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Cloud forests on rock outcrop and volcanic soil differ in indicator
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bstract

The tropical montane cloud forest (TMCF) of central Veracruz, Mexico, predominantly grows on volcanic substrate from the Quaternary
2–0.08 Mya), but in very small areas it grows on shallow soils over limestone rock outcrops from the Cretaceous (90 Mya). Our objective was
o contrast the vegetation structure and tree species composition of forest communities growing on rock outcrops (FOR) with nearby forests
n prevalent volcanic soil (FOV). Results show that species richness and vegetation structure were similar between FOR and FOV. However, a
lear difference was revealed by indicator species analysis (ISA), and multinomial classification model (CLAM). ISA and CLAM, respectively,
dentified 14 indicators and 13 specialists in FOR, whereas, they identified 7 indicators and 14 specialists in FOV. Some FOR indicators were
ercis  canadensis, Clusia  guatemalensis, Garrya  laurifolia, Ostrya  virginiana  and Quercus  pinnativenulosa. Some FOV indicators were Carpinus

ropicalis, Clethra  macrophylla, Liquidambar  styraciflua  and Quercus  xalapensis; these species are also common in several Mexican TMCF. Our
tudy demonstrates that the tree community on rock outcrops differs from the surrounding forest on volcanic soils; this is of particular interest
ecause of its different species assemblage and contribution to the high beta diversity of the region.

 2016 Universidad Nacional Autónoma de México, Instituto de Biología. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).
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esumen

El bosque mesófilo de montaña del centro de Veracruz, México, crece predominantemente en sustrato volcánico del Cuaternario (2-0.08 Ma),
ero en áreas muy pequeñas crece en suelo poco profundo sobre afloramientos de roca caliza del Cretácico (90 Ma). El objetivo fue contrastar la
structura de la vegetación y la composición de especies arbóreas de comunidades en afloramientos rocosos (AR) con bosques cercanos en suelo
olcánico (SV). Encontramos que la riqueza de especies y la estructura de la vegetación fueron similares entre AR y SV. Sin embargo, el análisis
e especies indicadoras (ISA) y el modelo de clasificación multinomial (CLAM) revelaron una diferencia clara. ISA y CLAM, respectivamente,
dentificaron 14 especies indicadoras y 13 especialistas en AR, e identificaron 7 indicadoras y 14 especialistas en SV. Algunas especies indicadoras
R fueron: Cercis  canadensis, Clusia  guatemalensis, Garrya  laurifolia, Ostrya  virginiana, Quercus  pinnativenulosa. Algunas especies indicadoras

e SV fueron: Carpinus  tropicalis, Clethra  macrophylla, Liquidambar  styraciflua  y Quercus  xalapensis; estas especies también son comunes en
arios bosques mesófilos mexicanos. Se concluye que la comunidad de árboles en afloramientos rocosos difiere del bosque circundante en suelo
olcánico. Estas diferencias en el ensamblaje de especies son de particular interés debido a que contribuyen a la alta diversidad beta regional.

 2016 Universidad Nacional Autónoma de México, Instituto de Biología. Este es un artículo Open Access bajo la licencia CC BY-NC-ND

ocosos; Diversidad de árboles; Estructura de la vegetación; Suelos volcánicos
http://creativecommons.org/licenses/by-nc-nd/4.0/).

alabras clave: Bosque de niebla; Suelo calizo; Árboles raros; Afloramientos r
∗ Corresponding author.
E-mail address: guadalupe.williams@inecol.mx (G. Williams-Linera).
Peer Review under the responsibility of Universidad Nacional Autónoma de Méx

http://dx.doi.org/10.1016/j.rmb.2016.09.003
870-3453/© 2016 Universidad Nacional Autónoma de México, Instituto de B
http://creativecommons.org/licenses/by-nc-nd/4.0/).
ico.

iología. This is an open access article under the CC BY-NC-ND license

http://crossmark.crossref.org/dialog/?doi=10.1016/j.rmb.2016.09.003&domain=pdf
http://www.sciencedirect.com/science/journal/00000000
http://www.ib.unam.mx/revista/
dx.doi.org/10.1016/j.rmb.2016.09.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:guadalupe.williams@inecol.mx
dx.doi.org/10.1016/j.rmb.2016.09.003
http://creativecommons.org/licenses/by-nc-nd/4.0/


1 a Mex

I

fl
o
h
t
r
2
P
&
&
r
o
(
e
I
d
l
t
t
b
t
c
O
w
c
g
c

a
a
e
e
g
v
S
W
G
d
l
p
t
a
S
b
f
v
t
o

t
t
n
c
v
M

r
v
B
a
o
s
(

f
o
W
r
a
d
f
c
f
f
r
e
p
p
s
t

M

M
9
T
d
t
M
w
e
2
t
T
(
o
R

n
c
V
w
t

g
i
a
limestone. With the help of a local guide, we visited all of the
266 G. Williams-Linera, Q. Vizcaíno-Bravo / Revist

ntroduction

Forest communities on rock outcrops have a distinctive
oristic composition and physiognomy with respect to that
f the surrounding forests. Outcrops with different substrates
ave been recognized worldwide as providing important habi-
ats for biodiversity conservation, particularly for endemic and
are species (Aukema, Carlo, & Collazo, 2007; Cantero et al.,
014; Gallardo-Hernández, Velázquez, & Asbjornsen, 2008;
érez-García & Meave, 2004; Pérez-García, Sevilha, Meave,

 Scariot, 2009; Rivera, Zimmerman, & Aide, 2000; Wiser
 Buxton, 2009). Some differential trends have also been

eported in vegetation structure and species composition on
utcrops compared to those of nearby forests on deeper soils
Brewer, Rejmánek, Webb, & Fine, 2003; Gallardo-Hernández
t al., 2008; Sawada et al., 2015; Tang, Lü, Yin, & Qi, 2011).
n the tropics, in Mt. Kinabalu, Borneo, basal area and stem
ensity differed among geological substrates but were simi-
ar among the topographical units of each substrate, indicating
hat the effects of geological substrate were generally stronger
han those of topography (Sawada et al., 2015). In Xishuang-
anna, China, the limestone forest had lower species diversity
han other tropical forests in the area and differed in floristic
omposition and structure (Tang et al., 2011). In Chimalapas,
axaca, Mexico, the tropical montane cloud forest differed in
oody plant composition but not in vegetation structure between

ommunities growing on metamorphic rocks and sedimentary
eological substrates forming a karst topography with rock out-
rops (Gallardo-Hernández et al., 2008).

Tropical montane cloud forest (TMCF) is very heterogeneous
nd exhibits remarkable turnover in tree species assemblages
cross the landscape, with great natural diversity in its veg-
tation structure due to the variety of microhabitats and the
levation gradient over which it grows. Climate, topography,
eology and substrate all contribute to the enormous biodi-
ersity of this forest type (Bruijnzeel, Kappelle, Mulligan, &
catena, 2010; Churchill, Balslev, Forero, & Luteyn, 1995;
illiams-Linera, 2002; Williams-Linera, Toledo-Garibaldi, &
allardo-Hernández, 2013). In Mexico, TMCF is the most
iverse vegetation type per unit area and although it covers
ess than 1% of the national territory, it accounts for 10% of
lant diversity. One reason for the high diversity of TMCF is
he mixing of Holartic and Neotropical biogeographic elements,
nd a high degree (30–35%) of endemism (Rzedowski, 1996;
ánchez-Ramos & Dirzo, 2014). Forest canopy trees primarily
elong to Holartic taxa also common in the eastern deciduous
orests of the United States, while subcanopy and understory
egetation are dominated by tropical genera, taxa common in
he Andean forests of South America, and even a high number
f taxa shared with eastern Asia (Rzedowski, 1996).

In central Veracruz, Mexico, the TMCF region is charac-
erized by irregular topography, formed by hills and plateaus
hat are dissected by deep gorges. The morphology and promi-
ent slopes in the region are mostly controlled by the volcanic

hain formed by the Cofre de Perote Volcano. The Quaternary
olcanic deposits are 0.08 to 2 million years old (Rodríguez,
orales-Barrera, Layer, & González-Mercado, 2010). Isolated

s
4
l
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ock outcrops are uncommon in this region, and are part of a pre-
olcanic floor from the Late Mesozoic (Cretaceous, ca. 90 Ma
P). In a few places on the cloud forest belt, these rock outcrops
re quite exposed and form small, elongated mountain ranges
riented in a NW–SE direction; this carbonate sedimentary sub-
trate is dominated by limestone with minor shale intercalations
Rodríguez et al., 2010).

Most of our current knowledge of Mexican TMCF comes
rom studies carried out on plant communities growing on soils
f volcanic origin (Muñoz-Villers et al., 2012; Rossignol, 1987;
illiams-Linera, 2002). For the present study, within the TMCF

egion, forest remnants on limestone outcrops were identified,
nd we asked whether forest on isolated limestone rock outcrops
iffered in its tree species composition and vegetation structure
rom the nearby forests growing on the most common geologi-
al substrate (volcanic soils). Our working hypothesis was that
orest fragments growing on limestone rock outcrops would dif-
er in their tree species composition and structure from forest
emnants on volcanic soils. We based this hypothesis on the
xpectation that the tree species assemblage encountered in a
articular habitat will reflect geological substrate and topogra-
hy. We further expect that, if this is the case, there will be a
ubset of tree species that differed from the tree species pool of
he TMCF developed on volcanic soils in central Veracruz.

aterials  and  methods

This study was conducted in central Veracruz,
exico (19◦30′13.12′′–19◦29′35.56′′ N; 96◦57′28.14′′–

6◦58′28.65′′ W; elevation 1,250–1,550 m asl) within the
rans-Mexican Volcanic Belt on the eastern slopes of the Cofre
e Perote Volcano. The climate is mild and humid throughout
he year with 3 seasons: a cool season from November to

arch, a short dry-warm season in April–May, and a wet
arm season from June to October. At lower and higher

levation sites, mean annual precipitation values are 1,500 and
,000 mm, and mean annual temperature decreases from 19 ◦C
o 17 ◦C (Williams-Linera, 2002; Williams-Linera et al., 2013).
he main vegetation type is tropical montane cloud forest

Williams-Linera et al., 2013). The soils are predominantly
n volcanic substrate across >95% of the region (Inegi, 2010;
ossignol, 1987).

In this area, some sites are located on limestone rock promi-
ences with abrupt slopes. The rock outcrops are in a small area
a. 5 km long between the towns of Xalapa and Coatepec (Fig. 1).
olcanic soils are deep (ca. 2.5 m) (Muñoz-Villers et al., 2012),
ell drained and with abundant organic matter, and the soil on

he outcrops is shallow and rocky.
The study sites on rock outcrops were selected by examining

eological maps from INEGI (2010; E14-B27 and E14-B37),
mages in Google Earth to locate hilltops with forest remnants,
nd ground verification of the entire surface on pre-volcanic
ites that still had forest on the hilltop. We found 8 and selected
 sites based on the following criteria: (1) the forest was on a
imestone rock outcrop, (2) cover >1 ha of forest at the relatively
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Figure 1. The inset shows the location of the study area in central Veracruz, Mexico. The shaded area where sites 1–4 are shown corresponds to limestone rock
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utcrop from the Miocene (Inegi, 2010, Geological-Mining maps, Coatepec E1
n volcanic substrate from the Quaternary. The gray part in the upper right corr

at top (not including forest growing on the flanks of the hills,
nd (3) the conservation status of the forest was good.

From the geographic centroid of the sites on rock outcrops,
e drew a semicircle E–W to select all forest sites occurring
n volcanic soil within a radius of 5 km (Fig. 1). Studies of
orest on volcanic soils were available for comparison from
ublished and unpublished sources; those sites were sampled
y the first author and original databases were used to analyze
he data (Williams-Linera, 2002; Williams-Linera et al., 2013).
ereafter, the forests on rock outcrops are referred to as FOR,

nd forest on volcanic soils as FOV.
In each FOR site 10 plots measuring 4 ×  25 m (0.1 ha in total

er site) were established on the relatively flat top of each hill.
he plots were at least 10 m from the slopes to avoid steep drop-
ffs and edge effects. In each plot, all individuals with a diameter
5 cm at a height of 1.3 m (dbh) were counted, measured for

bh and species identified. Voucher specimens were collected
nd deposited at the XAL herbarium of the Instituto de Ecología,
.C. (INECOL).
Species richness was compared between FOR and FOV sites

nd among the 9 study sites after reducing the number of individ-
als to a common abundance level using rarefaction curves with
he Sobs Mao Tau function in EstimateS version 8.0.0 (Colwell,
006). Morphospecies that could not be identified to family were
ot included in the richness analysis.

At each FOR site, mean soil depth was assessed using the rod
enetration method: at 4 random points in each plot the rod was
nserted into the soil until rock was encountered. One soil sam-
le was collected with a shovel at 0–10 cm depth and ca. 10 cm
iameter at the center of each plot in which vegetation was mea-
ured. The 10 samples were mixed into 2 composite samples per

ite. Soil samples were air dried, and pH, organic matter con-
ent, total carbon (C) and total nitrogen (N) were determined in
he Laboratory of Functional Ecology of the INECOL. Standard

o
t
(

 and Xalapa E14-B27, scale 1:50,000 and Google Earth Image). Sites 5–9 are
ds to the urban area of Xalapa.

echniques were applied as set out in NOM-021-Semarnat-2000
Semarnat, 2002).

Vegetation structure was characterized by basal area (m2/ha)
nd density (trees/ha). To compare the vegetation structure of the
OR sites and FOV sites we used a nested analysis of variance
Anova) with sites nested within soil type. Residuals plots were
hecked to detect departure from normality of errors. Statistical
nalyses were run in JMP software version 10.0.0 (SAS, 2012).

To identify the species characteristic of the FOR and FOV
ites, 2 approaches were used, the indicator species analysis
ISA, McCune & Grace, 2002) and a recently developed classi-
cation method (CLAM, Chazdon et al., 2011). The ISA method
ombines information on species abundance and occurrence
etween groups to identify the species characteristic of each
roup (i.e., those found mostly in a single group and occurring
n most of the samples within that particular group). The ISA
ields an indicator value and a statistical significance for this
alue using a Monte Carlo technique. ISA was carried out on
he full matrix (4 FOR and 5 FOV sites; 62 species) to find gen-
ral indicator species for the groups detected. ISA and Monte
arlo tests were run in PC-ORD software (McCune & Grace,
002).

CLAM is a multinomial model which uses relative abun-
ance of species in 2 distinguishable habitats. One advantage
f CLAM is that the procedure explicitly considers a threshold
or rarity, meaning that species that are too rare cannot be clas-
ified, and distinguishes species that are generalists from those
hat demonstrate specificity to one habitat (Chazdon et al., 2011).
n important parameter of the multinomial model is K, which

efers to the cut-off point for classifying species according to
heir habitat. We used a K-level of 0.5 for simple-majority rule

r liberal threshold with a p-level of 0.005 as suggested when the
arget is to classify all species, rather than a particular species
Chao & Lin, 2011; Chazdon et al., 2011).
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ock outcrop (1–4) and 5 sites on volcanic substrate (5–9) in central Veracruz,
exico.

esults

The forests on rock substrate were well preserved and showed
o indications of anthropogenic disturbance (such as woody
ebris indicating cut trees or firewood extraction, dung indicat-
ng the presence of livestock; Williams-Linera, 2002), except
or one single trail (<1 m wide) crossing the top of the outcrop.
ites were located at the top of hills that were difficult to access
nd whose slopes were steep rock walls (45–70◦ and 90◦). These
ills rise 86–160 m from the volcanic soil floor to the ridge (Fig. 1
nd Table 1). The soil is very shallow (<20 cm depth) but has a
igh organic matter content (Table 1).

A total of 498 individuals belonging to 34 species of 29 gen-
ra and 23 families was recorded in the FOR sites, whereas

 total of 570 individuals in 42 species of 34 genera and
7 families was counted in the FOV sites (Appendix 1). Rich-
ess was similar among the study sites and varied between 15
nd 23 species per site (Fig. 2). Tree species recorded in all FOR
ites were Clusia  guatemalensis, Cojoba  arborea, Eugenia  mex-
cana, Quercus  pinnativenulosa, Turpinia  insignis, Wimmeria
oncolor, and Zanthoxylum  aff. petenense. Tree species recorded
n all FOV sites were Carpinus  tropicalis, Clethra  macrophylla,
iquidambar styraciflua, Quercus  lancifolia, and T.  insignis. The
est represented genus in both FOR and FOV was Quercus, and
he family with the most species was Fagaceae (Appendix 1).

The indicator species analysis (ISA) identified 14 FOR
pecies, and 7 FOV species as strong indicators of the groups
p < 0.05, Table 2). Using a simple majority threshold, CLAM
dentified 13 species as FOR specialists, 14 species as FOV spe-
ialists, 2 generalists, and 33 species too rare to classify (Table 2;
ppendix 1). Consistently, both ISA and CLAM identified the

ame twelve species as indicators of FOR, and 7 species were
dentified as indicators of FOV (Table 2). There were 3 discrep-
ncies for FOR species. ISA selected 2 of them as indicators
f FOR, although CLAM considered them too rare to classify,
hereas 1 species was identified by CLAM as an indicator of
OR, however, this species was not selected by ISA as an indi-

ator. Respect to FOV species, ISA and CLAM showed less
onsistency, and 7 species were classed as indicators of FOV by
LAM but not by ISA (Table 2).

i
c
l

roup are indicated with superscripts. Data are mean and ±1 SE. Sites within a
roup with a different letter are significantly different at alpha = 0.05.

Vegetation structure was similar between the 2 groups of
orests (FOR and FOV) for both basal area (F  = 1.53, df = 1,

 = 0.22) and tree density (F  = 1.10, df = 1, p  = 0.30). However,
or sites nested within a group there were differences in basal
rea (F  = 3.05, df = 7, p  = 0.007) and density (F  = 3.31, df = 7,

 = 0.004). Among the FOR sites, basal area was statistically
imilar and varied from 36.8 to 63.4 m2/ha, whereas tree density
aried from 1,050 to 1,750 individuals/ha and was significantly
igher at site 1 (Fig. 3a). Among the FOV sites, basal area was
tatistically higher at site 5 and smaller at site 7, though density
as similar among sites (Fig. 3b).
Trees grouped into intervals of 5 cm diameter classes dis-

layed a reverse J-shaped curve for all FOR and FOV sites
Fig. 4a and b). In this type of diameter distribution, most of the
rees fall into the smallest size class: 43.7% of FOR trees and
4.3% of FOV trees fell into the 5–9 cm diameter category. Trees
ith intermediate diameters (10–49 cm) represented similar per-

entages at both groups of sites, and large trees >70 cm were
ecorded at both FOR (0.8%) and FOV (0.7%) sites (Fig. 4a and
). In FOR the tree species with the biggest diameters were Q.
innativenulosa, and in FOV the largest trees were L.  styraciflua,
. lancifolia  and Quercus  xalapensis.

iscussion

In central Veracruz, Mexico, tropical montane cloud forest

s predominantly found on soils of volcanic origin and since
loud forest on limestone outcrops is scarce, FOR has been over-
ooked (Williams-Linera et al., 2013). This study demonstrates
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Table 1
Characteristics of tropical montane cloud forest on rock outcrop (FOR) and on volcanic soil (FOV) in central Veracruz, Mexico. Values are elevation, forest size
(area), richness (Sobs, number of tree species in 0.1 ha), richness after rarefaction to 100 trees (rare), soil pH, organic matter content (OM), total carbon (C), total
nitrogen (N) and soil depth; –, missing value.

Elevation (m asl) Area (ha) Sobs Rare pH OM (%) C (%) N (%) Depth (m)

FOR
1 1,510 13.7 20 16 4.0 50.2 24.1 1.6 0.18
2 1,478 7.4 18 17 3.6 58.7 33.1 2.6 0.16
3 1,436 1.1 18 18 4.6 62.2 24.9 2.0 0.14
4 1,441 1.8 18 18 3.8 51.9 28.7 2.2 0.15

FOV
5 1,250 29 15 15 3.8 12.0 – – >2
6 1,450 6.6 16 15 4.7 22.4 12.9 0.8 >2
7 1,350 5 23 22 5.5 14.1 8.2 0.6 >2
8 1,420 16 15 15 4.6 26.3 15.2 0.8 >2
9 1,630 12 22 20 3.6 – 8.1 0.6 >2

Table 2
Tree species selected by multinomial classification model (CLAM) and indicator species analysis (ISA) as indicators for tropical montane forest on rock outcrop
(FOR) and volcanic substrate (FOV) in central Veracruz, Mexico. CLAM is based on the simple majority specialization threshold (K = 0.5, p = 0.005). ISA values are
the maximum indicator values (IV), and p-values (p) calculated from a Monte Carlo permutation test for each species. Observed maximum indicator values range
from zero (no indication) to 100 (perfect indication).

Species CLAM classification ISA classification IV p

Forest on rock outcrop
Arachnothryx capitellata Too rare to classify FOR 75 0.047
Cercis canadensis FOR specialist FOR 75 0.047
Clusia guatemalensis FOR specialist FOR 100 0.009
Cojoba arborea FOR specialist FOR 100 0.009
Eugenia mexicana FOR specialist FOR 83 0.034
Garrya laurifolia FOR specialist FOR 75 0.047
Gymnanthes riparia FOR specialist FOR 75 0.047
Oreopanax liebmannii FOR specialist FOR 75 0.047
Oreopanax xalapensis FOR specialist Not indicator 47 0.291
Ostrya virginiana FOR specialist FOR 75 0.048
Quercus pinnativenulosa FOR specialist FOR 99 0.018
Sideroxylon sp. FOR specialist FOR 75 0.048
Trophis mexicana Too rare to classify FOR 75 0.048
Wimmeria concolor FOR specialist FOR 100 0.009
Zanthoxylum aff. petenense FOR specialist FOR 90 0.016

Forest on volcanic soils
Carpinus tropicalis FOV specialist FOV 90 0.035
Cinnamomum effusum FOV specialist Not indicator 60 0.171
Clethra macrophylla FOV specialist FOV 100 0.009
Hedyosmum mexicanum FOV specialist Not indicator 20 1
Liquidambar styraciflua FOV specialist FOV 100 0.009
Myrsine coriacea FOV specialist Not indicator 53 0.283
Quercus cortesii FOV specialist Not indicator 20 1
Quercus germana FOV specialist Not indicator 60 0.171
Quercus lancifolia FOV specialist FOV 95 0.009
Quercus sartorii FOV specialist Not indicator 55 0.239
Quercus xalapensis FOV specialist FOV 80 0.049
Styrax glabrescens FOV specialist FOV 80 0.05

t
m
g

o
O

f
i

Turpinia insignis FOV specialist 

Zanthoxylum melanostictum FOV specialist 

hat within TMCF, the tree species composition of forest com-
unities on rock outcrops is distinct from the surrounding forest
rowing on volcanic soils.
Tree species richness of FOR (sites 1–4) is within the range

f that reported for forests on volcanic soil (sites 6–9) (Fig. 2).
bserved richness in FOR and FOV was in the range reported

s
t
e
a

FOV 82 0.033
Not indicator 40 0.442

or other Mexican forests, although Andean and Central Amer-
can forests are richer (Gentry, 1995). The fact that FOR has

everal tree species in common with FOV indicates that both of
hem can be considered as a variant of TMCF (Williams-Linera
t al., 2013). At our scale of study, a high floristic similarity
mong the 4 FOR sites was expected given their proximity to
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ilarly, in the Dominican Republic and Puerto Rico the tops of
ock outcrop (FOR) and (b) volcanic soil (FOV) in central Veracruz, Mexico.
he lower limit of each diameter class is given.

ach other. Since FOR and FOV sites are all close together,
nd the distinction between FOR and FOV was confirmed by
he presence of some indicator species, geological substrate

ay be the major factor for distinctiveness. A caveat of the
resent study is the small number of FOR sites, however, geo-
ogical substrate has been identified as one of the major factors
ffecting the distribution of tree species in many forest commu-
ities (Aukema et al., 2007; Cantero et al., 2014; Pérez-García
t al., 2009; Rivera et al., 2000; Sawada et al., 2015; Tang
t al., 2011; Wiser & Buxton, 2009). Among Mexican tropi-
al forests, floristic similarity has been related to geographical
istances where close sites are more similar in floristic com-
osition, but there are also nearby sites with greatly different
oristic compositions, and because bioclimatic features were
imilar, this difference was attributed to geological substrate
Gallardo-Hernández et al., 2008; Pérez-García & Meave, 2004;
uiz-Jiménez, Téllez-Valdés, & Luna-Vega, 2012).

The tree species determined to be indicators of FOR were
ore abundant on rock substrate, for instance, Ostrya  virgini-

na is abundant in FOR sites but rare in FOV sites, whereas
. tropicalis  is abundant in nearby forest on volcanic soils but

are in FOR sites (Williams-Linera, 2002). Also in FOR, we
ound species not previously recorded in surrounding FOV sites
f central Veracruz but that do grow in other cloud forests in
exico. In this category, Cercis  canadensis  is a FOR indica-

or species that has been recorded in the El Cielo Biosphere
eserve, Tamaulipas, on soil types with abundant rock outcrops

Puig & Bracho, 1987). C.  guatemalensis  is another FOR indica-
or species whose habitat occupation patterns could be explained

y ecophysiological performance, especially with respect to it
hotosynthetic pathway, since it is well known that some species
f Clusia  are CAM (Lüttge et al., 2015).

t
d
o
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FOR sites are also distinctive because several tree species
hat are abundant in FOV and characterize nearby cloud forests
n central Veracruz (e.g., C.  macrophylla, L.  styraciflua, Q.
alapensis; Ruiz-Jiménez et al., 2012; Williams-Linera et al.,
013) were not found in FOR plots. The presence of the genus
uercus stands out because of its importance; as in other cloud

orests, it is the dominant genus with the highest number of
pecies, but it is represented by different species in the 2 forest
ypes: in FOR sites, Q.  pinnativenulosa  is the indicator species
hile in FOV sites Q.  germana, Q.  lancifolia, Q.  sartorii  and Q.

alapensis  are the indicator species.
Our forests on rock outcrops are well developed and simi-

ar in structure to nearby forest on volcanic soils in terms of
asal area, density and the distribution of tree diameter classes.
n Chimalapas, Mexico, vegetation structure was also similar
etween communities on deep soil derived from metamorphic
ubstrate and forest on karst topography with outcroppings of
ock and shallow soil (Gallardo-Hernández et al., 2008). For
ropical dry forests in Mexico, the tree stratum was similar in
ensity and basal area for forest developing on the exposed
imestone bedrock and on deep soil (Pérez-García & Meave,
004).

Even though the FOR soil is very shallow, roots probably
evelop into the bedrock, and deeper root exploration may be
ossible due to the presence of cracks. In the Yucatán, Mexico,
arstic and rocky limestone layers sustain a complex architecture
f forest vegetation. In these shallow soils, many species grow
oots deeper and move further down mainly through rock cracks,
nto cavities, and soil pockets ((Estrada-Medina, Graham, Allen,
iménez-Osornio, & Robles-Casolco, 2012).

The vegetation structure of FOR is characteristic of TMCF,
ince its basal area and density values lie within the ranges
eported for TMCF worldwide (Churchill et al., 1995) as well as
or other sites on volcanic soils in central Veracruz (Williams-
inera, 2002; Williams-Linera et al., 2013). The diameter
istribution where individuals with small diameter abound and
arge trees are rare is considered characteristic of many natural
orests (Barbour, Burk, & Pitts, 1983). The distribution observed
n the FOR sites is similar to that recorded in surrounding sites
n volcanic soils (Williams-Linera, 2002) and other Neotropi-
al forests (Nadkarni, Matelson, & Haber,1995). In general, few
rees ≥70 cm dbh were recorded in both groups of study sites,
owever, they were different species.

Rock outcrops are isolated islands within other types of land
se such as disturbed forest, coffee plantations, old-fields, pas-
ure and cornfields (Williams-Linera, Manson, & Isunza, 2002).
OR sites are better preserved than FOV sites. Habitats on lime-
tone rock outcrops and volcanic soil may differ because of
ifferences in the degree of human influence in the past. Notably,
lthough agriculture and coffee plantations can be found on
olcanic soils, there are no crops or plantations at the top of
imestone hills that have steep slopes that rise ca. 100 m from
he floor of the surrounding land and make access difficult. Sim-
he mogotes  (haystack-shaped hilltops) have experienced less
isturbance due to their poor soils and difficult access, so much
f their plant diversity has remained intact, while valley and
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illside communities appear to reflect disturbance history more
trongly (Aukema et al., 2007; Rivera et al., 2000).

Our forests on outcrops, although inaccessibility result-
ng from the steep slopes of the hillsides, are threatened by
hanges in surrounding land use, mainly from urbanization
nd clearing to make way for pastures. Forests on rock out-
rops have shallow soils with very high organic matter content
nd are considered organic soils. Places where cloud forests
row on organic soils have been related to deep ground fires
ith severe effects, as occurred in 1998 in Los Chimala-
as, Mexico (Asbjornsen, Velázquez-Rosas, García-Soriano, &
allardo-Hernández, 2005). These fires are not frequent, but
ave occurred at very long time intervals in the past (Wård,
almer, & Asbjornsen, 2010), and in a climate change scenario

his represents another potential threat to cloud forest. Another
ajor threat related to habitat fragility and destruction is posed

y the complete destruction of forest communities to convert the
ills into quarries for the extraction of building materials.

The limestone outcrops on the TMCF landscape provide an
xceptional opportunity for future research to understand how
he forest community develops and recruitment takes place on
hallow soils, and whether some tree species may have speci-

city to one type of habitat. Our results partially support the
orking hypothesis since, in terms of basal area and density, the
egetation structure of forest growing on limestone substrate

m
c
t

amily and species 

FOR 

1 2 3 

ctinidaceae
Saurauia leucocarpa Schltdl. – – – 

Saurauia pedunculata Hook. – – – 

ltingiaceae
Liquidambar styraciflua L. – – – 

nnonaceae
Annona cherimola Mill. – – – 

quifoliaceae
Ilex tolucana Hemsl. 1 – 1 

raliaceae
Oreopanax liebmannii Marchal 11 – 7 

Oreopanax xalapensis (Kunth) Decne. & Planch. – 18 – 

steraceae
Eupatorium pittieri Klatt. – – – 

Telanthophora grandifolia (Less). H. Rob. & Brettell 2 – – 

Verbesina sp. L. – – – 

etulaceae
Carpinus tropicalis (Donn. Sm.) Lundell – 6 4 

Ostrya virginiana (Mill.) K. Koch 80 – 17 

annabaceae
Trema micrantha (L.) Blume – – – 

elastraceae
Wimmeria concolor Schltdl. & Cham. 3 8 9 
icana de Biodiversidad 87 (2016) 1265–1274 1271

s similar to that of forest on volcanic soil. However, there are
otable differences between FOR and FOV sites in their indi-
ator tree species. We conclude that cloud forest on limestone
ubstrate is of particular interest in biodiversity conservation
ue to its different assemblage of species compared to that of
he surrounding FOV sites, and the contribution of FOR sites to
he maintenance of high beta diversity in the region.
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ppendix  1.  Tree  species  and  family  of  individuals  ≥  5
m dbh  recorded  in  tropical  montane  cloud  forest  sites
n limestone  outcrop  (FOR  sites,  1 to  4)  and  volcanic  soil
FOV sites,  5  to  9)  in  central  Veracruz,  Mexico.  The
umbers represent  species  abundance  in  0.1  ha.
lassification is  based  on  CLAM  analysis  using  a  simple
ajority approach  (K  = 0.5  and  p  = 0.005).  Species  were
lassified as  FOR  specialist,  FOV  specialist,  generalist  or
oo rare  to  classify.

Study sites Classification

FOV

4 5 6 7 8 9

– – – – – 6 Too rare to classify
– 1 – 4 – – Too rare to classify

– 10 12 4 14 6 FOV specialist

– – – 4 – – Too rare to classify

3 3 2 – – – Generalist

– – – – – – FOR specialist
6 – – – – 2 FOR specialist

– – – 2 1 – Too rare to classify
– – – – – – Too rare to classify
– – – 1 – – Too rare to classify

– 36 29 12 31 3 FOV specialist
20 – – – – – FOR specialist

– – – 1 1 – Too rare to classify

1 – – – – – FOR specialist
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Appendix 1 (Continued)

Family and species Study sites Classification

FOR FOV

1 2 3 4 5 6 7 8 9

Chloranthaceae
Hedyosmum mexicanum C. Cordem. – – – – – – – – 40 FOV specialist

Clethraceae
Clethra macrophylla M. Martens & Galeotti – – – – 5 4 3 12 3 FOV specialist

Clusiaceae
Clusia guatemalensis Hemsl. 4 8 4 3 – – – – – FOR specialist

Cornaceae
Cornus excelsa Kunth – 5 – – – – – – – Too rare to classify

Euphorbiaceae
Alchornea latifolia Sw. – – – – – – – 1 6 Too rare to classify
Bernardia interrupta (Schltdl.) Müll. Arg. 1 – – 1 – – – – – Too rare to classify
Cnidosculus sp. Pohl – – – – – – 3 – – Too rare to classify
Gymnanthes riparia (Schltdl.) Klotzsch 5 1 13 – – – – – – Too rare to classify

Fabaceae
Cercis canadensis L. 1 8 1 – – – – – – FOR specialist
Cojoba arborea (L.) Britton & Rose 3 2 9 3 – – – – – FOR specialist
Leucaena leucocephala (Lam.) de Wit – – – – – – 3 – – Too rare to classify
Lonchocarpus orizabensis Lundell 1 – – 1 – – – – – Too rare to classify
Vachellia pennatula (Schltdl. & Cham.) Seigler &
Ebinger

– – – – – – 1 – – Too rare to classify

Fagaceae
Quercus cortesii Liebm. – – – – – – – – 17 FOV specialist
Quercus germana Schltdl. & Cham. – – – – 13 11 5 – – FOV specialist
Quercus lancifolia Schltdl. & Cham. – 1 – 1 2 18 5 9 16 FOV specialist
Quercus pinnativenulosa C.H. Mull. 39 31 13 33 – – – 2 – FOR specialist
Quercus sartorii Liebm. – 1 – – 2 4 – – 7 FOV specialist
Quercus xalapensis Bonpl. – – – – 4 14 22 6 – FOV specialist

Garryaceae
Garrya laurifolia Hartw. ex Benth. 7 1 3 – – – – – – FOR specialist

Lauraceae
Cinnamomum effusum (Meisn.) Kosterm. – – – – 5 – 4 2 – FOV specialist
Ocotea psychotrioides Kunth – – – – – – 3 – 2 Too rare to classify
Persea americana Mill. – 2 – 1 – – – – – Too rare to classify

Malvaceae
Heliocarpus donnellsmithii Rose – – – – – 1 – – – Too rare to classify

Melastomataceae
Conostegia arborea Steud. – – – – – – – – 2 Too rare to classify
Miconia glaberrima (Schltdl.) Naudin – – – – – – – 4 2 Too rare to classify

Moraceae
Trophis mexicana (Liebm.) Bureau 2 – 1 1 – – – – – Too rare to classify

Myrtaceae
Eugenia mexicana Steud. 2 6 5 6 5 – – – – FOR specialist
Eugenia xalapensis (Kunth) DC. – – 4 6 2 – – – – Generalist

Primulaceae
Myrsine coriacea (Sw.) R. Br. ex Roem. & Schult. – – – – – 1 4 5 – FOV specialist

Rhamnaceae
Rhamnus sp. L. 1 – – 3 – – – – – Too rare to classify

Rosaceae
Prunus rhamnoides Koehne – – – – – – – – 2 Too rare to classify

Rubiaceae
Arachnothryx capitellata (Hemsl.) Borhidi 1 – 1 – – – – – – Too rare to classify
Deppea grandiflora Schltdl. – – – – – – 2 – – Too rare to classify
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Appendix 1 (Continued)

Family and species Study sites Classification

FOR FOV

1 2 3 4 5 6 7 8 9

Palicourea padifolia (Humb. & Bonpl. Ex Schult.) C.M.
Taylor & Lorence

– – – – – 1 – – – Too rare to classify

Psychotria sp. L. – – – – – – – – 1 Too rare to classify

Rutaceae
Zanthoxylum melanostictum Schltdl. & Cham. – – – – – – – 7 3 Too rare to classify
Zanthoxylum aff. petenense Lundell 3 3 3 6 – – – – 2 FOR specialist

Sabiaceae
Meliosma alba (Schltdl.) Walp. – – – – – – 1 – – Too rare to classify

Salicaceae
Xylosma flexuosa (Kunth) Hemsl. – 1 – – – – – – – Too rare to classify

Sapindaceae
Matayba oppositifolia (A. Rich.) Britton 4 – – – – – – – – Too rare to classify

Sapotaceae
Sideroxylon sp. L. 1 – 5 3 – – – – – FOR specialist

Solanaceae
Solanum nigricans M. Martens & Galeotti – – – – – – – – 1 Too rare to classify

Staphyleaceae
Turpinia insignis (Kunth) Tul. 2 4 1 3 19 6 15 15 3 FOV specialist

Styracaceae
Styrax glabrescens Benth. – – – – – 9 3 2 6 FOV specialist

Symplocaceae
Symplocos limoncillo Bonpl. – – – – – – – – 1 Too rare to classify

Verbenaceae
– 

R

A

A

B

B

B

C

C

C

C

C

E

G

G

I

L

Citharexylum mocinnoi D. Don – 1 
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