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Abstract Quantitative data on the ecology of the main plant
communities along an altitudinal gradient in northeastern Mex-
ico were obtained with the aim of identifying the most important
environmental variables that affect plant distribution and com-
position. The main threats to these communities were also in-
vestigated. Importance value index (IVi) of the 39 most impor-
tant species and 16 environmental variables were recorded at 35
altitudinal gradients each spaced at intervals of at least 100-m
altitude. Classification and ordination of vegetation showed six
well-differentiated but overlapping plant communities: alpine
meadow, cold conifer forest, mesic mixed forest, xeric scrub,
Tamaulipan piedmont scrub, and halophytic grassland. Altitude,
minimum and average temperatures, and organic matter content
are the main variables affecting the plant distribution in north-
eastern Mexico. Urban growth, mechanized agriculture, and
changes in land use are the main threats in the short and medium
term to plant communities in this area. Climate change also
seems to be having an impact at present or in the near future
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as shown by the presence of exotic shrubs from warmer areas in
mesic and temperate areas inhabited by oak and oak-pine forest.
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Introduction

Identifying the factors controlling the distribution and diver-
sity of species in ecological communities is one of the main
issues in community ecology (Ohmann and Spies 1998). En-
vironmental heterogeneity significantly influences the struc-
ture of ecological communities (Vivian-Smith 1997). Plant
life forms and structure of the vegetation, therefore, reflect
adaptations to multifactorial environments (Kdrner 1994),
such as latitude (Willig et al. 2003), altitude (Akira et al.
2013), physiography (Encina-Dominguez et al. 2013), soil
(Abella and Covington 2006), pH (Huerta-Martinez et al.
2004), soil texture (Burton et al. 2011), and temperature
(Trivedi et al. 2008).

Over the last few decades, spatial scale (local or regional)
changes in plant communities along physical environmental
gradients have been used to quantify and predict how local or
regional environments affect plant diversity (Willis and
Whittaker 2002) and ecological relationships (Ohmann and
Spies 1998). Mexico has one of the most rugged reliefs on
the planet, less than 35 % of its surface has an altitude of less
than 500 m, and more than half of its territory lies at altitudes of
1000 m (Rzedowski 1978). Mexico, along with Peru and India,
is home to almost all the natural vegetal communities recog-
nized by the world (Rzedowski 1978). The northeastern part of
Mexico is no exception; it shows varied, contrasting relief and
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altitude levels (INEGI 1986a), ranging from 0 (low plains) to
3650 m (high mountains) (CONABIO 1997). Such contrasts in
relief and climate have led to the formation of different envi-
ronments characterized by particular climates (INEGI 1986a),
soil types (Meyer et al. 1992), plant communities (Gonzalez-
Medrano 2003), and species diversity (Villarreal-Quintanilla
and Estrada-Castillon 2008; Estrada-Castillon et al. 2012).

In spite of its rich ecosystem diversity and heterogeneous
physical environments, no detailed studies have been pub-
lished on a regional scale of plant-environment relationships
in northeastern Mexico. Most quantitative studies published
so far have been limited to ecology and classification of cer-
tain scrublands, grasslands and forest communities, or some
species of regional ecological importance (Gonzalez-Medrano
2003; Villarreal-Quintanilla and Estrada-Castillon 2008;
Estrada-Castillon et al. 2012). However, none of these studies
have included physical and biotic variables together with mul-
tivariate analysis to examine the influence of regional envi-
ronmental gradients, which affect the structure, composition,
distribution, and diversity of species. Therefore, this study
carried out a quantitative analysis of the main plant commu-
nities along an altitudinal gradient spanning various types of
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scrubs, oak forest, mixed forest, pine forest, alpine meadow,
and halophytic grassland to explore the influence of physical
environmental factors on these communities.

The objective of the study was to identify the environmen-
tal factors associated with plant composition on a regional and
local scale. Our hypothesis is that altitude, temperature, and
precipitation are the most significant environmental factors
that structure species composition, while soil type is a local
second-order factor.

If climate variables are revealed as the most important deter-
minants in species composition, this means that these plant
communities will be susceptible to intense changes in the future
due to predicted global warming (Christensen et al. 2007).

Material and methods
Study site
The study area comprised the westernmost region and the

central portion of the states of Tamaulipas and Nuevo Leon,
respectively (Fig. 1), comprising three heterogeneous
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Fig. 1 Location of the 61 sites sampled (black dots, sampled between

May and November 2013-2014); they include Tamaulipan piedmont
scrubs from lower plains and lower hills (right side), mixed mesic
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physiographic provinces, the Gulf Coastal Plain, the Sierra
Madre Oriental, and the Great Plains of North America
(INEGI 1986a), characterized by low and high plains and high
peaks, ranging in altitude from 250 to 3650 m (CONABIO
1997; Arriaga et al. 2000). The geology of the plains is mainly
composed of sedimentary rocks of marine origin belonging to
Mesozoic clastic deposits (INEGI 1986a); the high plains,
highest peaks, and intermountain valleys consist essentially
of litosol, yermosol, and gypsic soils (INEGI 1986a). There
are two predominant types of climate, arid, BS (low and high
plains), and temperate, C (mountains) (Garcia 1973; INEGI
1986b).

The Cerro El Potosi, the tallest peak (3650 m) in north-
ern Mexico, climatically has been included in type C
(Garcia 1973; INEGI 1986Db), in the semicold-subhumid
type. However, from 2800 to 3650 m in altitude, the mean
temperatures range from —2 to 5 °C and the Cerro El Potosi
minimum temperatures range from —5 to —11 °C much low-
er than the ones occurring in the oak-pine forest (below
these altitudes), which are recognized as the cold climate
type described by Garcia (1973). Annual rainfall varies
with altitude from 400 to 700 mm on low and high plains
and from 600 to 800 mm in the mountains. The annual
average temperatures on the low plains range from 20 to
23 °C; in contrast, in mountain areas, they range from 12 to
18 °C (INEGI 19864, b; Garcia 1973). Ten main vegetation
types have been recorded along the longitudinal and altitu-
dinal gradient (Estrada-Castillon et al. 2010, 2012) which
are the following: Tamaulipan thornscrub composed mainly
of legume thorny species; piedmont scrub, very similar to
Tamaulipan thornscrub, but differing in tall plant composi-
tion and physiognomy, predominating non-thorny species
of genera such as Fraxinus, Helietta, and Forestiera along
with thorny species Acacia and Zanthoxylum; oak forest
(Quercus spp.); mixed forest (oak-pine, pine-oak forest);
xeric scrubland, mainly composed of Larrea tridentata
and rosetophyllous genera such as Agave, Nolina, and
Yucca; oak scrubland (dwarf oak scrubland or chaparral);
halophytic grasslands, with Muhlenbergia, Frankenia,
Nerysirenia, and Euphorbia as the dominant genera; pine
forest (Pinus spp.); conifer forest (4bies, Pseudotsuga,
Juniperus, and Cupressus); and alpine meadow, composed
mainly of herbaceous species and including Pinus
culminicola and Juniperus zanonii, also called Pinus scrub-
land, the only Pinus bush existing in Mexico.

Field survey

Vegetation and land use layer series IV (INEGI 2011) was
used to identify the different plant communities. In order to
represent the total environmental and physiographic variation,
35 altitudinal (from 300 to 3600 m) belts, which included all
plant communities and their main plant species, each spaced at

intervals of at least 100-m altitude were set. Within each belt,
areas with no or low perceptive disturbance were selected and
randomly sampled. In each belt, five (20%x20 m) sampling
plots were set within 30-m horizontal distance of each other
in order to avoid border effect with the contiguous plots. Sev-
enteen environmental factors were selected for the study: ele-
vation, exposed bedrock, bare soil, litter thickness layer, rock-
iness, slope, aspect, soil depth, pH, organic matter content,
sand, silt, clay, average annual precipitation, maxim annual
temperature, mean annual temperature, and minimum annual
temperature.

Plot position and elevation were measured using a global
position system (GPS; Etrex, Garmin Ltd., Olathe, KS). To-
pographic factors measured were slope inclination, obtained
by clinometer; exposed bedrock (%); litter thickness layer
(%); and rockiness (% of rocks between 2 (cobble) and 12
(boulders) cm in diameter were considered). According to
main gradient (eastern or western), only E (1) and W (0) as-
pects were included; thus, when several plots lay on NE, ENE,
SE, and ESE, these were included in the E aspect and those
NW, WNW, SW, and WSW were included in the W aspect
(using a compass). Climatic factors considered were average
annual precipitation, maximum annual temperature, mean an-
nual temperature, and minimum annual temperature; the
quantitative information was taken from database records
from CONAGUA (2014).

Chemical and physical factors were based on three of the
five plots sampled (extremes and central plot); soil samples of
about 1 kg were taken from 0 to 30 cm depth; they were
mixed, dried, and sieved through a 2 mm sieve; finally, debris
and stones were eliminated from the soil. Texture (sand, clay
silt) was determined by bouyoucos hydrometer; organic mat-
ter content was determined by the ignition technique, and pH
was measured in a soil-water ratio of 1:5 extract.

The biotic information was an average value of the five
plots for each species, since the main aim was to describe
the gradient community with respect to environmental
variables.

An average value for the aerial cover and density for
each species of the five plots at each altitudinal belt was
calculated. For each individual species, the aerial cover
(AC) was calculated using Mueller-Dumbois and
Ellenberg (1974) for each plot (from 1 to 5). Density
(D) was calculated by counting all the individuals of all
species in each of the five plots. The frequency (F) was
calculated according to the number of altitude gradients
where each species occurred (35 altitudinal belts). Densi-
ty, aerial cover, and frequency data of each species were
transformed into their relative values (IVi=RD+RAC+
RF) (Mueller-Dumbois and Ellenberg 1974; Brower
et al. 1997), and an IVi average for the species in the five
plots at each altitude gradient was calculated (as a stan-
dardized value from 0 to 100).
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Statistical analysis

The classification was based on the 1Vi values of the spe-
cies at the different altitudinal gradients represented by
the average values of the five plots. The vegetation as-
semblages were classified using WinTWINS Cluster
Analysis (TWINSPAN for Windows) version 2.3 (Hill
and Smilauer P 2005). This is a tool to classify samples
and can be used to obtain a classification of the species
according to their ecological preferences. Both classifica-
tions were used to obtain an ordered two-way table, which
shows species synecological relations (Hill and Smilauer
P 2005). These relations can be used as ecological indi-
cators of community assemblages, environmental chang-
es, and habitat conditions. A dendrogram with character-
istic or indicator species was constructed based on eigen-
values and class ranges according to five cutoff levels: 0,
2, 5, 10, and 20, with similar weighting to avoid the in-
fluence of rare species. Owing to high heterogeneity in
landscapes and physical variables along the altitudinal
gradient, vegetation and plant diversity changed dramati-
cally, even in adjacent sampled sites, leading to the ap-
pearance of several unclear misclassifications. To charac-
terize plant communities, we chose to select the most
common species, those with IVi values higher than 4.5.
These 39 final species were then used to classify and
ordinate the 61 sites at each altitudinal belt with satisfac-
tory ecological significance.

For ordination, CCA (CANOCO version 4.5 software (ter
Braak and Smilauer 2002) analysis was used to examine the
distribution and relationship between species and edaphic and
topographic factors (ter Braak 1986, 1987). The analysis was
based on the IVi values and environmental variables, which
were log transformed before statistical analysis to ensure ho-
mogeneity of variance (Lep$ and Smilauer 2003).

To test the significance of the eigenvalue of the first axis
and to select the environmental variables explaining species
composition, manual forward selection through a Monte
Carlo permutation test with 499 permutations (P<0.05 sig-
nificance) was performed (Blanchet et al. 2008 warn that
some unimportant variables can be selected when there is a
very large set of variable, what it is not our case). The man-
ual forward selection was performed by selecting the vari-
ables that explained the most inertia (ordered by CANOCO)
of the total inertia of the CCA axis 1. This was once their
individual significance that had been tested in the total inertia
(Leps and Smilauer 2003). Although we do not include spa-
tial autocorrelation in our analyses, some studies suggests
that in linear models, the effect of the environmental vari-
ables can be reverse (Kiihn 2007). However, we used a direct
unimodal model (CCA), and also, we designed the sampling
for this specific analysis. Because of that, we consider that
results of these analyses will be consistent.

@ Springer

Results

The total flora recorded at the 61 sites sampled included 265
species, 168 genera, and 53 families of vascular plants.
Asteraceae (19 genera, 33 species), Fabaceae (Leguminosae,
12, 16), Rosaceae (8, 8), Euphorbiaceae (6, 9), Cactaceae (5,
11), Agavaceae (4, 8), Pinaceae (3, 9), Rutaceae (3, 3),
Verbenaceae (3, 3), Rhamnaceae (2, 2), Celastraceae (2, 2),
and Anacardiaceae (2, 3) contain the highest diversity in both
genera and species, respectively. Quercus (11 species), Pinus
(7), Agave (6), Opuntia (5), and Juniperus (4) are the most
diversified genera. The three main biological forms recorded
at the sampled sites included herbaceous (10 %), shrubs
(67 %), and trees (23 %). The 39 most important species
according to their IVi value are shown in Table 1.

Based on TWINSPAN, six interpretable groups of plant
communities were discriminated (Fig. 2). The plant commu-
nities were separated into three main groups: (a) scrublands,
including the Tamaulipan piedmont scrub and the xeric scrub;
(b) forest, including oak and conifer vegetation which in-
cludes mixed forest, cold conifer forest chaparral, and alpine
meadow (pine bush vegetation); and (c) halophytic grass-
lands. As indicated by high eigenvalue (1.00), the first branch
of the dendrogram shows that group VI (halophytic grass-
lands) differs notably from the rest. Clustering shows two
evident gradients: (1) altitudinal (from low lands (360 m) to
high peaks (2933 m to 3506 m) and (2) climatic, from low
minimal temperatures (—12 to —6 °C) and mesic (average)
temperatures (17 °C) to hot (average) temperatures (24 to
26 °C) (Table 2). The first division easily recognizes and sep-
arates two clusters based on structure and plant composition,
scrublands and forests, and herbaceous grasslands. Second
division segregates cold forest from mesic mixed forest and
shrub vegetation, and the third division completes the separa-
tion between mesic mixed forest and scrublands (Fig. 2).

Canonical correspondence analysis (CCA) was performed
for the 39 species on 61 sites and the 17 environmental vari-
ables to understand the composition of plant communities.
Only 10 of the 17 initial environmental variables analyzed
were selected by forward selection (P<0.05); they were ele-
vation, minimum temperature, average temperature, pH, soil
depth, organic matter content, sand, rockiness, and aspect. The
first two axes accounted for 7.7 and 14.9 %, respectively, of
the total explained variation, and their eigenvalues were 0.917
and 0.856, respectively. Considering the correlations of envi-
ronmental variables with axes, the first CCA axis was posi-
tively and strongly correlated with elevation (»=0.9211) and
negatively and strongly correlated with minimum temperature
(r=-0.9590) and average temperature (r=—0.9367), suggest-
ing a topographic-temperature gradient from low plains with
high temperatures to high mountains with low temperatures.
The second axis was positively correlated with pH (r=
0.6701) and soil depth (»=0.5856) reflecting chemical and
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Table 1  The 39 most representative species (and families to which they belong) of the six main plant communities in the study area (sampling was
done between May and November 2013-2014)

Scientific name (family) Growth form Acronym
Agave lechuguilla Torr. (Agavaceae) Shrub Agavlech
Agave striata Zucc. (Agavaceae) Shrub Agavstria
Yucca carnerosana (Trel.) McKelvey (Agavaceae) Shrub Yucccarn
Rhus virens Lindh. ex A. Gray (Anacardiaceae) Shrub Rhusvire
Hymenoxys insignis (A. Gray ex S. Watson) Cockerell (Asteraceae) Herbaceous Hymeinsi
Lepidium montanum Nutt. (Brassicaceae) Herbaceous Lepimont
Nerisyrenia linearifolia (S. Watson) Greene (Brassicaceae) Herbaceous Neriline
Mortonia greggii A. Gray (Celastraceae) Shrub Mortgreg
Juniperus angosturana R. P. Adams (Cupressaceae) Shrub Juniango
Arbutus xalapensis Kunth (Ericaceae) Shrub Arbuxala
Euphorbia stictospora Engelm. (Euphorbiaceae) Herbaceous Euphstic
Acacia amentacea DC. (Fabaceae) Shrub Acacamen
Havardia pallens (Benth.) Britton & Rose (Fabaceae) Shrub Havapall
Lupinus cacuminis Standl. (Fabaceae) Herbaceous lupicacu
Quercus canbyi Trel. (Fagaceae) Tree Quercanb
Quercus greggii (A. DC.) Trel. (Fagaceae) Shrub Quergreg
Quercus laceyi Small (Fagaceae) Tree Querlace
Quercus polymorpha Schltdl. & Cham. (Fagaceae) Tree Querpoly
Quercus pringlei Seemen ex Loes. (Fagaceae) Shrub Querprin
Quercus rugosa Née (Fagaceae) Tree Querrug
Quercus rysophylla (Fagaceae) Tree Querryso
Quercus sideroxyla Bonpl. (Fagaceae) Tree Querside
Frankenia gypsophila 1. M. Johnst. (Frankeniaceae) Herbaceous Frangyps
Dasylirion berlandieri S. Watson (Nolinaceae) Shrub Dasyberl
Fraxinus greggii A. Gray (Oleaceae) Shrub Fraxgreg
Abies vejarii Martinez (Pinaceae) Tree Abieveja
Pinus cembroides (Pinaceae) Shrub/tree Pinucemb
Pinus culminicola Andresen & Beaman (Pinaceae) shrub Pinuculm
Pinus flexilis E. James (Pinaceae) Tree Pinuflex
Pinus hartwegii Lindl. (Pinaceae) Tree Pinuhart
Pinus pseudostrobus Lindl. (Pinaceae) Tree Pinupseu
Pinus teocote (Pinaceae) Tree Pinuteoc
Muhlenbergia villiflora Hitche. var. villiflora (Poaceae) Herbaceous Muhlvill
Hetropogon contortus (L.) P. Beauv. ex Roem. & Schult. (Poaceae) Herbaceous Hetecont
Ceanothus fendleri A. Gray (Rhamnaceae) Shrub Ceanfend
Cercocarpus fothergilloides Kunth Shrub Cercfoth
Malacomeles denticulata (Kunth) G. N. Jones (Rosaceae) Shrub Maladent
Lindleya mespilioides Kunth (Rosaceae) Shrub Lindmesp
Larrea tridentata (Sessé¢ & Moc. ex DC.) Coville (Zygophyllaceae) Shrub Larrtrid

Their growth forms and acronyms used in the diagram of CCA (see Fig. 3)

edaphic gradients, separating the arid areas with deep soils
from mesic and cold areas with shallow soils (all these corre-
lations for a P<0.05). The test of significance for the first
canonical axis was significant (P<0.002).

The same six groups (61 sites) clustered by TWINSPAN
were superimposed on the CCA along with the 10

significant environmental variables (Fig. 3). The plots of
the same community are enclosed in a polygon. The first
axis discriminated from mixed forest to alpine meadow
with the climatic variables (MITEM, AVTEM, and
AVPRE) being responsible for this gradient. There is a turn-
over of species from Acacia amentacea, Fraxinus greggii,
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Fig. 2 Dendrogram with the
main groups of plant associations,
eigenvalues, and the characteristic
species for the groups

Frankenia gypsophila
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Quercus greggii

Quercus canbyi
Pinus teocote

0.978

Quercus canbyi
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Pinus culminicola Pinus hartwegii 0.871
0.785
Alpine Cold conifer forest- Mixed mesic Tamaulipan- Xeric Halophytic
meadow chaparral forest piedmont scrub scrubland  grassland

based on pH and soil depth, with species L. tridentata and
Yucca filifera in the xeric scrub and Euphorbia
stictosphora, Frankenia gypsophila, and Nerisyrenia
linearifolia from the halophytic grasslands.

Quercus laceyi, Pinus teocote, Pinus pseudostrobus,
Quercus rysophylla to P. culminicola, Lupinus cacuminis,
Hymenoxys insignis, and J. zanonii. Axis 2 discriminated
halophytic grasslands from xeric scrub (more variable)

Table 2  Average value and standard deviation of geographic and environmental variables of the six groups clustered from TWINSPAN

Alpine meadow Cold conifer forest chaparral Mixed forest Tamaulipan piedmont scrub  Xeric scrubland Halophytic grassland

ELEV 3506+157.1 2933.75+323.6 1290.53+374.9  1805+763.2 2119.14212.3  187445.8
EXBRO 8.6+12.2 12.5+£10.4 6.08+6.7 11.14+10.5 19.72+17.1 2.7+0.44
LTL 52.8+28.3 50.93+20.5 72.03+20.1 35.6+30.5 5.13£8.1 31.05+44.3
ROCK 20+14.2 17.93+10.8 10.3£13.9 37.73+20.5 45.65+10.7 2.77+1.85
SLOPE 14£9.6 11.37+£6.76 24.76+16.7 10.7+9.8 14.63+17.9 0

pH 6.53+0.6 6.71+0.8 592+1.2 7.59+0.2 7.82+0.08 7.93+0.13
SOIDEP 34.6+15.83 27.81+14.84 33.70£15.58  27.95+15.70 35.45+29.2 95+7.07
ORGMA 8.40+1.9 592+1.9 3.31+1.27 4.80+1.1 297+1.4 1.76+0.29
SAND 62.14+24.9 29.07+£14.2 28.65+15.7 48.54+15.3 49.2+£6.9 41.4+4.86
SILT 28.5+17.5 41.68+8.3 44.53+11.4 37.04+7.9 39.4+4.5 52.1+5.38
CLAY 9.36+7.7 29.23+11.2 26.81+14.5 14.42+11.21 11.38+3.8 6.30+4.20
MAXTEM 14+0.3 17.75£2.59 24.66+0.1 24.1+£3.4 23.56+1.6 24.72+0.19
AVTEM 8.4+0.5 9.93+0.9 17.05+0.5 15.08+4.2 13.2+13 16.06+1.35
MITEM —12.2+1.78 —6.25+3.77 9.34+0.9 4.6+6.9 1.56+2.8 3.65+£3.42
AVPREC  3182+16.7 320.25+5.97 652.5+76.1  449.14+204.9 3929+142.1  399.63+12.8
ASPECT 0.2+0.447 0.718+0.515 0.692+0.480  0.818+0.404 0.636+0.504  0.5+0.707

The quantitative information of climatic factors were taken from database records from CONAGUA (2014)

ELEV elevation, EXBRO exposed bedrock, LTL litter thickness layer, ROCK rockiness, SOIDEP soil depth, ORGMA organic matter, MAXTEM
maximum temperature, AVTEM average temperature, MITEM minimum temperature, AVPRE average precipitation
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Fig. 3 Canonical correspondence analysis (CCA) of 61 sites (six groups
clustered by TWINSPAN) and 39 species and the 10 most significant
environmental variables. Polygons enclose the sites originated with
TWINSPAN and selected in Fig. 2. Abbreviations of the species use the
first four letters of the genus and the four first letters of the species name
(see acronyms in the Table 1). ELEV elevation, ASPECT aspect, SAND %
soil sand, pH pH, ROCK rockiness, SOIDEP soil depth, ORGMA organic

The clustering analysis identified six well-differentiated,
but without discrete limits, plant communities: Tamaulipan
piedmont scrub, mixed forest, xeric scrub, halophytic grass-
lands, cold conifer forest chaparral, and alpine meadow. Ex-
cept for halophytic grasslands, the rest of the plant communi-
ties share species with the adjacent ones as the environmental
gradient changes, thus constituting transition zones.

Discussion
Most sites showed a clear distribution according to altitude,

temperature, and precipitation vectors, as revealed by the
CCA analysis (Fig. 1). Axis 1 explains, from right to left,

matter, AVTEM average temperature, MITEM minimum temperature,
AVPRE average precipitation. The two axes accounted for 7.7 and
14.9 %, respectively, of the total explained inertia of the data set, and
their eigenvalues were 0.917 and 0.856, respectively. However, using the
inertia restricted to the environmental variables, both axes explain more
than 70 %, indicating that the distribution of species is explained by the
used environmental variables in this percentage

not only the distribution of the main plant communities in
most ecosystems of northeastern Mexico, where a strong alti-
tudinal gradient from 360 to 1600 m exists, but also the main
life forms associated with them. These are influenced mainly
by three factors: altitude, temperature, and precipitation. There
are scrublands, inhabiting low altitudes with warmer condi-
tions; mixed forest, located at medium altitudes with mesic
weather conditions, and cold conifer forest, distributed at high
altitudes with cold weather. Higher average temperatures and
higher minimum temperatures are present at lower altitudes;
both these variables were highly and positively correlated to
the distribution of mixed forest (oak-pine) and Tamaulipan
piedmont scrub (as can be seen along axis 1, while the pH
variable was highly and positively correlated to axis 2). The
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variable separates the arid environments with alkaline soils,
especially those on high plains dominated by xeric scrublands
and halophytic grasslands from the mixed forest and most of
alpine meadow and cold conifer forest chaparral sites, which
have the most acidic soils. Our results support the hypothesis
of the primary importance of elevation, temperature, and pre-
cipitation and the secondary role of soil type in controlling the
distribution of regional plant communities. Species distribu-
tion across altitudinal gradients on a regional scale were close-
ly associated with moisture and temperature variables or of
zonal type; however, on a smaller scale, edaphic factors play a
key role in the zonal distribution.

The three environmental variables: elevation, minimum
temperature, and average temperature separated the alpine
meadow and the cold conifer forest chaparral from the rest
of the plant communities. Both sites are characterized by other
significant variables, but ones such as organic matter content
and aspect only play a minor role. Species that were strongly
positively correlated on the right side of axis 1 included the
ones inhabiting the highest elevations in northeastern Mexico
such as Abies vejarii, J. zanonii, H. insignis, L. cacuminis,
P, culminicola, Pinus flexilis, and Pinus hartwegii. These were
located on northern, wet aspects with high organic matter
contents.

Alpine meadow constitutes a small area of about 25-30 ha
(Garcia-Aranda et al. 1999; Jiménez et al. 2005) between
3600 and 3650 m altitude, dominated in shrub strata by
P. culminicola and J. zanonii on the summit of Cerro El
Potosi, which is the only 0.4-2.5 m tall pine bush in Mexico.
Adjacent to and immediately below it, the cold conifer forest
chaparral constitutes the main vegetation, an association of
A. vejarii, P. hartwegii, and P. flexilis in the upper strata and
a dense 1-1.5 m tall shrub community composed almost en-
tirely of Quercus greggii and scattered individuals of Ceano-
thus fendleri, inhabiting shallow and rocky soils. These differ-
ent growth forms at different elevation gradients have been
reported by Whittaker (1956, 1960), representing different
plant growth forms over gradient changes. Elevation influ-
ences precipitation and temperature, and these directly affect
plant growth (Aguado-Santacruz and Garcia-Moya 1998). Or-
dination indicates that cold conifer forest chaparral and alpine
meadow are influenced mainly by elevation and, to a minor
degree, by aspect and rockiness. Similar results have been
reported for this vegetation from central Mexico, where Pinus
and Abies forest are the dominant elements at high altitudes in
the Trans volcanic belt in the south of Mexico (Nieto de
Pascual 1995). The dwarf oak (Q. greggii) vegetation associ-
ated with cold forest has also been recorded in the south of
Mexico (Valiente-Banuet et al. 1998), inhabiting intermediate
areas between arid vegetation and subhumid forest
(Rzedowski 1978). This vegetation exists partly not only
due to arid conditions but also as a consequence of cyclic fires
on the summit of this area (Jiménez et al. 2005). Several
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studies of mountains in the USA have also found that humid-
ity and temperature are strongly correlated to altitude in con-
trolling plant communities’ distribution along with other var-
iables such as sun radiation, soil depth, organic matter content,
bare soil, fire, pH (Allen and Peet 1990; Barton 1993), slope,
and aspect (Birkland 1984).

The mixed mesic forest, which occurs at medium and low
altitudes, is also strongly and highly positively correlated with
climatic variables, temperature, and precipitation. Mixed for-
ests (oak-pine/pine-oak) are the main plants associated with
the Mexican mountains (Rzedowski 1978), occupying 21 %
of their surface, harboring almost 7000 plant species, with
around 70 % of them being endemic (Rzedowski 1991). These
forests are also the most important in terms of economic value
(Challenger 2003).

Tamaulipan piedmont scrub is distributed at lower eleva-
tions with warmer conditions and higher precipitation. The
dominant species in these scrublands include two common
legumes (Estrada-Castillon et al. 2014): 4. amentacea and
Havardia pallens associated with F. greggii. Some species
found in this plant community such as Rhus virens,
Malacomeles denticulata, Agave lecheguilla, and Dasylirion
berlandieri are generally widespread at the other altitudinal
gradients and in other plant communities (Villarreal-
Quintanilla and Estrada-Castillon 2008). In favorable wet con-
ditions, piedmont scrub can reach 1800 m (Rzedowski 1978);
hence, sometimes, some of'its species form ecotones with oak
and mixed forests, mainly with Quercus polymorpha,
0. laceyi, and Quercus canbyi (Estrada-Castillon et al.
2012). Piedmont scrub is composed of almost 185 species,
dominated by thorny, non-thorny, and succulent species of
Neotropical origin (Estrada-Castillon et al. 2012).

Tamaulipan thorn scrub belongs to the Mexican xerophytic
region (Rzedowski 1978) and along with piedmont scrub has
been described as matorral mediano subinerme (semithorn
medium scrubland) in the northern region of northeastern
Mexico (Briones and Villarreal 2001). It is mainly composed
of Leucophyllum frutescens-A. amentacea community. How-
ever, the variability of environmental factors where it inhabits,
and the species associated with it results in different physiog-
nomic types, though it is always distributed on hills, plateaus,
and valleys in alluvial fans of the area, associated with warm
and humid conditions (Briones and Villarreal 2001), and pos-
itively related to shallow soils, steeper slopes, and sedimenta-
ry substrate (Huerta-Martinez et al. 2004). In northeastern
Mexico, piedmont scrub follows the same direction (NE-
SW) as the mountains in a narrow belt about 270 km long
(Estrada-Castillon et al. 2012). Its southern distribution limit
reaches San Luis Potosi (Giménez-de Azcarate and Gonzalez-
Costilla 2011). The main species recorded along this belt of
vegetation are A. amentacea, Acacia berlandieri,
A. lecheguilla, Bernardia myricifolia, Cordia boissieri,
Diospyros texana, F. greggii, Gochnatia hypoleuca,
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H. pallens, Helietta parvifolia, L. frutescens, Neopringlea
integrifolia, and Zanthoxylum fagara (Rzedowski 1978;
Briones and Villarreal 2001; Giménez-de Azcarate and
Gonzélez-Costilla 2011). Both Tamaulipan thorn and pied-
mont scrub communities mainly not only develop on silty clay
but are also associated with other factors such as rough topog-
raphy, microenvironments, deep soil, and slope (Estrada-
Castillon et al. 2012; Salinas-Rodriguez et al. 2013). Piedmont
scrub is distributed between 100 and 2200 m altitude, and as
an ecotonal community between xeric scrublands and temper-
ate forests, it has also been recorded in the semiarid region of
Querétaro (Martorell and Ezcurra 2002).

Halophytic grasslands are characterized by E. stictosphora,
F gypsophila, Heteropogon contortus, Lepidium montanum,
Muhlenbergia villiflora, and N. linearifolia, including two
common shrubby species of the xeric scrubland, L. tridentata
and Yucca carnerosana, and two conifer forest species
adapted to dry conditions and calcareous soils, Juniperus
angosturana (Eckenwalder 2009) and Pinus cembroides
(Rzedowski 1978; Romero-Manzanares et al. 2012). Halo-
phytic grasslands and xeric scrub are found at intermediate
altitudes, 1400 to 1600 m; they are restricted to deeper soils
with lower pH than the other plant communities and are neg-
atively correlated to organic matter contents. L. fridentata and
Y. carnerosana were also highly positively correlated on axis
2, showing high scores and also determined by pH and soil
deep vectors. However, the role of pH and soil depth in
explaining the other xeric scrub species declines as sand con-
tent increases, clustering a small group of species such as
J. angosturana, Lindleya mespilioides, Mortonia greggii,
P. cembroides, and Quercus sideroxyla associated with deep
soils with higher sand content. Halophytic grasslands are dis-
tributed in patches in northeastern Mexico (Scott-Morales
etal. 2004) and are commonly surrounded by xeric scrublands
(L. tridentata) on high plains and by conifer forest
(J. angosturana) in high mountains (Estrada-Castillon et al.
2010). Studies in the Chihuahuan Desert in Mexico have doc-
umented the influence of elevation, slope angle, rockiness,
and edaphic variables on plant distribution in these arid envi-
ronments; in fact, L. tridentata and Y. filifera correlate posi-
tively to soil depth, pH, and salt contents (Huerta-Martinez
et al. 2004; Henrickson 1974; Henrickson and Johnston
1997).

Plant communities in northeastern Mexico are under high
anthropogenic impact; population growth has mainly affected
Tamaulipan and piedmont scrubs. Large areas of these plant
communities are removed year after year because of urban de-
velopment despite them being home to a rich and specialized
flora not found in other areas, such as the Agave albopilosa,
Agave bracteosa, Agave victoriae-reginae, and Myrospermum
sousanum (Estrada-Castillon et al. 2012). Furthermore, in spite
of the wide distribution of oak forest in the mountains in north-
eastern Mexico, this forest has also been highly impacted by

change in land use, often being replaced by temporary crop
areas (mainly corn) and subsequently abandoned, as well as
being affected by excessive logging by illegal loggers. This
has allowed the invasion of exotic plants such as Melia
azederach and Ligustrum lucidum in protected areas such as
the Cumbres de Monterrey National Park (pers. obs.).

Cold conifer forest chaparral is also threatened by illegal
logging and by recurrent fires. The alpine meadow has lost
almost 60 % of its surface due to fires, and this loss is wors-
ened by browsing and trampling by livestock. However, the
most dramatic loss of an ecosystem has occurred in the plant
community with the least surface area (almost 400 km?) in
northeastern Mexico, the halophytic grasslands, which has
lost nearly 80 % of its area in the last 50 years due to mech-
anized agriculture (potatoes and alfalfa). This loss has affected
the habitat of the endemic prairie dog (Cynomys mexicanus)
(Scott-Morales et al. 2004) and 6 % of the grasslands’ endem-
ic flora (Estrada-Castillon et al. 2010). Hence, the halophytic
grasslands are the most vulnerable plant communities to hu-
man impact in northeastern Mexico.

Increases in minimum temperatures have been shown to be
an important variable to discriminate plant communities. In
other studies related to altitudinal gradients, minimum temper-
atures also appear as good predictors of the displacement of
trees or other species lines at higher altitudes (Dukes and
Mooney 1999). We expected that these temperature variations
(minimum) would play a more significant role in the changes
in species composition and richness over the coming decades.
We consider that temperature variations, as long as they follow
intergovernmental panel on climate change (IPCC) predictions,
will become an important driver of change in plant communi-
ties in the future. In fact, climatic changes predicted by the
IPCC are likely to lead to significant changes in species forest
composition. Even the moderate scenarios of the IPCC predict a
severe decrease in precipitations and a rise of 3—4 °C in average
temperatures (Christensen et al. 2007). Specifically, modifica-
tions in rainfall and runoff and a replacement of semiarid veg-
etation by arid vegetation are expected in northern Mexico due
to the effects of land use and climatic change (Bates et al. 2008).

The state of Nuevo Ledn has 23 state natural protected
areas, one national monument, one urban park, and three nat-
ural protected areas (Secretaria de Desarrollo Urbano y Obras
Publicas 2000), which in total comprise 150,931 ha. All plant
communities studied in this work are included in varying de-
grees within these protected areas, which, in principle, could
mitigate the impact and preserve the presence of these valu-
able natural resources. This study confirms not only the im-
portance of the diversity of ecosystems along altitudinal gra-
dients on a regional scale but also the importance of the soil
composition as the main factor in defining unique plant com-
munities. However, the main threat facing all plant communi-
ties is their continuing depletion by human intervention, thus
making the protection of these communities even more urgent.
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