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Abstract

Question: Land-use change and intensification are currently the most pervasive
threats to tropical biodiversity. Yet, their effects on biodiversity change with eleva-
tion are unknown. Here, we examine how tree diversity and community composition
vary with elevation and how the effects of forest use intensity on tree diversity and
community composition change within elevations.

Location: Eastern slopes of the Cofre de Perote mountain, state of Veracruz, Mexico.
Methods: We assessed tree diversity and composition using a sampling design in
which elevation was crossed with three levels of forest use intensity: old-growth,
degraded, and secondary forests. We established 120 20 m x 20 m forest plots, lo-
cated at eight sites between O m and 3,545 m. At each site, five replicate plots were
inventoried for each level of forest use intensity.

Results: Our analyses revealed an interactive effect between elevation and forest
use intensity affecting tree diversity and community composition along the eleva-
tional gradient. Contrasting effects of forest use intensity within elevation resulted
in tree diversity following a low-plateau pattern for old-growth and a bimodal pat-
tern for degraded and secondary forests. Along the entire elevational gradient, there
were 217 tree species distributed within 154 genera and 80 families. Species accu-
mulation curves revealed that forests at 0 m and 1,500 m elevation showed differ-
ences in species richness among forest use intensities. In contrast, species richness
did not differ between old-growth forest and the other forest use intensities in five of
the eight studied elevations. In terms of community composition, secondary forests
differed from old-growth and degraded forests.

Conclusion: Our results suggest that the interactive effects of elevation and for-
est use intensity change tree diversity patterns and community composition along a
tropical elevational gradient. Degraded forests were similar to old-growth forests in
terms of species diversity and composition, suggesting that they may act as a safe-

guard of tree diversity in human-dominated tropical landscapes.
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1 | INTRODUCTION

Tropical mountains are characterized by steep gradients in climate
and other environmental conditions that lead to rapid changes
in diversity and species composition with elevation. Globally,
tropical mountains are centers of plant diversity and endemism
(Barthlott, Mutke, Rafigpoor, Kier, & Kreft, 2005; Kier et al., 2009)
resulting from the high environmental heterogeneity that affects
both ecological and evolutionary processes (Antonelli et al., 2018;
Stein, Gerstner, & Kreft, 2014). Tropical elevational gradients are
considered natural laboratories where drivers of diversity patterns
and ecosystem functions can be studied over short geographical
distances (Korner et al., 2017; Sanders & Rahbek, 2012). However,
tropical mountain ecosystems are also highly vulnerable to land
use (Kidane, Stahlmann, & Beierkuhnlein, 2012; Malhi et al., 2010)
and climate change (Cuesta et al., 2017), yet our understanding of
how anthropogenic change may affect plant diversity and com-
munity composition along elevational gradients remains limited
(Peters et al., 2019).

In tropical mountain ecosystems, tree diversity often peaks at
mid-elevations (Clark, Hurtado, & Saatchi, 2015; Huerta Martinez,
Briones Tirado, Neri Luna, Mufoz Urias, & Rosas Espinoza, 2014;
Rutten, Ensslin, Hemp, & Fischer, 2015; Toledo-Garibaldi &
Williams-Linera, 2014) or decreases monotonically with increasing
elevation from the lowlands up (Aiba & Kitayama, 1999; Homeier,
Breckle, Glinter, Rollenbeck, & Leuschner, 2010; Slik et al., 2009).
Explanations for the elevational gradients in tree diversity have
focused principally on temperature and precipitation, soil nutrient
concentrations, the mixing of biotas, spatial constraints associated
with area and mid-domain effects, and — to a lesser extent — anthro-
pogenic disturbances (Homeier et al., 2010; Peters et al., 2019; Rana,
Gross, & Price, 2019; Slik et al., 2019; Toledo-Garibaldi & Williams-
Linera, 2005; Zhang, Xu, & Li, 2013). The effect of land use type and
intensity on species richness and composition might change along
elevational gradients (McCain & Grytnes, 2010), as it might be am-
plified or weakened by climate changing with elevation (Peters et al.,
2019). For example, if the impact of land use on diversity is higher
at lower elevations than at higher elevations, species richness pat-
terns could shift from monotonic to hump-shaped. Conversely, if the
impact of land use on diversity is stronger at mid-elevations than
at lower ones, species richness patterns could change from hump-
shaped to monotonic.

Forest use intensity, from here on in defined as the conversion of
(near-) natural, complex structured forest ecosystems to simplified,
managed ecosystems with more frequent resource use or extraction
(Nepstad, Uhl, Pereira, da Silva, & da Silva, 1996; Tscharntke, Klein,
Kruess, Steffan-Dewenter, & Thies, 2013; Vitousek, Mooney,

Lubchenco, & Melillo, 1997), may also influence the composition of

forest communities by altering environmental conditions. In tropical
forest ecosystems, highly intensive forest uses, such as cattle graz-
ing and agroforestry, increase light availability and air temperature,
reduce air humidity and soil moisture and have negative effects
on propagule dispersion (Holl, 1999; Lebrija-Trejos, Pérez-Garcia,
Meave, Poorter, & Bongers, 2011). High forest use intensity may
shift tree species composition to forests dominated by species
better adapted to tolerate such conditions, e.g. fast-growing and
light-demanding pioneer species, whereas more shade-tolerant
late-successional species are often unable to persist (Craven, Hall,
Berlyn, Ashton, & Breugel, 2015; Lohbeck et al., 2013). As a result
of high-intensity forest use, light conditions increase and favor the
establishment of early successional tree species. Therefore, floristic
composition — and to a lesser extent species richness — of young
secondary and degraded forests usually differs markedly from that
of old-growth tropical forests (Gossner et al., 2013; Rozendaal et al.,
2019). Yet, how such changes in species composition are mediated
by climatic changes along elevational gradients is largely unknown
(but see Peters et al., 2019).

Human impact on tropical mountain forests, such as logging and
deforestation for agriculture, has transformed large parts of these
ecosystems into human-dominated forested landscapes (Laurance,
Sayer, & Cassman, 2014). Globally, the direction and magnitude of
changes in species richness depend strongly on the kind, intensity,
severity, incidence, and timing of disturbances (Barlow et al., 2018;
Foley et al., 2005; Gibson et al., 2011; Newbold et al., 2015). Yet,
we know little about the impacts of forest use intensity on tree di-
versity and composition along environmental gradients, particularly
elevational gradients in tropical forests. While it is likely that these
impacts will shift because tree communities differ in their resilience
to similar forest uses (Crouzeilles et al., 2016), there is no a priori
expectation whether the impacts will be stronger, weaker, or similar
with changes in elevation.

Here, we examined how the interaction of elevation and for-
est use intensity affects tree diversity and community composition
along an elevation gradient from sea level to treeline within a global
biodiversity hotspot in central Veracruz, Mexico. Specifically, we
asked: (a) how do tree diversity and community composition vary
with elevation;and (b) how do the effects of forest use intensity on
tree diversity and community composition change within elevational
sites? We hypothesized that tree diversity monotonically decreases
with increasing elevation (Aiba & Kitayama, 1999; Homeier et al.,
2010; Slik et al., 2019; Toledo-Garibaldi & Williams-Linera, 2005),
that high forest use intensity at lower elevations may shift species
richness from monotonic to a hump-shaped pattern (McCain &
Grytnes, 2010) and expected a consistently negative effect of forest
use intensity on tree diversity and associated shifts in tree species
composition (Gibson et al., 2011; Newbold et al., 2015).
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2 | METHODS
2.1 | Study area

Our study was conducted along an elevational gradient, from sea level
close to the Gulf of Mexico (19.5894 N, -96.375167 W) to close to the
treeline at 3,545 m elevation (19.5182 N, -97.154525 W) along the east-
ern slopes of Cofre de Perote, an extinct volcano of 4,282 m in Veracruz,
Mexico (Carvajal-Hernandez & Krémer, 2015; Goémez-Diaz et al., 2017)
(Figure 1). Climatic conditions along the elevational gradient vary from
tropical-dry at lower elevations, to temperate-humid at mid-elevations
and cold-dry at high elevations (Gémez-Diaz et al., 2017; Soto Esparza &
Giddings Berger, 2011). Temperature decreases with elevation, with mean
annual temperature ranging from 26°C near sea level to 9°C at the highest
site. Mean annual precipitation varies from 1,222 mm at low elevations,
2,952 mm at mid-elevations and 708 mm at high elevations (Table 1).

The study area is located in the transition zone between two bio-
geographic regions, the Neotropical and Nearctic, in the Mesoamerican
biodiversity hotspot (Morrone, 2006; Myers, Mittermeier, Mittermeier,
Fonseca, & Kent, 2000). Biogeographically, the upper part of the ele-
vational gradient falls into the convergence zone between the Trans-
Mexican Volcanic Belt and the Sierra Madre Oriental (Rodriguez,
Morales-Barrera, Layer, & Gonzélez-Mercado, 2010). Along the ele-
vation gradient, there are six main vegetation types including tropical
semi-humid deciduous, tropical oak, humid montane, pine-oak, pine,
and fir forests (Table 1; Leopold, 1950).

2.2 | Study design and data collection

The study was conducted at eight sites along the elevational gradient,
separated by about 500 m in elevation (Figure 1). Hereafter, we refer

FIGURE 1 Location of the eight study
sites along the elevational gradient of

the eastern slopes of Cofre de Perote in
Veracruz, Mexico. Black dots show the
location of sites: (1) 0 m; (2) 500 m; (3)
1,000 m; (4) 1,500 m; (5) 2,000 m; (6)
2,500 m; (7) 3,000 m; (8) 3,500 m [Colour
figure can be viewed at wileyonlinelibrary.
com]
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to every elevation as 0, 500, 1,000, 1,500, 2,000, 2,500, 3,000, and
3,500 m. At each site, we established 15 plots of 20 m x 20 m, including
five plots each in old-growth, degraded, and secondary forests. In total,
120 non-permanent forest plots (4.8 ha) were inventoried. Forest use
intensity was defined following Leuschner, Wiens, Harteveld, Hertel,
and Tjitrosemito (2006), Carvajal-Hernandez and Krémer (2015) and
Gdmez-Diaz et al. (2017): (a) old-growth forest (OF): a mature forest
with tall, large-diameter trees and without any visible signs of recent
human disturbance, classified as low forest use intensity; (b) degraded
forest (DF): a forest subjected to selective logging and/ or cattle graz-
ing, classified as intermediate forest use intensity; (c) secondary for-
est (SF): a young forest (15-20 years since abandonment) recovering
after clearcutting, sometimes with cattle grazing, with small diameter
trees, classified as high forest use intensity. In each plot, we measured
and identified all trees with a diameter at breast height (DHB) 25 cm
(Homeier et al., 2010; Toledo-Garibaldi & Williams-Linera, 2005).
In total, 64.5% of the individuals could be identified to species level,
19.3% were identified to genus level, 8.2% to family level and 7.8%
were unidentified species (see Appendix S1 for the tree species list;
species names follow The Plant List version 1.1 [2013]). Tree species
were identified by specialists (Dr. Francisco Lorea Hernandez, M.Sc.
Claudia Gallardo Hernandez and Biol. Carlos M. Duran Espinosa,
Instituto de Ecologia, A. C.). Vouchers of specimens were deposited
at the herbarium XAL of Instituto de Ecologia, A.C. at Xalapa, Mexico.
The sampling was conducted from November 2015 to August 2016.

2.3 | Analysis of tree diversity

We estimated species diversity as species richness (Hill number
g = 0), Shannon diversity (g = 1), and Simpson diversity (g = 2) in
terms of effective species numbers (Jost, 2006). These diversity

Elevation (m a.s.l.)
- 4175

2087
-0

Veracruz
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TABLE 1 Location and climatic conditions of the eight study sites in central Veracruz, Mexico

Site Elevation (m) N latitude W longitude
1 0-60 19.58 -96.37
2 569-695 19.54 -96.89
3 913-1,023 19.42 -96.79
4 1,501-1,650 19.52 -96.98
5 2,008-2,240 19.51 -97.03
6 2,487-2,575 19.52 -97.05
7 3,014-3,139 19.56 -97.13
8 3,305-3,545 19.51 -97.15

MAT (°C) MAP (mm/a) Vegetation type
26 1,222 Tropical semi-humid
deciduous forest
23 946 Tropical oak forest
21 1,331 Tropical oak forest
19 1,436 Humid montane forest
14 2,952 Humid montane forest
12 1,104 Pine-oak forest
708 Pine forest
708 Fir forest

Note: Vegetation types according to Leopold (1950); MAT, mean annual temperature (°C); MAP, mean annual precipitation (mm/a). Climate data were
obtained from National Meteorological Service of México (SMN, 2019) for 1951-2010.

indices give increasing weight to species abundances; while species
richness gives equal weight to common and rare species, Shannon
and Simpson diversities emphasize the contributions of common
and abundant species, respectively. For each diversity index, we
estimated species accumulation curves using sample-based rarefac-
tion and extrapolation (Chao et al., 2014), pooling data by forest use
intensity for each elevation. We used rarefaction and extrapolation
because the number of individuals may vary systematically with
forest use intensity, which may bias estimates of species diversity
in plots with more individuals. As we observed similar patterns for
Shannon and Simpson diversities, we only present and discuss re-
sults for species richness. At the plot level, we estimated species
diversity using a fixed sample coverage of 95% with the ‘iNeXT’
package (Hsieh, Ma, & Chao, 2016) to permit unbiased comparisons
of species diversity across forest use intensities and elevations. To
meet model assumptions of normality, we natural-log-transformed
all diversity indices.

At the plot level, we examined the effect of forest use intensity at
each elevation on species richness and Shannon and Simpson diver-
sities by a nested analysis of variance (ANOVA) using the R function
aov, where forest use intensity and elevation were treated as categor-
ical variables. We performed post-hoc comparisons using a Tukey's
Honest Significant Differences test with the packages ‘car’ (Fox &
Weisberg, 2011) and ‘multcomp’ (Hothorn, Bretz, & Westfall, 2008).

We examined changes in tree community composition among
elevational sites and levels of forest use intensity using non-metric
multidimensional scaling (NMDS) with both incidence-based Jaccard
dissimilarity and abundance-based Bray-Curtis dissimilarity (adjust-
ment noshare = 0.1; 999 permutations) using the packages ecodist
(Goslee & Urban, 2007) and vegan (R Core Team, R Foundation for
Statistical Computing, Vienna, Austria). We then tested for differ-
ences in tree community composition across elevations and levels of
forest use intensity with a nested permutational multivariate analysis
of variance (PERMANOVA, 999 permutations) using the adonis func-
tion in the vegan package (R Core Team, R Foundation for Statistical
Computing, Vienna, Austria), followed by pairwise comparisons
using the pairwise.adonis function in the pairwiseAdonis package. The

p-values for the pairwise comparisons were Bonferroni-corrected to

test differences in species composition among levels of forest use in-
tensity within elevation. For data manipulation and visualization, we
used the R packages ‘dplyr’ (R Core Team, R Foundation for Statistical
Computing, Vienna, Austria) and ‘ggplot2’ (Springer-Verlag, New
York, NY, USA), respectively. We performed all analyses in R version
3.5.1 (R Core Team, 2018).

3 | RESULTS

3.1 | Changes in tree diversity along the elevation
gradient

We recorded a total of 4,555 individual trees belonging to 217 spe-
cies distributed among 80 families and 154 genera (Appendix S1).
The most diverse families were Fagaceae (15 species), Leguminosae
(13), Moraceae (10), and Pinaceae (8). At lower elevations (below
1,000 m), tropical genera such as Ficus, Acacia, and Bursera were
the most abundant, while at mid-elevations Quercus, Carpinus, and
Liquidambar and at 2,500 m (transitional pine-oak forest) Pinus,
Quercus, and Juniperus were the most common. At higher elevations
(3,000-3,500 m), the most abundant genera were Abies, Pinus, and
Alnus. Across all elevations, 18% of all species exclusively occurred
in old-growth forest followed by 16% in secondary forest, and 9% in
degraded forest.

At most elevations (500, 1,000, 2,000, 3,000 and 3,500 m) spe-
cies accumulation curves overlapped across forest use intensities,
revealing that species pools of degraded and secondary forests were
of similar size (indicated by overlapping 95% confidence intervals) as
those of old-growth forests (Figure 2). In contrast, at O and 1,500 m
species accumulation curves showed significant differences in species
richness between forest use intensities (95% confidence intervals did
not overlap). Species accumulation curves at 2,500 m showed that the
tree species richness in degraded forests was higher than the species
richness of old-growth forests (Figure 2). For most levels of forest use
intensity, species accumulation curves did not reach an asymptote at
elevations between 0 and 2,500 m (except for secondary forests at

0 m). At 3,000 and 3,500 m, species accumulation curves for all levels
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FIGURE 2 Rarefaction (solid lines)
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Forest use intensity
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of forest use intensity reached an asymptote, indicating that these for-

ests have been fully sampled (Figure 2).

3.2 | Effects of forest use intensity on local tree
species diversity along the elevation gradient

Elevation significantly affected plot-level tree species richness
(Hill number g = 0; F,,, = 57.02, p-value < 0.001), Shannon di-
versity (Hill number g = 1; Fr96 = 49.44, p-value < 0.001) and
= 2; Fi96 = 37.74, p-value
< 0.001; Appendix S2). Within elevations, tree diversity var-

Simpson diversity (Hill number g

ied significantly among forest use intensity levels (Fm% = 4.38
for species richness, Fm97 = 5.47 for Shannon diversity and,

Fi6.96 = 4.91 for Simpson diversity, p-value < 0.001; Appendix S2).

Number of individuals

Pairwise comparisons among forest use intensity levels within el-
evations showed significant differences in tree species richness
between old-growth and secondary forests at 0, 500, 1,500 and
3,500 m (p-value < 0.05; Appendix S3; Figure 3). While these
differences were associated with higher species richness in old-
growth forests than in secondary forests at 0, 500 and 1,500 m,
the inverse pattern was observed at 3,500 m, i.e., higher species
richness in secondary forests than in old-growth forests. Similarly,
we found significant differences in tree species richness between
degraded and secondary forests at 1,500, 2,500 and 3,500 m (p-
value < 0.05; Appendix S3), with higher tree species richness in
degraded than in secondary forests at 1,500 and 2,500 m but the
inverse trend at 3,500 m.

In old-growth forests, tree species richness along the elevational

gradient was best described as a low-plateau pattern, where species

DF @ OF @ SF

Om 500 m

1,000 m 1,500 m 2,000 m 2,500 m 3,000 m 3,500 m

FIGURE 3 Tree speciesrichness
(Hill number g = 0) along the elevation 60
gradient and different levels of forest
use intensity (n = 120 plots). Tree species
richness was significantly affected by
elevation (F7'96 =57.02, p-value < 0.001)
and forest use intensity within elevation
(F16,96 =4.38, p-value < 0.001; Appendix
S2). Bold points are predicted means
from a nested ANOVA (lines are 95%
confidence intervals). Light points are
plot-level values. Forest use intensity
levels are old-growth forest (OF), ¢
degraded forest (DF) and secondary

=0)

40

20

Species richness (q

blle b |y .o

forest (SF) [Colour figure can be viewed at
wileyonlinelibrary.com]
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richness was highest from O to 2000 m, after which it decreased
monotonically (Figure 3). Tree species richness in degraded and sec-
ondary forests showed a bimodal pattern with peaks at 1,000 and
2,000 m, declining towards both ends of the elevational gradient
(Figure 3). Similar patterns were observed for Shannon and Simpson

diversities (Appendices S8, S9).

3.3 | Tree community composition among
gradients of forest use intensity and elevation

We found that tree community composition varied significantly
along the elevational gradient (PERMANOVA F,,, = 8.69,
R? = 0.30, p-value < 0.001 and F,,, = 14.94, R” = 0.40, p-value
< 0.001 based on Jaccard and Bray-Curtis dissimilarity, respec-
tively; Appendices S6, S7) and among forest use intensity levels
within elevation (PERMANOVA F16’96 =2.88,R?=0.23, p-value
< 0.001 and Fy, 4, = 3.82, R? = 0.23, p-value < 0.001 based on
Jaccard and Bray-Curtis dissimilarity, respectively; Appendices
S4, S5). Within elevations, floristic composition differed sig-
nificantly between old-growth forest and secondary forest (ad-
justed p-value < 0.05), except at 2,500 m (Figure 4; Appendices
S6,57,510). In contrast, within elevations, floristic composition
only varied significantly between old-growth and degraded for-
ests at 500, 1,000 and 1,500 m based on Jaccard dissimilarity
and at 1,000 and 1,500 m based on Bray-Curtis dissimilarity (p-
value adjusted <0.05; Appendices 59, S10). At these elevations,
floristic composition differed significantly among old-growth,
degraded and secondary forests (pairwise comparisons within
elevation, p-value adjusted <0.05; Figure 4; Appendices Sé6, S7,
S10). Tree community composition varied between degraded
and secondary forests in most elevations except at 2,000 and

3,000 m based on Jaccard dissimilarity and at 500, 2,000, and
3,000 m based on Bray-Curtis dissimilarity (Appendices S6, S7,
S10).

4 | DISCUSSION

Our results revealed that the interaction between elevation and
forest use intensity affected tree diversity, i.e. species richness,
Shannon and Simpson diversity as well as community composition.
Importantly, we found that the effects of forest use intensity on tree
diversity were not consistent along the elevational gradient, with
tree diversity decreasing significantly in secondary compared with
old-growth forests at only three elevations (0, 500 and 1,500 m).
Together, our results suggest that the direction and magnitude of
the effects of anthropogenic forest disturbance on tree diversity in
tropical forests are context -dependent and will be difficult to gen-

eralize more broadly.

4.1 | Forest use intensity affects tree diversity
along the elevational gradient

Forest use intensity affected tree diversity, and we found signifi-
cant interactive effects of forest use intensity and elevation on di-
versity and species composition. While our analyses revealed that
an increase in forest use intensity may result in a decrease of tree
diversity, this pattern was not consistent along the elevational gradi-
ent. Anthropogenic forest use is generally thought to reduce species
richness in tropical forest landscapes (Gibson et al., 2011; Kessler
et al., 2009; Ramirez-Marcial, Gonzalez-Espinosa, & Williams-Linera,
2019; Williams-Linera & Lorea, 2009). Yet the effects of land use

Forest use intensity

e OF
A DF

= SF

Elevation FIGURE 4 Tree community

® 0 ape N . .

* 500 composition along eight elevational sites
< 150 and three different forest use intensity
b 3?,38 levels. Non-metric multidimensional

S e scaling (NMDS) based on Jaccard

dissimilarity (n = 5 plots per forest use
intensity within elevation), ellipses show
the range of each elevation site. Forest
use intensity levels are old-growth
forest (OF, circles), degraded forest

(DF, triangles) and secondary forest (SF,

5 0

squares) [Colour figure can be viewed at
wileyonlinelibrary.com]
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change are context-dependent and depend on the timing, frequency,
type and intensity of disturbances (Carrefio-Rocabado et al., 2012;
Newbold et al., 2015; Ramirez-Marcial et al., 2019), factors which
likely varied along the elevational gradient in this study.

Old-growth and degraded forests exhibited similar plot-level
species diversity at all elevations, a pattern that is consistent with
previous studies (Rutten et al., 2015; Zhang et al.,2013) and that
suggests that high local-scale diversity can be maintained under
moderate levels of disturbance. Furthermore, these results suggest
that degraded forests may act as reservoirs of native tree diver-
sity and, thus, play an important role in the conservation of diverse
tropical forests (Chazdon et al., 2009; Rozendaal et al., 2015). A po-
tential explanation of the observed pattern is that low or medium
forest use intensities or the creation of gaps in the forest canopy
may create new habitats that favor the establishment of fast-grow-
ing and light-demanding tree species (Ramirez-Marcial et al., 2001;
Zhang et al., 2013) or may facilitate the growth of advanced regen-
eration of shade-tolerant species into larger size classes (Brokaw,
1985; Denslow, 1987). However, forests subjected to frequent dis-
turbances may be vulnerable to biological invasions in the future
(Alpert, Bone, & Holzapfel, 2000), although we did not detect the
presence of any non-native woody species in our inventory. On the
other hand, we found that secondary forests had lower tree diversity
compared to old-growth forests at half of the elevational sites. This
suggests that high forest use intensity reduces diversity and that
tree communities, particularly old-growth forests, need more time
to recover in species composition (Crouzeilles et al., 2016; Gossner
et al., 2016; Peters et al., 2019; Rozendaal et al., 2015). Yet the ef-
fects of both low and high forest use intensity, and the subsequent
trajectory of recovery, may depend on intrinsic biotic and abiotic
conditions within each elevation, e.g. differences in dispersal lim-
itation, distance from adjacent forest, and propagule sources (Holl,
1999; Martinez-Garza & Gonzalez-Montagut 1999; van Breugel et
al., 2013).

The interactive effects of elevation and forest use intensity re-
sulted in contrasting tree diversity patterns along the elevational
gradient. The low-plateau elevational gradient for tree diversity
in old-growth forests gradually changed into a bimodal pattern
for degraded and especially secondary forests. These results
are broadly in line with a recent multi-taxon study from Mount
Kilimanjaro in Tanzania that showed interactive effects of cli-
mate and land use change on diversity trends (Peters et al., 2019).
Specifically, in our study, the low plateau pattern in old-growth
forest was driven by similar values in species richness between
sea level and 2,000 m, above which it decreased strongly towards
the treeline. Such an elevational pattern in tree diversity has been
described before, although it appears to be uncommon (Jankowski
et al., 2013; Rana et al., 2010). The high species diversity between
sea level and 2,000 m may be linked to climatic conditions; for
instance, tree diversity usually increases with temperature and
precipitation (Homeier et al., 2010; Toledo-Garibaldi & Williams-
Linera, 2005). In this regard, it is interesting that the highest

species richness observed in our study occurred in the warm
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but comparatively dry lowlands (Portillo-Quintero & Sanchez-
Azofeifa,2010). However, this observation is in line with previous
studies concerning trees along elevational gradients showing that
temperature is the primary climatic predictor of tree diversity
and stronger than precipitation (Sharma, Behera, Das, & Panda,
2019; Toledo-Garibaldi & Williams-Linera, 2005). We attribute
the sharp decrease in tree diversity above 2,000 m mainly to low
minimum temperatures and the frequent occurrence of frost (-3°C
absolute minimum temperature in winter; Pereyra, Palma, & G., &
Zitacuaro C, I., 1992; Toledo-Garibaldi & Williams-Linera, 2005;
C.l. Carvajal-Hernandez, unpublished data). These thermal condi-
tions represent strong biophysical constraints that likely limit the
occurrence of tropical tree species (Veintimilla et al., 2019; Zanne
et al., 2014), which is consistent with patterns reported from the
Himalayas by Bhattarai and Vetaas (2006) and Rana et al. (2010).
Interestingly, this decrease in tree diversity above 2,000 m was
also observed for degraded and secondary forests, suggesting a

strong role of ecological factors associated with elevation.

4.2 | Floristic composition along the elevational
gradient and forest use intensity

We found marked differences in tree composition related to
forest use intensity at most elevations, especially between old-
growth and secondary forests. This suggests that, at most el-
evations, high-intensity forest use strongly affected community
composition, which supports results from previous studies in
Neotropical forests (Norden, Chazdon, Chao, Jiang, & Vilchez-
Alvarado, 2009; Dent et al., 2013 DeWalt, & Denslow, 3). This
observed shift in forest composition may be explained by the
fact that the time needed to recover species composition may be
longer than that for species richness (Rozendaal et al., 2015), as
strong environmental filtering in tropical secondary forests limits
the diversity of adaptive trait combinations (Lebrija-Trejos et al.,
2011). For instance, the abiotic conditions in secondary forests
typically favor light-demanding, fast-growing species over shade-
tolerant, slow-growing species, which are better adapted to abi-
otic conditions found in old-growth forests (Bazzaz & Pickett,
1980; Crouzeilles et al., 2016; Ewel, 1980; Finegan, 1984; Gomez-
Pompa & Vasquez-Yanes, 1974; Guariguata & Ostertag, 2001;
Swaine & Whitmore, 1988). Other factors may similarly contrib-
ute to the differentiation in species composition of old-growth
and secondary forests, such as previous forest use type and
proximity of seed sources (Guariguata & Ostertag, 2001; Mudiz-
Castro, Williams-Linera, & Benayas, 2006; Rozendaal et al., 2015;
Zhang et al., 2013). In contrast, the composition of tree communi-
ties did not vary significantly between old-growth and degraded
forests within five or six of the eight studied elevations (based on
incidence or abundance-based dissimilarities, respectively). This
suggests that moderate forest use intensity in most degraded
tropical forests did not appreciably alter abiotic conditions, as

many common species (probably shade-tolerant, slow-growing
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ones) that also occurred in old-growth forests were able to per-
sist in degraded ones. Our finding is in line with that of a previous
study on herbaceous species along the same elevational gradient,
which also reported a similar floristic composition of old-growth
and degraded forests (Gomez-Diaz et al., 2017). It is important
to note that our study did not consider the possible impacts of
forest use intensity on the tree seedling community, which may
capture the impacts of disturbances more readily than the mature
tree community (Alvarez-Aquino et al., 2004; Ramirez-Marcial,
2003). While forest disturbances of even moderate intensity
may result in extinction debts in the long term (Moreno-Mateos
et al., 2017), the similar floristic composition of old-growth and
degraded forests at most elevations supports the idea that de-
graded forests may act as important reservoirs of biodiversity in

human-modified tropical landscapes.

5 | CONCLUSIONS

We found that forest use intensity significantly altered tree species
diversity and composition, and that this effect was modified by ele-
vation. Our results provide evidence that, even in human-dominated
tropical landscapes, degraded and secondary forests may safeguard
considerable levels of tree diversity. Due to their greater similarity to
old-growth forests, degraded forests may act as reservoirs for bio-
diversity conservation and restoration. In conclusion, the interactive
effects between land use and elevation render predictions across
elevations difficult and highlight the value of examining how forest
use intensity may alter diversity patterns along elevational gradients

in tropical forests.

ACKNOWLEDGEMENTS

We thank Miguel Hernandez, Eder Martinez, Gloria Monje, and
Luis Tlaxcalteco for their valuable help during the fieldwork. We
would like to thank Francisco G. Lorea Hernandez, Claudia Gallardo
Hernandez, and Carlos M. Duran Espinosa for their help with the
tree species identification. We also thank Paola Barajas for help
with the map and Patrick Weigelt for help with the database.
Thanks to the Instituto de Ecologia, A.C. (INECOL) and Centro de
Investigaciones Tropicales (CITRO) in Xalapa, Mexico, for providing

working facilities.

AUTHOR CONTRIBUTIONS

MLM-G, HK and TK conceived the study; MLM-G, AH-S and GC-C
collected data; MLM-G, DC and NG-R analysed the data; MLM-G
wrote the paper with contributions from HK, DC, NG-R, VG-J
and TK; all authors discussed the results and commented on the

manuscript.

DATA AVAILABILITY STATEMENT

Primary data are available in Appendix S1 of Supporting Information.

ORCID

Maria Leticia Monge-Gonzdlez

org/0000-0003-0450-7987

https://orcid.org/0000-0003-3940-833X
https://orcid.org/0000-0002-1398-8172

https://orcid.

https://orcid.

Dylan Craven

Thorsten Krémer

Gonzalo Castillo-Campos

org/0000-0002-3059-8109

https://orcid.org/0000-0001-6239-4541
https://orcid.

Valeria Guzmdn-Jacob
Nathaly Guerrero-Ramirez
org/0000-0001-7311-9852

Holger Kreft https://orcid.org/0000-0003-4471-8236

REFERENCES

Aiba, S., & Kitayama, K. (1999). Structure, composition and species diver-
sity in an altitude-substrate matrix of rain forest tree communities on
Mount Kinabalu, Borneo. Plant Ecology, 140, 139-157.

Alpert, P., Bone, E., & Holzapfel, C. (2000). Invasiveness, invisibility and
the role of environmental stress in the spread of non-native plants.
Perspectives in Plant Ecology, Evolution and Systematics, 3(1), 52-66.

Alvarez-Aquino, C., Williams-Linera, G., & Newton, A. C. (2004).
Experimental native tree seedling establishment for the restoration
of a Mexican cloud forest. Restoration Ecology, 12, 412-418. https://
doi.org/10.1111/j.1061-2971.2004.00398.x

Antonelli, A., Kissling, W. D., Flantua, S. G. A., Bermudez, M. A., Mulch,
A., Muellner-Riehl, A. N., ... Hoorn, C. (2018). Geological and climatic
influences on mountain biodiversity. Nature Geoscience, 11, 718.
https://doi.org/10.1038/s41561-018-0236-z

Barlow, J., Franca, F., Gardner, T. A., Hicks, C. C., Lennox, G. D,
Berenguer, E., ... Graham, N. A. J. (2018). The future of hyperdiverse
tropical ecosystems. Nature, 559, 517. https://doi.org/10.1038/
s41586-018-0301-1

Barthlott, W., Mutke, J., Rafigpoor, D., Kier, G., & Kreft, H. (2005). Global
centers of vascular plant diversity. Nova Acta Leopoldina, 92, 61-83.

Bazzaz, F. A., & Pickett, S. T. A. (1980). Physiological ecology of trop-
ical succession: A comparative review. Annual Review of Ecology
and Systematics, 11, 287-310. https://doi.org/10.1146/annur
ev.es.11.110180.001443

Bhattarai, K. R., & Vetaas, O. R. (2006). Can Rapoport’s rule ex-
plain tree species richness along the Himalayan elevation gradi-
ent, Nepal? Diversity and Distributions, 12, 373-378. https://doi.
org/10.1111/j.1366-9516.2006.00244.x

Brokaw, N. V. L. (1985). Gap-phase regeneration in a tropical forest.
Ecology, 66, 682-687. https://doi.org/10.2307/1940529

Carrefo-Rocabado, G., Pefia-Claros, M., Bongers, F., Alarcén, A., Licona,
J.-C., & Poorter, L. (2012). Effects of disturbance intensity on species
and functional diversity in a tropical forest. Journal of Ecology, 100,
1453-1463. https://doi.org/10.1111/j.1365-2745.2012.02015.x

Carvajal-Hernandez, C. ., & Krémer, T. (2015). Riqueza y distribucion de
helechos vy licéfitos en el gradiente altitudinal del Cofre de Perote,
centro de Veracruz, México. Botanical Sciences, 93, 601-614. https://
doi.org/10.17129/botsci.165

Chao, A., Gotelli, N. J.,, Hsieh, T. C., Sander, E. L., Ma, K. H., Colwell,
R. K., & Ellison, A. M. (2014). Rarefaction and extrapolation with
Hill numbers: A framework for sampling and estimation in species
diversity studies. Ecological Monographs, 84, 45-67. https://doi.
org/10.1890/13-0133.1

Chazdon, R. L., Peres, C. A, Dent, D., Sheil, D., Lugo, A. E., Lamb, D., ...
Miller, S. E. (2009). The potential for species conservation in tropical
secondary forests. Conservation Biology, 23, 1406-1417. https://doi.
org/10.1111/j.1523-1739.2009.01338.x


https://orcid.org/0000-0003-0450-7987
https://orcid.org/0000-0003-0450-7987
https://orcid.org/0000-0003-0450-7987
https://orcid.org/0000-0003-3940-833X
https://orcid.org/0000-0003-3940-833X
https://orcid.org/0000-0002-1398-8172
https://orcid.org/0000-0002-1398-8172
https://orcid.org/0000-0002-3059-8109
https://orcid.org/0000-0002-3059-8109
https://orcid.org/0000-0002-3059-8109
https://orcid.org/0000-0001-6239-4541
https://orcid.org/0000-0001-6239-4541
https://orcid.org/0000-0001-7311-9852
https://orcid.org/0000-0001-7311-9852
https://orcid.org/0000-0001-7311-9852
https://orcid.org/0000-0003-4471-8236
https://orcid.org/0000-0003-4471-8236
https://doi.org/10.1111/j.1061-2971.2004.00398.x
https://doi.org/10.1111/j.1061-2971.2004.00398.x
https://doi.org/10.1038/s41561-018-0236-z
https://doi.org/10.1038/s41586-018-0301-1
https://doi.org/10.1038/s41586-018-0301-1
https://doi.org/10.1146/annurev.es.11.110180.001443
https://doi.org/10.1146/annurev.es.11.110180.001443
https://doi.org/10.1111/j.1366-9516.2006.00244.x
https://doi.org/10.1111/j.1366-9516.2006.00244.x
https://doi.org/10.2307/1940529
https://doi.org/10.1111/j.1365-2745.2012.02015.x
https://doi.org/10.17129/botsci.165
https://doi.org/10.17129/botsci.165
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1111/j.1523-1739.2009.01338.x
https://doi.org/10.1111/j.1523-1739.2009.01338.x

MONGE-GONZALEZ ET AL.

-

Clark, D. B., Hurtado, J., & Saatchi, S. S. (2015). Tropical rain forest struc-
ture, tree growth and dynamics along a 2700-m elevational transect
in Costa Rica. PLoS ONE, 10, e0122905.

Craven, D., Hall, J. S., Berlyn, G. P,, Ashton, M. S., & van Breugel, M.
(2015). Changing gears during succession: Shifting functional strat-
egies in young tropical secondary forests. Oecologia, 179, 293-305.
https://doi.org/10.1007/s00442-015-3339-x

Crouzeilles, R., Curran, M., Ferreira, M. S., Lindenmayer, D. B., Grelle, C.
E. V., & Rey Benayas, J. M. (2016). A global meta-analysis on the eco-
logical drivers of forest restoration success. Nature Communications,
7, 11666. https://doi.org/10.1038/ncomms11666

Cuesta, F., Muriel, P., Llambi, L. D., Halloy, S., Aguirre, N., Beck, S.,
... Gosling, W. D. (2017). Latitudinal and altitudinal patterns of
plant community diversity on mountain summits across the trop-
ical Andes. Ecography, 40, 1381-1394. https://doi.org/10.1111/
ecog.02567

Denslow, J. S. (1987). Tropical rainforest gaps and tree species diversity.
Annual Review of Ecology and Systematics, 18, 431-451. https://doi.
org/10.1146/annurev.es.18.110187.002243

Dent, D.H.,DeWalt,S. J., &Denslow, J. S.(2013). Secondary forests of cen-
tralPanamaincreaseinsimilarity toold-growth forestovertimeinshade
tolerance but not species composition. Journal of Vegetation Science,
24,530-542. https://doi.org/10.1111/j.1654-1103.2012.01482.x

Ewel, J. (1980). Tropical succession: Manifold routes to maturity.
Biotropica, 12, 2-7. https://doi.org/10.2307/2388149

Finegan, B. (1984). Forest succession. Nature, 312, 109. https://doi.
org/10.1038/312109a0

Foley, J. A., DeFries, R., Asner, G. P, Barford, C., Bonan, G., Carpenter, S.
R., ... Snyder, P. K. (2005). Global consequences of land use. Science,
309, 570-574. https://doi.org/10.1126/science.1111772

Fox, J., & Weisberg, S. (2011). An R companion to applied regression.
Thousand Oaks, CA: Sage.

Gibson, L., Lee, T. M., Koh, L. P, Brook, B. W., Gardner, T. A., Barlow, J.,
... Sodhi, N. S. (2011). Primary forests are irreplaceable for sustaining
tropical biodiversity. Nature, 478, 378-381. https://doi.org/10.1038/
nature10425

Gomez-Diaz, J. A, Kromer, T., Kreft, H., Gerold, G., Carvajal-Hernandez,
C. I, & Heitkamp, F. (2017). Diversity and composition of herba-
ceous angiosperms along gradients of elevation and forest-use in-
tensity. PLoS ONE, 12, e0182893. https://doi.org/10.1371/journ
al.pone.0182893

Gomez-Pompa, A., & Vasquez-Yanes, C. (1974). Studies on secondary
succession of tropical lowlands: the life cycle of secondary species.
In W. H. Van Dodbben G. R. Gradwell (Eds.), Proceedings of the First
International Congress of Ecology. The Hague. (pp. 336-342).

Goslee, S. C., & Urban, D. L. (2007). The ecodist package for dissimilar-
ity-based analysis of ecological data. Journal of Statistical Software,
22,1-19.

Gossner, M. M., Getzin, S., Lange, M., Pasali¢, E., Tiirke, M., Wiegand, K.,
& Weisser, W. W. (2013). The importance of heterogeneity revisited
from a multiscale and multitaxa approach. Biological Conservation,
166, 212-220. https://doi.org/10.1016/j.biocon.2013.06.033

Gossner, M. M., Lewinsohn, T. M., Kahl, T., Grassein, F., Boch, S., Prati,
D., ... Allan, E. (2016). Land-use intensification causes multitrophic
homogenization of grassland communities. Nature, 540, 266-269.
https://doi.org/10.1038/nature20575

Guariguata, M. R., & Ostertag, R. (2001). Neotropical secondary for-
est succession: Changes in structural and functional characteris-
tics. Forest Ecology and Management, 148, 185-206. https://doi.
org/10.1016/50378-1127(00)00535-1

Holl,K.D.(1999). Factors limiting tropical rain forest regenerationin aban-
doned pasture: Seed rain, seed germination, microclimate, and soill.
Biotropica, 31, 229-242. https://doi.org/10.1111/j.1744-7429.1999.
tb00135.x

g Applied Vegetation Science Jl

Homeier, J., Breckle, S.-W., Glnter, S., Rollenbeck, R. T., & Leuschner,
C. (2010). Tree diversity, forest structure and productivity along al-
titudinal and topographical gradients in a species-rich Ecuadorian
Montane rain forest. Biotropica, 42, 140-148.

Hothorn, T., Bretz, F., & Westfall, P. (2008). Simultaneous inference in
general parametric models. Biometrical Journal, 50, 346-363. https://
doi.org/10.1002/bim;j.200810425

Hsieh, T. C., Ma, K. H., & Chao, A. (2016). iNEXT: An R package for
rarefaction and extrapolation of species diversity (Hill num-
bers). Methods in Ecology and Evolution, 7, 1451-1456. https://doi.
org/10.1111/2041-210X.12613

Huerta Martinez, F. M., Briones Tirado, J. E., Neri Luna, C., Mufioz Urias,
A., & Rosas Espinoza, V. C. (2014). Relaciones entre comunidades ar-
béreas, suelo y el gradiente altitudinal en el volcan de Tequila, Jalisco.
Revista Mexicana De Ciencias Forestales, 5, 202-215.

Jankowski, J. E., Merkord, C. L., Rios, W. F., Cabrera, K. G., Revilla, N. S., &
Silman, M. R. (2013). The relationship of tropical bird communities to
tree species composition and vegetation structure along an Andean
elevational gradient. Journal of Biogeography, 40, 950-962. https://
doi.org/10.1111/jbi.12041

Jost, L. (2006). Entropy and diversity. Oikos, 113, 363-375.

Kessler, M., Abrahamczyk, S., Bos, M., Buchori, D., Putra, D. D., Gradstein,
S.R., ... Tscharntke, T. (2009). Alpha and beta diversity of plants and
animals along a tropical land-use gradient. Ecological Applications, 19,
2142-2156. https://doi.org/10.1890/08-1074.1

Kidane, Y., Stahlmann, R., & Beierkuhnlein, C. (2012). Vegetation dy-
namics, and land use and land cover change in the Bale Mountains,
Ethiopia. Environmental Monitoring and Assessment, 184, 7473-7489.
https://doi.org/10.1007/s10661-011-2514-8

Kier, G., Kreft, H., Lee, T. M., Jetz, W., Ibisch, P. L., Nowicki, C., ... Barthlott,
W. (2009). A global assessment of endemism and species richness
across island and mainland regions. Proceedings of the National
Academy of Sciences, 106, 9322-9327. https://doi.org/10.1073/
pnas.0810306106

Kérner, C., Jetz, W., Paulsen, J., Payne, D., Rudmann-Maurer, K., & M.
Spehn, E. (2017). A global inventory of mountains for bio-geograph-
ical applications. Alpine Botany, 127, 1-15. https://doi.org/10.1007/
s00035-016-0182-6

Laurance, W. F., Sayer, J., & Cassman, K. G. (2014). Agricultural expansion
and its impacts on tropical nature. Trends in Ecology & Evolution, 29,
107-116. https://doi.org/10.1016/j.tree.2013.12.001

Lebrija-Trejos, E., Pérez-Garcia, E. A., Meave, J. A., Poorter, L., & Bongers,
F. (2011). Environmental changes during secondary succession in a
tropical dry forest in Mexico. Journal of Tropical Ecology, 27, 477-489.
https://doi.org/10.1017/50266467411000253

Leopold, A. S. (1950). Vegetation zones of Mexico. Ecology, 31, 507-518.
https://doi.org/10.2307/1931569

Leuschner, C., Wiens, M., Harteveld, M., Hertel, D., & Tjitrosemito, S.
(2006). Patterns of fine root mass and distribution along a distur-
bance gradient in a tropical Montane Forest, Central Sulawesi
(Indonesia). Plant and Soil, 283, 163-174.

Lohbeck, M., Poorter, L., Lebrija-Trejos, E., Martinez-Ramos, M., Meave,
J.A., Paz, H.,...Bongers, F. (2013). Successional changes in functional
composition contrast for dry and wet tropical forest. Ecology, 94,
1211-1216. https://doi.org/10.1890/12-1850.1

Malhi, Y., Silman, M., Salinas, N., Bush, M., Meir, P., & Saatchi, S. (2010).
Introduction: Elevation gradients in the tropics: Laboratories for
ecosystem ecology and global change research. Global Change
Biology, 16, 3171-3175. https://doi.org/10.1111/j.1365-2486.
2010.02323.x

Martinez-Garza, C., & Gonzalez-Montagut, R. (1999). Seed rain from
forest fragments into tropical pastures in Los Tuxtlas, Mexico. Plant
Ecology, 145, 255-265.


https://doi.org/10.1007/s00442-015-3339-x
https://doi.org/10.1038/ncomms11666
https://doi.org/10.1111/ecog.02567
https://doi.org/10.1111/ecog.02567
https://doi.org/10.1146/annurev.es.18.110187.002243
https://doi.org/10.1146/annurev.es.18.110187.002243
https://doi.org/10.1111/j.1654-1103.2012.01482.x
https://doi.org/10.2307/2388149
https://doi.org/10.1038/312109a0
https://doi.org/10.1038/312109a0
https://doi.org/10.1126/science.1111772
https://doi.org/10.1038/nature10425
https://doi.org/10.1038/nature10425
https://doi.org/10.1371/journal.pone.0182893
https://doi.org/10.1371/journal.pone.0182893
https://doi.org/10.1016/j.biocon.2013.06.033
https://doi.org/10.1038/nature20575
https://doi.org/10.1016/S0378-1127(00)00535-1
https://doi.org/10.1016/S0378-1127(00)00535-1
https://doi.org/10.1111/j.1744-7429.1999.tb00135.x
https://doi.org/10.1111/j.1744-7429.1999.tb00135.x
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1111/jbi.12041
https://doi.org/10.1111/jbi.12041
https://doi.org/10.1890/08-1074.1
https://doi.org/10.1007/s10661-011-2514-8
https://doi.org/10.1073/pnas.0810306106
https://doi.org/10.1073/pnas.0810306106
https://doi.org/10.1007/s00035-016-0182-6
https://doi.org/10.1007/s00035-016-0182-6
https://doi.org/10.1016/j.tree.2013.12.001
https://doi.org/10.1017/S0266467411000253
https://doi.org/10.2307/1931569
https://doi.org/10.1890/12-1850.1
https://doi.org/10.1111/j.1365-2486.2010.02323.x
https://doi.org/10.1111/j.1365-2486.2010.02323.x

MONGE-GONZALEZ T AL.

LA Applied Vegetation Science §

McCain, C. M., & Grytnes, J.-A. (2010). Elevational gradients in species
richness. In John Wiley & Sons, Ltd (Eds.), Encyclopedia of life sciences.
Chichester, UK: John Wiley & Sons Ltd.

Moreno-Mateos, D., Barbier, E. B., Jones, P. C., Jones, H. P., Aronson, J.,
Lopez-Lopez, J. A., ... Rey Benayas, J. M. (2017). Anthropogenic eco-
system disturbance and the recovery debt. Nature Communications,
8, 14163. https://doi.org/10.1038/ncomms14163

Morrone, J. J. (2006). Biogeographic areas and transition zones of Latin
America and the Caribbean Islands Based on Panbiogeographic
and Cladistic analyses of the Entomofauna. Annual Review
of Entomology, 51, 467-494. https://doi.org/10.1146/annur
ev.ento.50.071803.130447

Muniz-Castro, M. A., Williams-Linera, G., & Benayas, J. M. R. (2006).
Distance effect from cloud forest fragments on plant community
structure in abandoned pastures in Veracruz, Mexico. Journal of
Tropical Ecology, 22, 431-440. https://doi.org/10.1017/502664 6740
6003221

Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A. B,,
& Kent, J. (2000). Biodiversity hotspots for conservation priorities.
Nature, 403, 853-858. https://doi.org/10.1038/35002501

Nepstad, D. C., Uhl, C., Pereira, C. A., da Silva, J. M. C., & da Silva, J. M. C.
(1996). A comparative study of tree establishment in abandoned pas-
ture and mature forest of eastern Amazonia. Oikos, 76, 25-39. https
://doi.org/10.2307/3545745

Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., Lysenko, I., Senior,
R. A., ... Purvis, A. (2015). Global effects of land use on local terres-
trial biodiversity. Nature, 520, 45-50. https://doi.org/10.1038/natur
e14324

Norden, N., Chazdon, R. L., Chao, A,, Jiang, Y.-H., & Vilchez-Alvarado, B.
(2009). Resilience of tropical rain forests: Tree community reassem-
bly in secondary forests. Ecology Letters, 12, 385-394. https://doi.
org/10.1111/j.1461-0248.2009.01292.x

Pereyra, D., Palma, G., & G., & Zitacuaro C, I, (1992). Correlation be-
tween northers of Gulf of Mexico and frosts at Las Vigas, Veracruz,
Mexico. Atmdsfera, 5, 109-118.

Peters, M. K., Hemp, A., Appelhans, T., Becker, J. N, Behler, C., Classen,
A., ... Steffan-Dewenter, I. (2019). Climate-land-use interactions
shape tropical mountain biodiversity and ecosystem functions.
Nature, https://doi.org/10.1038/s41586-019-1048-z

Portillo-Quintero, C. A., & Sanchez-Azofeifa, G. A. (2010). Extent and
conservation of tropical dry forests in the Americas. Biological
Conservation, 143, 144-155.

R Core Team. (2018). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Ramirez-Marcial, N. (2003). Survival and growth of tree seed-
lings in anthropogenically disturbed Mexican montane rain for-
ests. Journal of Vegetation Science, 14, 881-890. https://doi.
org/10.1111/j.1654-1103.2003.tb02221.x

Ramirez-Marcial, Neptali, Gonzalez-Espinosa, M., & Williams-Linera, G.
(2001). Anthropogenic disturbance and tree diversity in Montane
Rain Forests in Chiapas, Mexico. Forest Ecology and Management,
154, 311-326. https://doi.org/10.1016/50378-1127(00)00639-3

Rana, S. K., Gross, K., & Price, T. D. (2019). Drivers of elevational rich-
ness peaks, evaluated for trees in the east Himalaya. Ecology, 100,
e02548.

Rodriguez, S. R., Morales-Barrera, W., Layer, P., & Gonzélez-Mercado, E.
(2010). A quaternary monogenetic volcanic field in the Xalapa region,
eastern Trans-Mexican volcanic belt: Geology, distribution and mor-
phology of the volcanic vents. Journal of Volcanology and Geothermal
Research, 197, 149-166.

Rozendaal, D. M. A, Bongers, F., Aide, T. M., Alvarez-Davila, E.,
Ascarrunz, N., Balvanera, P,, ... Poorter, L. (2019). Biodiversity recov-
ery of Neotropical secondary forests. Science Advances, 5, eaau3114.

Rutten, G., Ensslin, A., Hemp, A., & Fischer, M. (2015). Vertical and hor-
izontal vegetation structure across natural and modified habitat
types at Mount Kilimanjaro. PLoS ONE, 10, e0138822. https://doi.
org/10.1371/journal.pone.0138822

Sanders, N. J., & Rahbek, C. (2012). The patterns and causes of el-
evational diversity gradients. Ecography, 35, 1-3. https://doi.
org/10.1111/j.1600-0587.2011.07338.x

Sharma, N., Behera, M. D., Das, A. P., & Panda, R. M. (2019). Plant richness
pattern in an elevation gradient in the Eastern Himalaya. Biodiversity
and Conservation, https://doi.org/10.1007/s10531-019-01699-7

Slik,J. W.F.,Raes, N., Aiba, S.-I., Brearley, F. Q., Cannon, C. H., Meijaard, E.,
... Wulffraat, S. (2009). Environmental correlates for tropical tree di-
versity and distribution patterns in Borneo. Diversity and Distributions,
15, 523-532. https://doi.org/10.1111/j.1472-4642.2009.00557.x

SMN. (2019). Servicio Meteotoldgico Nacional. Normales Climatoldgicas
por Estado. In Servicio Meteoroldgico Nacional [Internet]. Retrieved
from https://smn.cna.gob.mx/es/informacion-climatologica-por-es-
tado?estado=ver

Soto Esparza, M., & Giddings Berger, L. E. (2011). Clima. In La biodiver-
sidad de Veracruz: Estudio de Estado (pp. 35-52). México: Comision
Nacional para el Conocimiento y Uso de la Biodiversidad, Gobierno
del Estado de Veracruz, Universidad Veracruzana, Instituto de
Ecologia, A.C.

Stein, A., Gerstner, K., & Kreft, H. (2014). Environmental heterogeneity
as a universal driver of species richness across taxa, biomes and spa-
tial scales. Ecology Letters, 17, 866-880.

Swaine, M. D., & Whitmore, T. C. (1988). On the definition of ecological
species groups in tropical rain forests. Vegetatio, 75, 81-86. https://
doi.org/10.1007/BF00044629

Toledo-Garibaldi, M., & Williams-Linera, G. (2014). Tree diversity pat-
terns in successive vegetation types along an elevation gradient in
the Mountains of Eastern Mexico. Ecological Research, 29, 1097-
1104. https://doi.org/10.1007/s11284-014-1196-4

Tscharntke, T., Klein, A. M., Kruess, A., Steffan-Dewenter, |., & Thies, C.
(2005). Landscape perspectives on agricultural intensification and
biodiversity - ecosystem service management. Ecology Letters, 8,
857-874.

van Breugel, M., Hall, J. S., Craven, D., Bailon, M., Hernandez, A., Abbene,
M., & van Breugel, P. (2013). Succession of ephemeral secondary for-
ests and their limited role for the conservation of floristic diversity in
a human-modified tropical landscape. PLoS ONE, 8, e82433. https://
doi.org/10.1371/journal.pone.0082433

Veintimilla, D., Bieng, M. A.N., Delgado, D., Vilchez-Mendoza, S., Zamora,
N., & Finegan, B. (2019). Drivers of tropical rainforest composition
and alpha diversity patterns over a 2,520 m altitudinal gradient.
Ecology and Evolution, 9(10), 5720-5730. https://doi.org/10.1002/
ece3.5155

Vitousek, P. M., Mooney, H. A., Lubchenco, J., & Melillo, J. M. (1997).
Human domination of Earth’s ecosystems. Science, 277, 494-499.
https://doi.org/10.1126/science.277.5325.494

Williams-Linera, G., & Lorea, F. (2009). Tree species diversity driven by
environmental and anthropogenic factors in tropical dry forest frag-
ments of central Veracruz, Mexico. Biodiversity and Conservation, 18,
3269-3293. https://doi.org/10.1007/s10531-009-9641-3

Zanne, A. E., Tank, D. C., Cornwell, W. K., Eastman, J. M., Smith, S. A,,
FitzJohn, R. G., ... Beaulieu, J. M. (2014). Three keys to the radia-
tion of angiosperms into freezing environments. Nature, 506, 89-92.
https://doi.org/10.1038/nature12872

Zhang, J.-T., Xu, B., & Li, M. (2013). Vegetation patterns and species diver-
sity along elevational and disturbance gradients in the baihua moun-
tain reserve, Beijing, China. Mountain Research and Development, 33,
170-178. https://doi.org/10.1659/MRD-JOURNAL-D-11-00042.1


https://doi.org/10.1038/ncomms14163
https://doi.org/10.1146/annurev.ento.50.071803.130447
https://doi.org/10.1146/annurev.ento.50.071803.130447
https://doi.org/10.1017/S0266467406003221
https://doi.org/10.1017/S0266467406003221
https://doi.org/10.1038/35002501
https://doi.org/10.2307/3545745
https://doi.org/10.2307/3545745
https://doi.org/10.1038/nature14324
https://doi.org/10.1038/nature14324
https://doi.org/10.1111/j.1461-0248.2009.01292.x
https://doi.org/10.1111/j.1461-0248.2009.01292.x
https://doi.org/10.1038/s41586-019-1048-z
https://doi.org/10.1111/j.1654-1103.2003.tb02221.x
https://doi.org/10.1111/j.1654-1103.2003.tb02221.x
https://doi.org/10.1016/S0378-1127(00)00639-3
https://doi.org/10.1371/journal.pone.0138822
https://doi.org/10.1371/journal.pone.0138822
https://doi.org/10.1111/j.1600-0587.2011.07338.x
https://doi.org/10.1111/j.1600-0587.2011.07338.x
https://doi.org/10.1007/s10531-019-01699-7
https://doi.org/10.1111/j.1472-4642.2009.00557.x
https://smn.cna.gob.mx/es/informacion-climatologica-por-estado?estado=ver
https://smn.cna.gob.mx/es/informacion-climatologica-por-estado?estado=ver
https://doi.org/10.1007/BF00044629
https://doi.org/10.1007/BF00044629
https://doi.org/10.1007/s11284-014-1196-4
https://doi.org/10.1371/journal.pone.0082433
https://doi.org/10.1371/journal.pone.0082433
https://doi.org/10.1002/ece3.5155
https://doi.org/10.1002/ece3.5155
https://doi.org/10.1126/science.277.5325.494
https://doi.org/10.1007/s10531-009-9641-3
https://doi.org/10.1038/nature12872
https://doi.org/10.1659/MRD-JOURNAL-D-11-00042.1

MONGE-GONZALEZ ET AL.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

Appendix S1. List of tree species recorded at different levels of for-
est use intensity along an elevational gradient in central Veracruz,
Mexico

Appendix S2. Additional results for the effects of elevation and
forest use intensity on tree diversity and community composi-
tion, including analysis of variance (ANOVA) and Tukey contrasts
for richness, Shannon and Simpson diversity and permutational
multivariate analysis of variance (PERMANOVA) and pairwise com-
parisons for community composition using both Jaccard and Bray-
Curtis dissimilarities

Appendix S3. Results of statistical analyses of multiple comparisons
of means using Tukey Contrasts

Appendix S4. Results of the Permutational Multivariate Analysis
of Variance (PERMANOVA) evaluating the effects of elevation and
forest-use intensity nested in elevation on tree community composi-
tion. Dissimilarity was estimated using incidence-based Jaccard dis-
similarity and 999 permutations

Appendix S5. Results of the Permutational Multivariate Analysis
of Variance (PERMANOVA) evaluating the effects of elevation and

§ Applied Vegetation Science J—”

forest-use intensity nested in elevation on tree community composi-
tion. Dissimilarity was estimated using abundance-based Bray Curtis
dissimilarity and 999 permutations

Appendix Sé. Results of statistical analysis of pairwise comparisons
between tree community composition estimated using incidence-
based Jaccard in every forest-use intensity and per each elevation
Appendix S7. Results of statistical analysis of pairwise comparisons
between tree community composition estimated using abundance-
based Bray Curtis in every forest-use intensity and per each elevation
Appendix S8. Tree species richness (Hill number = 1) along the eleva-
tion gradient and different levels of forest use intensity

Appendix S9. Tree species richness (Hill number = 2) along the eleva-
tion gradient and different levels of forest use intensity

Appendix S10. Tree community composition along eight elevational

sites and three different forest-use intensity levels

How to cite this article: Monge-Gonzalez ML, Craven D,
Krémer T, et al. Response of tree diversity and community
composition to forest use intensity along a tropical elevational
gradient. Appl Veg Sci. 2020;23:69-79. https://doi.org/10.1111/
avsc.12465



https://doi.org/10.1111/avsc.12465
https://doi.org/10.1111/avsc.12465

