Garmin 60
CSX GPS, so in the field, the sample points could be accessed
through the shortest/easiest path, minimizing the aperture of trails
in the forest. The geographic coordinates (Universal Transverse
Mercator -UTM-) and elevation (masl) were stored for each
sample point. The position error (±5 m) was minimized with the
“waypoint averaging” option. At each point, a 1-m radius circular
plot (3.14 m2) was laid out, and the juveniles of tree species 30–150
cm tall were identified and measured, excluding resprouts.
Individuals below 30 cm tall were discarded since they have a
large chance of death from droughts, floods, and pathogens. For
each juvenile tree, we recorded the species name and total height.
In addition, large plots (200 m2, r= 7.92 m) were established
surrounding a fraction of the 3.14 m2 plots (one in five). In these
large plots, all trees above 1.50m tall weremeasured for total height
and diameter at breast height (dbh -1.30 m), considering (a) trees
above 1.50 m tall and dbh ≤ 5 cm and (b) trees with dbh ≥ 5 cm.
Also, the total height of the three largest trees per plot was
measured to obtain the average upper canopy height. To avoid plot
shape distortion, we applied slope correction to the plots when the
slope was ≥5%. In total, 749 (3.14 m2) plots were established. For
vegetation and environmental variables analyses, 36 plots were
discarded as juvenile trees were absent or light measurements
could not be taken. The final sample size (n) for the analysis of
juveniles was 653 plots (see Table S1), TDF (n= 261), MMDF
(n= 170), LDF (n =175), and LSF (n= 47) and 105 large plots
(Table S2) for adult trees, TDF (n= 32), MMDF (n= 31), LDF
(n= 30), and LSF (n =12).

Sampling effort

We used a systematic design with a random selection of the first
plot to ensure adequate coverage of the delimited area. Systematic
sampling can be more than twice as efficient as random sampling
for a similar sample size (Iles 2003). These forests have a rugged
topography, a dense understory with shrubs, vines, and bamboo as
well as frequent rains and high humidity that limit time for field
work and use of equipment. We chose a small plot size for
measuring juveniles due to the large abundance of juveniles of
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vines, shrubs, and trees. Also, we looked at causing minimum
disturbance by reducing the need to walk within the plot. On the
other hand, using bigger plots could increase the potential to miss
or step on individuals. Yet, the efficient selection of sampling size
for evaluating plant communities remains a debatable issue
(Stohlgren 2007, Sgarbi et al. 2020). The sampling intensity for
each forest was between 0.17% and 0.22% for juvenile trees,
whereas for the adult trees, it was between 1.61% and 6.22%.
Overall, the sample fraction for juvenile trees in each forest was
well-balanced (Tables S1 and S2).

To verify adequate sample coverage, we determined the
sampling effort using the species accumulation curve (SAC),
considered more appropriate to estimate sampling effort than the
traditional species-area curve, as our sample had non-contiguous
plots (Dengler 2008). Chazdon et al. 2023 define ‘sample coverage’
as the total relative abundances of the observed species, or

equivalently, the proportion of the total number of individuals in
an assemblage that belong to the species represented in the sample.
The software iNEXT (Interpolation-Extrapolation) from Chao
et al. (2014) was used to estimate the sampling effort in terms of the
Hill numbers according to Hsieh et al. (2016): q0 (species richness),
q1 (Shannon index or evenness, representing the typical species),
and q2 (Simpson index of diversity representing the dominant
species). We generated the SAC for each qi number with 95%
confidence intervals and the sampling effort for observed,
interpolated, and extrapolated number of samples (until doubling
the reference sample size).

Environmental variables

To estimate the light environment and canopy structure variables,
we took hemispherical photographs in the centre of each circular

Figure 1. Location of the SEUF study area in Mérida, Venezuela. In the figure at the right is the legend for the total area and the chosen forests: tall dense forest (TDF), low dense
forest (LDF), medium-tall medium-dense forest (MMDF), and low sparse forest (LSF). The yellow parallel lines are the virtual transects, and the green points represent the points
where plots are located (adapted from Rangel 2005).

Journal of Tropical Ecology 3

https://doi.org/10.1017/S0266467424000178 Published online by Cambridge University Press

https://doi.org/10.1017/S0266467424000178
https://doi.org/10.1017/S0266467424000178
https://doi.org/10.1017/S0266467424000178


plot with a Nikon FC-E8 hemispherical ‘Fisheye’ lens (optical
field = 183°) attached to a 10-megapixel Nikon COOLPIX P5000
digital camera mounted on a tripod and levelled to keep the
equipment completely horizontal. The photos were taken at 1.5 m
aboveground under overcast conditions following the protocol of
Zhang et al. (2005) for determining correctly the degree of light
exposition (control of lens aperture and shutter speed), thus
optimizing the estimates of light variables. Extensive field testing at
sites with open sky but uniform cloud cover allowed us to find the
appropriate lens aperture (f5.3 to f5.4) and shutter speeds (1/125 to
1/250) with ISO 200 (Quevedo-Rojas et al. 2015). We pre-
processed the images to correct the lens distortion (183° to 180°)
according to Frazer et al. (2001) based on a third-order polynomial:

Y ¼ 6:638X � 0:0025X2 � 2:401E � 0:5X3 0
� � X � 90

�

where Y is the radial position of a projected point measured in
pixels from the optical centre of a full-resolution digital image
(1600 × 1200 pixels) and X is the angular distance. We used
SIDELOOK v.1.1 (Nobis &Hunziker 2005) to automatically obtain
the optimum thresholds corresponding to open sky and vegetation.
We processed the corrected images with Gap Light Analyzer
(GLA) v. 2.0 (Frazer et al. 1999) to process and analyse the
hemispherical photographs. The GLA simulates the solar radiation
regime and vegetation characteristics. The software uses the
latitude, longitude, growing season, elevation, and slope to estimate
the parameters related to light, calculating the position of the Sun
for the hours of the day and the days of the year, as well as the effect
of the slope on the amount of theoretical light that would reach a
surface unit at 1.5 m from the ground. Also, GLA estimates several
variables related to the light environment and canopy structure.
The proportions of direct and diffuse radiation in the cloudy sky
were determined as indicated by Frazer et al. (1999). We estimated
leaf area index (LAI), percentage of canopy openness (%CO),
percentage of direct sunlight (%TDir), and diffuse sunlight
(%TDif) transmitted from the canopy to the understory and
variables indicating topographical position (slope and elevation).
For each plot, we measured the slope (%) in the steepest direction
with a clinometer CST/Berger 6-3/8, and then we transformed it to
an inclination angle (degrees) concerning the horizontal plane.

Relationships between adult and juvenile tree composition

Adult species composition could influence understory composi-
tion; nevertheless, making a direct study of a cause–effect
association between the presence of juvenile and adult trees at
the plot level was beyond the scope of this study. To gain an insight
into the possible relationships between the relative importance of
adult trees of a given species and the relative importance of
juveniles of that same species in the understory, we calculated the
Species Importance Value Index (IVI) and the Relative Natural
Regeneration (RNR). The IVI is the well-known importance value
of the American Forestry School (Curtis 1959, Curtis & McIntosh
1951) which estimates the importance of each species in terms of
their relative dominance (%RD), frequency (%RF), and abundance
(%RA) considering trees≥5 cm dbh. The IVI= (%RDþ%RFþ%
RA)/3 must add up to 100 considering all tree species. On the other
hand, the RNR (Finol 1971) is similar to the IVI but considers all
juveniles up to 150 cm tall, where RNR= (%RAþ%RFþ%RSC)/3
must add up to 100; with RSC = relative size category (percentage
of individuals per species in each juvenile size category). The IVI
(adults) of each species by forest was compared with the %RNR

(juveniles) to check whether both indicators are correlated for each
species. In addition, we determined the distribution of heights by
species and forest type. The shape of the height distribution
indicates how abundant is the regeneration of a given species in
regards to the abundance of adult trees.

Statistical analysis

For each forest, we calculated the descriptive statistics for the
environmental variables and then we tested for the differences of
each variable between forests through a nonparametric one-way
analysis of variance based on the Kruskal–Wallis test (Kruskal &
Wallis 1952) using PAST 4.03 (Hammer et al. 2001). Pairwise
differences were determined with a posterior Dunn’s test to
compare the medians of environmental variables between forests.
Then, the p-values were corrected using the Bonferroni correction
for multiple tests (p= 0.05). Further, a multivariate partial
correlation test was run to analyse the correlation structure
between environmental variables.

We used PC-ORD v 5.0 (McCune & Mefford 1999) to run a
detrended correspondence analysis (DCA) (Hill 1979a) for
comparing the floristic composition of juveniles between forest
understories. In the DCA ordination plane, the closest sites (plots)
reflect a greater similarity in floristic composition than sites farther
away. Additionally, we checked the correlation of the environ-
mental variables with the ordination axes to identify the dominant
environmental gradients. Further, a two-way indicator species
analysis (TWINSPAN) was run to corroborate the existence of
groups of species assemblages (Hill 1979b). In addition, significant
differences among groups were tested with the multi-response
permutation procedure (MRPP) of Mielke & Berry (2007), a non-
parametric method that examines differences in the assembly
structure between groups defined ‘a priori’. We chose the squared
Euclidean distance as the most appropriate for abundance data
(McCune & Grace 2002); and then we applied indicator species
analysis (ISA) to identify the species discriminating the
TWINSPAN groups (Dufrêne and Legendre 1997). For each
species, the ISA estimates a species indicator value (SIV) between 0
and 100, reaching the maximum when all individuals of a species
occur in all sites of a group. The SIV expresses, in percentage, the
capacity of a given species as an indicator of a group of sampling
units chosen ‘a priori’ or as a product of a grouping. The method
selects indicator species based on both high specificity and high
fidelity to a specific group. This technique is robust to differences in
sample sizes within groups and abundances among species. The
statistical significance of the indicator value of each species was
computed by a Monte Carlo randomization process with 1,000
permutations. Afterwards, we applied the weighted averaging
(WA)method (Gauch 1982, ter Braak & Looman 1995) to estimate
each species’ optimum regarding the environmental variables.
Finally, we performed a cluster analysis to define species groups
based on their environmental similarities determined from theWA
using Ward’s method as a group link method. If not otherwise
mentioned, PC-ORD v. 5.0. was used in all analyses.

Results

We found a total of 53 species of juvenile trees for the whole
sample, but formultivariate analyses discarded 13 of themwith less
than 4 individuals per species to reduce the noise in the data that
might distort the analysis (these species comprised only 28
individuals); therefore, for analyses, we used 40 (3,858 plants)
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Table 1. List of identified species of juvenile trees in the cloud forest sampled area. San Eusebio University Forest, Mérida, Venezuela

N° Scientific name Abbreviation Family Abundance

1 Myrcia acuminata (Kunth) DC. Myac Myrtaceae 595

2 Aegiphila ternifolia (Kunth) Moldenke Aete Lamiaceae 535

3 Myrcia fallax (Rich.) DC. Myfa Myrtaceae 434

4 Prunus moritziana Koehne Prmo Rosaceae 358

5 Eugenia tamaensis Steyerm. Euta Myrtaceae 233

6 Miconia meridensis Triana Mime Melastomataceae 169

7 Solanum tovarense Bitter Soto Solanaceae 155

8 Myrsine ferruginea (Ruiz & Pav.) Spreng. Myfe Primulaceae 142

9 Ocotea macropoda (Kunth) Mez Ocma Lauraceae 115

10 Ladenbergia undata Klotzsch Laun Rubiaceae 105

11 Zanthoxylum quinduense Tul. Zaqu Rutaceae 104

12 Aiouea guianensis Aubl. Aigu Lauraceae 78

13 Casearia tachirensis Steyerm Cata Salicaceae 73

14 Myrcianthes karsteniana (Klotzsch ex O. Berg) McVaugh Myka Myrtaceae 68

15 Cyathea caracasana (Klotzsch) Domin Cyca Cyatheaceae 62

16 Eschweilera monosperma Pittier Esmo Lecythidaceae 58

17 Hieronyma moritziana (Müll. Arg.) Pax & K.Hoffm. Hymo Phyllanthaceae 52

18 Weinmannia jahnii Cuatrec. Weja Cunoniaceae 52

19 Roupala obovata Kunth Roob Proteaceae 50

20 Clusia multiflora Kunth Clmu Clusiaceae 40

21 Beilschmiedia sulcata (Ruiz & Pav.) Kosterm. Besu Lauraceae 39

22 Nectandra laurel Klotzsch ex Nees Nela Lauraceae 37

23 Ruagea pubescens H.Karst. Rupu Meliaceae 37

24 Alchornea grandiflora Müll. Arg. Algr Euphorbiaceae 36

25 Billia colombiana (Planch. & Linden) C.Ulloa & P.M.Jørg. Bico Sapindaceae 36

26 Oreopanax reticulatus L.H.Bailey Orre Araliaceae 35

27 Oreopanax capitatus (Jacq.) Decne. & Planch. Orca Araliaceae 30

28 Retrophyllum rospigliosii (Pilg.) C.N.Page Rero Podocarpaceae 20

29 Miconia resimoides Cogn. Mire Melastomataceae 19

30 Ternstroemia acrodantha Kobuski & Steyerm. Teac Pentaphylacaceae 15

31 Myrcia sp. Mysp Myrtaceae 13

32 Cinchona pubescens Vahl Cipu Rubiaceae 10

33 Vochysia meridensis Marc. Berti Vome Vochysiaceae 10

34 Nectandra rigida Nees Neri Lauraceae 9

35 Podocarpus oleifolius D.Don Pool Podocarpaceae 8

36 Hedyosmum brasiliense Mart. Hebr Chloranthaceae 6

37 Tetrorchidium rubrivenium Poepp. Teru Euphorbiaceae 6

38 Cinnamomum triplinerve (Ruiz & Pav.) Kosterm. Citr Lauraceae 5

39 Clusia minor L. Clmi Clusiaceae 5

40 Havetia laurifolia Kunth Hala Clusiaceae 4

41 Ardisia sp. Arsp Primulaceae 3

42 Cedrela montana Moritz ex Turz. Cemo Meliaceae 3

43 Hyeronima oblonga Tul. Hyob Euphorbiaceae 3

(Continued)
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species (Table 1). The four forests differed in structural character-
istics (Table 2). Increasing canopy height is observed from the low
to the tall forests, and increasing stand density is observed from
sparse to dense forests. Also, the distribution of trees by height
categories showed a pyramidal shape for all forests. The
distribution of most species was also pyramidal suggesting an
adequate number of individuals to replace the upper categories
(Figure S2).

Defining what is a rare species within a sample is usually a
researcher’s decision (McCune and Grace 2002, Poos and Jackson
2012). Usually, species occurring at a single site are eliminated
(Legendre & Legendre 1998, Poos & Jackson 2012). Other
researchers suggest removing rare species that occur in <5%
(McGarigal et al. 2000) or <10% (Marchant 1990, McCune &
Grace 2002) of sites (see Poos & Jackson 2012).

For the juvenile trees (height= 30–150 cm), the rarefaction–
extrapolation curves indicate that the sampling effort is adequate
as the curves for the Hill numbers tend to reach a plateau as the
number of sampled individuals increases (Figure S3). Only for q0
(species richness), the graph for the LSF indicates a rather low
sampling effort, but for q1 and q2 emphasizing typical and
dominant species, there is an ample plateau. Also, the sampling
effort efficiency was between 0.975 and 1 for each forest and
diversity index as shown by the coverage-based rarefaction and
extrapolation for the juveniles (Figure S4) and adult trees
(Figure S5), respectively.

To analyse the relationships between adult and juvenile tree
composition, we calculated the IVI for each forest (Table S3) which
did not show a clear dominance of any particular species in any
forest, with a maximum of two species showing an IVI> 10%
except the LSF with five species> 10%. There were no dominant

species across sites, with none representing more than 19% of the
total RNR for a given forest. Several species showed a positive
relationship between IVI (adult importance) and RNR (juveniles),
but others showed an inverse relationship, i.e., species with high
IVI had very low RNR. For example, in the TDF,Myrcia fallax had
the highest IVI (15.9) but a relatively low RNR (6.8); on the other
hand, Aegiphila ternifolia with a low IVI (1.0), showed the largest
share of RNR (12.2). Also, Retrophyllum rospigliosii, a species that
represents a large fraction of the canopy cover due to the large
crowns of emergent individuals, occupied the second place for both
IVI and %RNR.

In the MMDF, M. fallax had the largest IVI (13.6) and a good
portion of the RNR (9.2); however, Eschweilera monosperma,
second in IVI (9.2) showed a very low RNR (2.6); whereas,Myrcia
acuminata in third place with an IVI of 7.8 has the largest share in
RNR (15.5). Also,M. fallax andM. acuminata are within the three
most important species in terms of IVI for three of the forests and
have a good share of the RNR in these forests. On the other hand, in
the LSF, four species (Hyeronima moritziana,Miconia resimoides,
Alchornea grandiflora, and Clusia minor) account for more than
50% of the IVI; however, together they represent only 15% of the
RNR; meanwhile, less important species have a higher RNR, for
example; Zanthoxylum quinduense (16.2), Eugenia tamaensis
(10.4), and Prunus moritziana (10.4). So, some species that
dominate the canopy in the adult stage (IVI) show low
regeneration; whereas others with a low IVI have a high RNR
which could lead them to dominate the canopy in the future.
Although we could observe many seedlings (<5 cm tall) of several
species below the crown of adults, this did not imply a high
abundance of 30–150 cm juvenile trees. Most seedlings usually die
after the first year of germination.

Table 1. (Continued )

N° Scientific name Abbreviation Family Abundance

44 Laplacea fruticosa (Schrad.) Kobuski Lafr Theaceae 3

45 Ocotea sp. Ocsp Lauraceae 3

46 Clethra fagifolia Kunth (H.B.K.) Sleum. Clfa Clethraceae 2

47 Graffenrieda latifolia subsp. meridensis Wurdack GrLa Melastomataceae 2

48 Inga oerstediana Berth. ex Seem Inoe Fabaceae 2

49 Sapium stylare Muell. Arg. Sast Euphorbiaceae 2

50 Viburno tinoides L.F.f venezuelensis (Killip &Smith) Steyerm. Viti Caprofiliaciae 2

51 Ocotea karsteniana Mez Ocka Lauraceae 1

52 Ormosia tovarensis Pittier Orto Fabaceae 1

53 Passiflora lindeniana Planch. ex Triana & Planch Pali Passifloraceae 1

Total 3886

Table 2. Average and standard deviations of selected forest structure variables (trees > 5 cm dbh) by forest type. TDF (tall dense forest); MMDF (medium-tall medium-
dense forest); LDF (low tall dense forest); and LSF (low tall sparse forest)

Forest type Canopy height (m) Basal area (m2ha−1) Density (trees ha−1)

TDF 26.6 ± 3.6 47.3 ± 9.2 1251 ± 228

MMDF 23.4 ± 4.4 36.7 ± 3.13 561 ± 102

LDF 20.4 ± 3.2 41.7 ± 4.1 635 ± 116

LSF 17.2 ± 5.4 22.9 ± 3.54 510 ± 147
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Forest types and environmental variables

There were significant differences (p< 0.01) for the median of
environmental variables between forests as indicated by the
Kruskal–Wallis test (i.e., for a given variable, at least one forest
differed from the others). The posteriori Dunn test (Bonferroni
corrected) showed the statistical significance (p< 0.05) of pairwise
comparisons between forests. For example, MMDF and LDF
differed significantly only in slope and elevation. The TDF and the
LSF differed significantly in all variables (Figure 2). Also, the TDF
differed from the other forests, showing the lowest values for
variables related to transmitted light (%TDir, %TDif) and %CO,
but significantly higher values for LAI. Regarding topographical
variables, all forests differed significantly in slope and elevation.
The multivariate partial correlation test (Table 3) showed high
negative to positive (−0.80 to 0.82) correlations between light/
structure variables and low correlation between topography
variables (0.2). Also, correlations between light/structure and
topographical variables were low (−0.09 to 0.07).

The DCA showed gradient lengths≥ 4 standard deviations,
indicating the appropriateness of using this method (Lepš &
Šmilauer 2003). The first and second ordination axes explained a
variance of 26.1% (18.8% and 7.3%, respectively). Canopy
structure, transmitted light, and topographical variables were well
correlated with the first two axes. In the ordination graph, the TDF
plots were displayed mainly to the left of axis 1, clearly separated

from the LSF plots located to the right of this axis; however, the
LDF and MMDF plots were mainly at the centre of the ordination
plot, showing a high overlap (Figure 3). Thus, the ordination
matched only partially at the understory level with the Rangel’s
forest classification. Since there was no clear separation of the
understory among forest types with the DCA, we explored whether
the sites could be separated with a TWINSPAN and tested for
statistical differences with MRPP. TWINSPAN generated four
groups (G): G1 (n= 151), G2 (n= 139), G3 (n= 291), and G4
(n =72). The value for the statistic A was 0.16 (p< 0.0001),
indicating that at least one group had a different floristic
composition. Notice, that for ecological communities, the A values
are usually below 0.1, with A= 0.3 considered high (McCune &
Grace 2002). Further, to detect which groups were different, we
tested for pairwise differences between groups. Significant
differences (p< 0.0001) were found for all comparisons: G1 and
G2 (A= 0.09), G1 and G3 (A= 0.13), G1 and G4 (A = 0.11), G2
and G3 (A= 0.09), G2 and G4 (A= 0.14), and G3 and G4
(A = 0.09). These understory groups do not match the site
composition observed in the forest types. Rather, Forests 1 and 4
match Groups G1 and G4. Whereas, Groups G2 and G3 do not
match any of the forest.

Then, we ran the DCA again with the same specifications, but
using the groups created with TWINSPAN (understory compo-
sition) as a categorical variable. The DCA graph (Figure 4) shows
the ordination axes, sites (points), environmental variables

Figure 2. Descriptive statistics and Kruskal–Wallis analysis of variance test results of environmental variables: canopy openness (%CO), leaf area index (LAI), transmitted direct
light (%TDir), transmitted diffuse light (%TDif), slope (Slope%), and elevation (masl) by forest: tall dense forest (TDF), medium-tall medium-dense forest (MMDF), low dense forest
(LDF), and low sparse forest (LSF). Violin shapes show sample plot distribution. The same letters (a, b, c, d) for forest represent no significant differences (p= 0.05) for a Dunn post-
hoc test with Bonferroni, correction for multiple tests. SEUF, Mérida, Venezuela.
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(arrows), and species optima (crosses). The correlation among
environmental variables along the ordination axes indicated a
significant positive correlation (p< 0.001) with axis 1 for %CO, %
TDir, %TDif, and slope; while LAI and elevation had a significant
negative correlation, suggesting that Axis 1 is related to an increase
of both, %TDir and %TDif because of a larger %CO. There was a
positive correlation between LAI and elevation along the first axis
and a negative correlation with %CO, %TDir, and %TDif,
suggesting increasing LAI with elevation and; therefore, lower %
CO, TDir, and %TDif. On the other hand, Axis 2 showed
significant correlations, although with a lower percentage of
explained variance, with all variables except LAI. Correlations were
negative with %CO, TDir, and %TDif; whereas they were positive
with topographical variables (Table 4).

In the DCA (Figure 4), Group G1 (TWINSPAN) is located
towards the left end of Axis 1, meaning that the plots from this

group represent environments where higher LAI and elevation
predominate. In general, these are sites with the lowest light
availability. Next, G2 is located close to G1, towards the left of Axis
1, indicating high values of LAI and elevation although lower than
G1; whereas the second axis correlates to steeper slopes.

On the other hand, G3 is towards the center of the ordination plot
showing intermediate values of LAI, %CO, %TDir, and %TDif.
Nonetheless, a considerable proportion of plots in this group are placed
at the higher end of Axis 2, indicating steeper slopes. Instead, G4 is
located between the centre and the right-end ofAxis 1 at an angle of 45°
with both axes indicating larger %CO, %TDir, and %TDif.

For Group G1, the ISA (SIV Table S4) included nine species,
where A. ternifolia (SIV = 62.6%; p= 0.001), Myrcianthes kar-
steniana (SIV = 27.6%; p= 0.001), and Casearia tachirensis
(SIV = 21.7%; p= 0.001) had the largest indicator values. In G2,
the ISA included four species, but only M. fallax (SIV = 64.9%;

0
0

8040

40

80

Axis 1

Ax
is

 2

Figure 3. First two axes of the detrended correspondence
analysis (DCA) show the distribution of plots by Forest types.
Diamonds correspond to the tall dense forest (TDF), triangles
correspond to the medium-tall medium-dense forest (MMDF),
circles are the low dense forest (LDF) and squares are the low
sparsely-dense forest (LSF). SEUF, Mérida, Venezuela.

Table 3. Multivariate partial correlation analysis between environmental variables. Correlation between (a) light/canopy structure variables (yellow), (b) between
topography variables (orange), and (c) between a and b (green)

CnpyOpen LAI TDir TDif Slope Elevation

%CO 1 −0.68 0.5 0.69 −0.09 0.04

LAI −0.68 1 −0.61 −0.8 0.03 −0.2

TDir 0.5 −0.61 1 0.82 −0.06 0.00

TDif 0.69 −0.8 0.82 1 −0.08 0.07

Slope −0.09 0.03 −0.06 −0.08 1 0.2

Elevation 0.04 −0.2 0.00 0.07 0.2 1
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p= 0.001) was relevant. Ten species were included in G3 with
M. acuminata having the highest indicator value (SIV = 42.7%;
p= 0.001). Also, Ladenbergia undata (SIV = 15.2%; p= 0.001)
stands out because of its position at the steepest slopes. The Group
G4 included 17 species, being the most important Z. quinduense
(SIV= 40.1%; p= 0.001), E. tamaensis (SIV= 39.6%; p= 0.001),
P. moritziana (SIV= 29.5%; p= 0.001), Clusia multiflora
(SIV= 25.0%; p= 0.001), Weinmmania jahnii (SIV= 24.2%;
p= 0.001), and A. grandiflora (SIV = 22.0%; p= 0.001). The
species Z. quinduense, at the right and down in the ordination
plane, has its optimum in places with the highest light availability
and the lowest LAI and elevation. In the same group, C. multiflora
and A. grandiflora appear towards the lower right end of Axis 2,
suggesting that their optimum values are found in sites with lower
slopes and elevation.

The WA method estimated each species’ optimum per
environmental factor (Table S5). From the WA results, the

LAI

Elev

G2

G1

Slope

G3

G4

% CO

% Tdif

% Tdir

0 8040
Axis 1

0

40

Ax
is

 2

80

Figure 4. DCA ordination showing plots, species, and environmental variables. Site categories correspond to the TWINSPAN groups: G1 (blue diamonds), G2 (red circles), G3
(green triangles), and G4 (pink squares). Groups delimited by ellipses. Crosses show the optimal sites for juveniles of species in the understory. The arrows indicate the direction
and magnitude of the environmental variables. For species abbreviations, see Table 1. San Eusebio University Forest, Mérida, Venezuela.

Table 4. Pearson correlation coefficients (r) and p-values of environmental
variables with the two first axes of the detrended correspondence analysis (DCA;
n= 653). Percentage of canopy openness (%CO), leaf area index (LAI),
percentage of transmitted direct light (%TDir), and transmitted diffuse light
(%TDif) through the canopy reaching the understory. San Eusebio University
Forest, Mérida, Venezuela

Axis 1 Axis 2

Variable r p-value r p-value

%CO 0.311 <0.01 −0.266 <0.01

LAI −0.418 <0.01 0.103 ns

%TDir 0.286 <0.01 −0.185 <0.01

%TDif 0.303 <0.01 −0.219 <0.01

Slope (degrees) 0.236 <0.01 0.291 <0.01

Elevation (masl) −0.313 <0.01 0.221 <0.01

Journal of Tropical Ecology 9

https://doi.org/10.1017/S0266467424000178 Published online by Cambridge University Press

https://doi.org/10.1017/S0266467424000178
https://doi.org/10.1017/S0266467424000178


Cluster Analysis produced four clusters (C) of species. We
obtained the average value for each environmental variable which
determines the optimal environmental conditions for each species
cluster (Table 5). Thus, cluster C-I included eight species whose
estimated environmental optima are characterized by the highest
%CO, %TDir, and %TDif, and the lowest LAI, slope, and elevation.
All species of C-I were indicator species in G4 (TWINSPAN).
These findings agree with those found in the DCA: all the species in
C-I are located at the right end of Axis 1 and the lower end of Axis
2, where most LSF plots are located. In this forest, we found the
greatest penetration of light, the sparser canopy, and the lowest
elevation and slope, the latter being very characteristic of flood-
prone sites. Opposed to C-I, C-III showed the lowest values for
light, i.e., %TDir, %TDif, and %CO; but the largest LAI, which
suggests darker conditions in the understory. Further, it showed
the highest elevation and the steepest slopes. On the other hand,
C-III included species with high SIV associated with G1 and G2
(TWINSPAN), specificallyM. fallax, A. ternifolia,M. karsteniana,
andMiconia meridensis. These species are located at the left end of
the ordination Axis 1, especially A. ternifolia and M. karsteniana
associated with sites of higher LAI, elevation, and moderate slopes.
Finally, C-II and C-IV have intermediate values of %CO, %TDir,
%TDif, LAI, and elevation, although C-II showed steeper slopes
than the other clusters. Environmental conditions in C-II are
optimal for eight species, being E. tamaensis, P. moritziana, and
W. jahnii indicator species for G4 (TWINSPAN); whereas
Nectandra rigida, although not identified as an indicator species,
was associated with the steepest slopes as shown by their location at
the upper end of DCA Axis 2.

Discussion

We hypothesized that the understory of the forest types would
differ in their juvenile tree floristic composition due to differences
in canopy structure/floristic composition, light penetration, and
topographic variables and anticipated the existence of species or
groups of indicator species in the understory of each forest, for
example, by observing a predominance of shade-tolerant species in
the understory in the more shaded forests.

The results partially confirmed our initial hypothesis: only two
forests, TDF and LSF could be separated in terms of their floristic
composition and environmental conditions; whereas the MMDF
and the LDF were more similar and were not clearly separated. The
DCA separated the TDF from LSF; but MMDF and LDF showed a
considerable overlap of sites in the ordination space (Figure 3),
suggesting few differences in the juvenile floristic composition
between these latter forests. So, there were no clear-cut distinctions
that could be detected from the ‘a priori’ forest classification.
Nonetheless, TWINSPAN grouped the sites in terms of their
internal homogeneity in species composition and species

heterogeneity among sites of different groups. We found four
TWINSPAN groups with statistically significant differences in
species composition; two of them matching the TDF and LSF (G1
andG4, respectively); whereas G2 andG3were amix of theMMDF
and LDF sites, but differing significantly in their floristic
composition.

Overall, we found low light levels reaching all understories. Low
light transmission was associated with a low %CO, agreeing with
studies in tropical cloud forests. Thus, Sylvester & Avalos (2013)
found a %CO between 8.53 and 17.05 in a cloud forest in Costa
Rica; whereas, Acevedo et al. (2003) and Quevedo-Rojas et al.
(2015) found ranges between 3.4 and 9.5 and between 0.5% and
12.8%, respectively, for the Andean cloud forests of Venezuela.
Also, DeCarvalho & Oliveira-Filho (2001) reported a %CO
between 5% and 18% for a cloud forest in south-eastern Brazil.
These patterns suggest that low %CO is the rule in these forests,
except for scattered gaps produced by tree falls where the
maximum aperture in %CO does not reach 30%. In most tropical
and temperate forests, the frequency distribution of light
environments is highly biased towards microsites with <5%CO
which is probably a consequence of the complex and multi-layered
vertical structure of these forests (Lusk et al. 2006). This effect is
further enhanced by the geometric effects of slope on radiation
income and tree crown architecture (Montgomery &
Chazdon 2002).

The average LAI varied between 2.9 and 4.9; within the range
observed in other cloud forests. For the Andean cloud forests of
Venezuela, Schwarzkopf et al. (2011) reported a mean LAI < 3.0
for three cloud forests situated at different average elevations.
Likewise, Acevedo et al. (2003) reported an average LAI of 2.3 at
2,300 masl Quevedo et al. (2016) reported in a dense cloud forest
an average LAI of 5.4 and 4.2 in gaps and undisturbed areas
respectively. In the cloud forest of other regions, decreasing LAI
with elevation was reported. Leuschner et al. (2007) found a
decrease in LAI from 5.1 at 1,050 masl to 2.9 at 3,060 masl on an
elevation transect in Ecuador. Consideration should be given to the
effect of branches, trunks, and epiphytes on the values of LAI in
TMCFs. Moser et al. (2007) found that the accumulated area of
elements other than leaves increased considerably with altitude. An
increase in epiphytes with elevation could influence the observed
increase of LAI with elevation in our study; despite the relatively
narrow range of elevation (2,320–2,460 m).

Light transmission was closely correlated with %CO and
opposed to LAI along Axis 1. Both, %TDir (5.7–20.63) and %TDif
(4.8–15.3) showed a relatively wide range; however, for these
forests, both variables were<10% typical of closed canopies, except
for the LSF in which both variables were >15% more typical of
forests with sparser canopies. For example, Sylvester and Avalos
(2013) found relatively high values of TDir and TDif for three
cloud forests in Costa Rica (16–21% for both variables).

Table 5. Environmental averages of individual optima for the species clusters obtained by cluster analysis (Wardmethod). Percentage of canopy openness (%CO), leaf
area index (LAI), percentage of transmitted direct light (%TDir), and transmitted diffuse light (%TDif) through the canopy reaching the understory. For species
abbreviations, see Table 1. San Eusebio University Forest, Mérida, Venezuela

Species Cluster %CO Elevation (m) LAI Slope (°) %TDif %TDir

Algr, Zaqu, Mire, Clmu, Teac, Pool, Hebr, Clmi C-I 9.00 2,345 3.15 5.63 12.67 15.95

Rupu, Hymo, Euta, Prmo, Neri, Vome, Weja, Esmo C-II 5.36 2,364 3.77 11.18 7.81 10.49

Roob, Besu, Aigu, Rero, Nela, Myfa, Cipu, Orre, Mysp, Myka, Aete, Citr, Mime C-III 3.72 2,395 4.34 10.79 5.71 6.77

Bico, Soto, Ocma, Teru, Cyca, Cata, Orca, Myfe, Myac, Laun, Hala C-IV 4.44 2,386 4.29 10.64 6.38 8.35
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Although the second ordination axis explained less total
variance, it suggested a significant linear correlation with
topography, mainly with the slope and at a lower degree with
elevation. Several studies confirmed the importance of the slope in
the distribution and floristic diversity in the understory since it
directly affects the microclimate, soil properties, water availability,
and other resources under the tree canopy (Dar & Parthasarathy
2022, Huo et al. 2014). Slope variation not only influences
understory light availability by determining the spatial disposition
among tree crowns and the seasonal differences in sunlight
penetration, but also affects water infiltration rates. For example,
on higher slopes, lower water availability in drier sites may result in
a higher probability of desiccation in high-light microsites,
especially for drought-intolerant species (Brenes-Arguedas et al.
2011). Previous studies in the area (Hettsch 1976, Quiroz-Sandoval
2010, Valcarcel 1982) found a hydro-sequence of soil conditions
associated with slope (e.g., soil water potential, hydromorphism,
anoxia, organic matter decomposition rates, and nutrient avail-
ability) associated with changes in forest structure (e.g., basal area,
tree density, and canopy height). Thus, the slope can be an
important factor in separating groups of juvenile tree species based
on their shade tolerance coupled with their tolerance to water
conditions in the soil.

The ISA and the cluster analysis indicated the presence of
indicator species groups and their optimal environmental
conditions which provide insights into species shade tolerance.
For example, Clusters III and IV included species whose juveniles
were reported as shade tolerant in ecophysiological experiments:A.
ternifolia andM. karsteniana did not tolerate sudden increments in
radiation, suffering chronic photoinhibition; whereas C. tachir-
ensis, Beilschmiedia sulcata, and R. rospigliosii showed larger
photosynthetic plasticity responding favorably to light increments
(García-Núñez et al. 1995, Quevedo-Rojas et al. 2018). On the
other hand, Tetrorchidium rubrivenium and M. meridensis found
in Cluster I, dominating areas with relatively high light availability
(%CO), showed different degrees of acclimation to sudden
increases in light levels like those occurring when ‘gaps’ are
formed by tree falls. These species are resistant to photoinhibition
(Quevedo-Rojas et al. 2018). For Clusters I and II, representative
species were A. grandiflora, C. minor, C. multiflora, and M.
resimoides identified as gap colonizing species and water deficit
avoiders (Ataroff & García-Núñez 2013, García-Núñez et al. 1995,
Rada et al. 2009). Planted species trials monitored up to seven years
old showed that species such as T. rubrivenium, and
M. meridensis behave as shade-intolerant species with fast growth
and rapid crown recession; instead, Hieronyma moritziana and
Billia colombiana are partially shade-tolerant needing a certain
amount of shade to grow adequately. Finally, Myrciantes
karsteniana, M. fallax, and A. ternifolia are shade-tolerant as
expressed by slow growth and persistence of leaves under
conditions of high shade below the fast-growing species
(Quevedo-Rojas & Jerez-Rico 2021).

The results showed that despite the complex environment in the
understory of the cloud forest, some patterns of juvenile tree
composition are associated with transmitted light and topography.
Several studies identified tree species according to their shade
tolerance analysing their distribution along the light gradient, and
their ecophysiological responses through experiments with seed-
lings and planted species trials. For example, Quevedo-Rojas et al.
(2015) found that along a gradient of %CO most juvenile tree
species exhibited the highest abundance below 6.6%, being scarce
above 12.8%. At higher %CO (e.g., gaps), the survival and growth

of trees were impaired by the presence of vines and bamboo. Most
species showed large plasticity along this narrow range of %CO,
but the distribution of individual species was, in general, non-
random, with some species growing in low light and others in high
light. However, the overall abundance of juveniles for the whole
forest was randomly distributed (Quevedo-Rojas et al. 2015).
Nonetheless, the incorporation of other gradients such as water
availability, could increase the predictive power to explain these
patterns. For example, Brenes-Arguedas et al. (2011) suggest that
light availability interacts with other variables such as precipita-
tion, so species with low tolerance to water stress have reduced
survival and growth in dry microsites with high light. It could be
argued that species composition in the understory is strongly
affected by the proximity of conspecific adults; however, this is not
necessarily so. For example, MacDougall & Kellman (1992), in a
tropical forest of Belize, found that the floristic composition of
seedlings was spatially heterogeneous, and differences in light
intensity, rather than proximity of conspecific adults had the
greatest influence on seedling distribution at the species level.
Although median light levels were very low (~2% of full light),
there was enough light variability in patches to support species
with different regeneration strategies, facilitating species coexist-
ence. In the SEUF, Quiroz-Sandoval (2010) did not find a
relationship between the closeness of conspecific adults and
juveniles’ abundance. Jerez et al. (2011) observed, in several
Venezuelan forests, that the regeneration of shade-intolerant
species is impaired by low light, so most juveniles were of shade-
tolerant species. The low proportion of large gaps in the cloud
forests and their encroachment by a thick layer of lianas and
bamboo might reduce the survival of juveniles of shade-intolerant
species. Cloud forest species, however, could adapt to large
variations in environmental conditions and may show adaptations
as they go through the various growth stages by changing their
degree of shade tolerance (Svenning 2000).

We could identify groups of juvenile tree species and their
relation with environmental gradients could help in species
selection to implement adequate regeneration techniques in the
variable environments existing in total or partially degraded
forests. Additional studies, like ecophysiological experiments, and
integrated research in light, soils, and adult tree composition
should be incorporated directly to get a more accurate picture of
the determinants of understory composition. Also, active/passive
restoration trials across environmental gradients will help to
explain the processes of competition, facilitation, and coexistence
processes that determine cloud forest dynamics. Our findings can
make a significant contribution to the improvement of the ongoing
Forest Landscape Restoration Programs in TMCFs in the Andes.
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García-Núñez C, Azócar A and Rada F (1995) Photosynthetic acclimation to
light in juveniles of two cloud forest tree species. Trees 10, 114–124.

Gauch HG (1982) Multivariate Analysis in Community Ecology. New York:
Cambridge University Press.

Hammer O, Harper DA and Ryan PD (2001) PAST: paleontological statistics
software package for education and data analysis. Palaeontología Electrónica
4, 9.

Hettsch W (1976) Standorts-und Vegetationsgliederung in einem tropischen
Nebelwald. Allg Forst Jagdztg 147, 200–209.

Hill MO (1979a) DECORANA. A Fortran Program for Detrended
Correspondence Analysis and Reciprocal Averaging. Ithaca, New York:
Ecological and Systematics Department. Cornell University.

Hill MO (1979b) TWINSPAN-A FORTRAN: Program for Arranging
Multivariate Data in an Ordered Two-Way Table by Classification of the
Individuals and Attributes. Ithaca, New York: Ecological and Systematics
Department. Cornell University.

Hogan KP and Machado J (2002) La luz solar: consecuencias biológicas y su
medición. In Guariguata MR and Kattan GH (eds), Ecología y Conservación
de Bosques Neotropicales. Costa Rica: Libro Universitario Regional, pp.
119–143.

Homeier J, Breckle SW, Gunter S, Rollenbeck RT and Leuschner C (2010)
Tree diversity, forest structure and productivity along altitudinal and
topographical gradients in a species rich Ecuadorian montane rain Forest.
Biotropica 42, 140–148.

Hsieh TC,MaKH andChaoA (2016) iNEXT: an R package for rarefaction and
extrapolation of species diversity (Hill numbers). Methods in Ecology and
Evolution 7, 1451–1456. https://doi.org/10.1111/2041-210X.12613

Huo H, Feng Q and Su Y (2014) The influences of canopy species and
topographic variables on understory species diversity and composition in
coniferous forests. Scientific World Journal, 2014, 1–8.

Iles K (2003) A Sampler of Inventory Topics: A Practical Discussion for Resource
Samplers, Concentrating on Forest Inventory Techniques. Canada: Kim Iles &
Associates, p. 869.

Jerez M, Quevedo A, Moret AY, Plonczak M, Garay V, Vincent, L, Silva JD
and Poveda LE (2011) Regeneración natural inducida y plantaciones
forestales con especies nativas: potencial y limitaciones para la recuperación
de bosques tropicales degradados en los Llanos Occidentales de Venezuela.
In Herrera F and Herrera I (eds), La Restauración Ecológica en Venezuela:
Fundamentos y Experiencias. Altos de Pipe: Instituto Venezolano de
Investigaciones Científicas, pp. 35–60.

Kruskal WH and Wallis WA (1952) Use of ranks in one-criterion variance
analysis. Journal of the American Statistical Association 47, 583–621.

Lamprecht H and Veillon J (1967) La Carbonera. El Farol 18, 17–24.
Legendre P and Legendre L (1998) Numerical Ecology 2nd English ed.

Amsterdam: Elsevier Science BV.
Lepš J and Šmilauer P (2003) Multivariate Analysis of Ecological Data Using

CANOCO. Cambridge: Cambridge University Press.
Leuschner C, Moser G, Bertsch C, Röderstein M and Hertel D (2007) Large

altitudinal increase in tree root/shoot ratio in tropical mountain forests of
Ecuador. Basic and Applied Ecology 8, 219–230.

12 A Quevedo-Rojas et al.

https://doi.org/10.1017/S0266467424000178 Published online by Cambridge University Press

https://sites.google.com/site/cypherman1/intruction_en
https://sites.google.com/site/cypherman1/intruction_en
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1098/rstb.2021.0069
https://doi.org/10.1098/rstb.2021.0069
https://doi.org/10.1007/s12224-008-9014-9
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1017/S0266467424000178


Liu Y, Shen H, Ge G, Xing A, Tang Z and Fang J (2023) Classification and
distribution of evergreen broad-leaved forests in Jiangxi, East China. Journal
of Plant Ecology 16, rtac059.

Luna I, Velázquez A and Velázquez E (2001) MEXICO. In Brown AD and M
Kappelle (eds), Introducción a Los BosquesNublados delNeotrópico: Una Síntesis
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