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Tropical montane cloud forests constitute a rare and fragile ecosystem, which is threatened in many of
the areas in which it is found due to the pressure of human-originated disturbances. Cloud forests have
been identiﬁed as a forest type with high levels of species endemism and biodiversity. The aim of this
study, which focuses on a patch of cloud forest located in the Piura region of the Peruvian Andes, is to
assess the changes in species composition and to identify the factors involved in the loss of biodiversity
using data from a single inventory.
Random sampling plots were established throughout the forest area. An index of the difference in
species richness between recruitment and older trees (Tree Diversity Change index, TDC index) was
calculated for each plot. A Tree Diversity Change Index (TDC) and an index of species replacement based
on the second order properties of the diameter distribution (RE) were deﬁned to assess changes in
species richness and to characterize the change in the functional groups of tree species within the plot.
The factors involved in these processes were also identiﬁed by means of a Universal Kriging model.
The negative correlation between the TDC and the distance to the nearest track indicates that species
richness is decreasing close to these tracks and that it is only maintained in the inner areas. The negative
correlation of the RE index with altitude and deeper zones indicates that dynamic replacement of humidcondition species by dry-condition species is occurring at lower elevations. A loss in diversity along with
a change towards species adapted to dryer conditions was observed throughout the forest. Zones at
lower altitudes, on spurs or at the edges of the forest are more prone to these processes. This suggests
that a change in the functions of the ecosystem has been taking place and that a minimum extension of
cloud forest is required to maintain the ecological processes necessary for the continued existence of the
cloud forest.
ß 2009 Elsevier B.V. All rights reserved.
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1. Introduction
Tropical montane cloud forest is an unusual and unique
ecosystem, comprising just 1.6% of the total area of tropical
mountain forest in the world (Kapos et al., 2000), often forming
‘islands’ of vegetation (Howard, 1970) which evolve differently.
Cloud forests are characterized by the presence of persistent or
frequent wind-driven clouds (Hamilton, 1995) and many species in
these forests show a high degree of specialisation (Gentry, 1992a),
having developed adaptation mechanisms related to the cloud
formation regime (Bruijnzeel and Proctor, 1995; Still et al., 1999).
Consequently, this type of forest exhibits high levels of species
endemism and biodiversity (Fjeldså and Hjarsen, 1999; Luna-Vega
et al., 2001), in fact, Andean cloud forest ecosystems display one of
the highest levels of biodiversity in the world (Gentry, 1992b;
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Churchill et al., 1995). Unfortunately, they are also currently
considered among the most threatened ecosystems in the world
(Stadtmüller, 1987; Hamilton, 1995; Brown and Kappelle, 2001). In
the northern Andean region, 90% of the cloud forest has been lost
(Hamilton et al., 1993). Human pressure, manifested in activities
such as the conversion of forested land to agricultural land, fuelextraction (Sarmiento, 1993) or illegal logging (Aubad et al., 2008),
has probably played a major role in the disappearance and
fragmentation of cloud forest (Young and León, 1993). However,
human pressure is not the only factor which threatens the
continued existence of cloud forest. Climate change is also having
an important impact on these forest systems; changing the pattern
and frequency of dry-season mist (which has declined dramatically
since the mid-1970s [Pounds et al., 1999]), supporting the
hypothesis that the cloud base in tropical montane forests has
risen over the last few decades (Still et al., 1999). These changes
would appear to be occurring rapidly (Foster, 2001) whereas paleoecological evidence suggests that the process of establishment in
montane tree line migration is slow (taking around 200 years

S76

A. Ledo et al. / Forest Ecology and Management 258S (2009) S75–S84

[Körner, 1994]), which may bring about the complete disappearance of mountaintop cloud forests located on lower mountains,
since these are not able to ‘migration’ to higher altitudes (Lawton
et al., 2001).
Habitat fragmentation and changes in environmental conditions have lead to a reduction in plant diversity in natural
ecosystems (Chapin et al., 1997; Mooney et al., 1996). Determining
the factors which bring about changes in the biodiversity of
fragments of tropical montane cloud forests is essential to the
development of conservation strategies (Williams-Linera, 2002).
Biodiversity encompasses not only species diversity but also the
structure and function of the ecosystem (Franklin et al., 1981), so it
may be possible to detect changes in biodiversity through
analysing either of these three aspects. The most widely used
diversity indices reﬂect the richness and evenness or dominance of
species assuming that all the species are included in the inventory
(Magurran, 1988). However, due to the great species diversity
found in cloud forest (Hamilton, 1995), the latter assumption is
unlikely to be fulﬁlled in a single forest inventory. For this reason, it
would be preferable to use non-parametric species richness indices
to assess changes in species composition (Colwell and Coddington,
1994). A simple diversity index value often provides little
information, although the space-time variation in this value
may reﬂect important processes or changes in the species
composition taking place in the ecosystem. Moreover, such
changes in the diversity indices over time have served to assess
the effect of anthropogenic disturbances in forests (Battles et al.,
2001; Polyakov et al., 2008), although it is often not possible to
carry out such analyses since the necessary species composition
data, which must be consistently recorded over long periods of
time, are rarely available. Indicator species that are sensitive to
some ecological processes can be used for monitoring environmental impacts on biodiversity (Noss, 1990). The use of indicator
groups of species or species assemblages, which include species
covering a broader sociological range (for example, understory and
overstory species) should provide more detailed information about
the response of the ecosystem to environmental changes than the
use of a single species (Kremen, 1992). However, when plant
species are used as indicators, it should be borne in mind that a
given indicator species (associated with determined functional
traits) may persist even after a change to less favourable conditions
due to its longevity (Cousins and Lindborg, 2004). Therefore, in
addition to the data relating to the abundance of indicator groups
of species, other population parameters should be taken into
account in order to identify possible changes in the composition of
the ecosystem in the short term (Carignan and Villard, 2001). In the
present study, a new method is proposed for characterizing the age
(or, since tree age data is not usually available, size distribution)
distribution of two species or groups of species based on the
second order properties of the diameter distribution. Although
second order analysis is usually associated with the distribution of
individual objects in space (Legendre, 1993), it is straightforward
to apply second order moment measures to the distribution of
points on the axis of a measurable variable (Ripley, 1981).
By analysing the spatial distribution of species diversity it is
possible to identify the environmental factors involved in species
dynamics at larger scales as well as to determine the zones of the
forest that have suffered detrimental processes. With regards to
the spatial dynamics of species, autocorrelation is a very general
property of ecological variables because of shared biotic characteristics such as genetic ﬂuxes, reproduction, growth, mortality
or migration (Legendre, 1993). Moreover, ecological factors tend to
vary smoothly within the biotope (Borcard et al., 1992; Dimov
et al., 2005). Spatial autocorrelation typically leads to a violation of
the assumption of independence of observations in a classical test
of hypothesis based on the variance analysis (Zas, 2006a), therefore

increasing the test error (Legendre et al., 2002, 2004). Several
approaches have been proposed to account for spatial autocorrelation in the model used for the analysis of variance (Dutilleul, 1993;
Dutkowski et al., 2002; Zas, 2006b). However, there is no allembracing recipe for dealing with spatial autocorrelation in ﬁeld
experiments (Dutilleul, 1993; Gilmour et al., 1997), and determining the extent to which the variation is induced by the
environment or as a result of intrinsic ecological processes is
not always easy. Geostatistical techniques such as Universal
Kriging allow us to account for the spatial autocorrelation in the
variance–covariance matrix, identifying the relationship between
the spatial structure of biodiversity indicators and the environmental variables or spatial features related to such processes
(Torres et al., 2006).
The aim of this study is to provide evidence for the following
hypotheses: (i) minor habitat disturbance may be a critical factor
affecting tropical montane cloud forest species diversity and (ii)
modiﬁcation of the micro-environment brings about changes in
species distribution within the forest, implying a variation in
functional characteristics. For that purpose spatial analyses
techniques were used to identify the factors involved in these
processes in order to understand the current species dynamics in
one of the last montane cloud forest patches in the Peruvian
Tropical Andean Region.
2. Materials and methods
2.1. Study site
The study site is known as Monte de Neblina de Cuyas, which is in
the western Andean range of northern Peru. The forest is situated
in Cerro Chacas, in the Ayabaca province of the Piura region and the
area chosen for the study covers 171 ha in the upper altitudinal
zone of the forest. The UTM area coordinates vary from 642700 to
644300W and 9493300 to 9490499N, in the 17S zone, Datum
WGS84. The area of forest studied is delimited by two tracks
marking the upper and lower limits. The lower track is newer and
in better condition than the upper track, allowing access for small
vehicles during the dry season. The forest is surrounded by shrubs,
cultivated ﬁelds and secondary vegetation. It once formed part of a
larger cloud forest that occupied an extensive area of the mountain
range, but this has gradually shrunk so that today, only small
patches of forest remain (Gentry, 1995; Vellinga et al., 2004). The
nearest similar patches of cloud forest are 20 km away and occupy
relatively small areas. Elevation ranges from 2259 to 3012 a.s.l. and
the average slope is 39%, although it often exceeds 90%. The main
part of the study area is situated on south-westerly facing slopes.
The location has a cold temperate climate with a dry winter
according to Köpen (1936). The mean temperature is 15 8C and
variations in the temperature are low; varying between 8.5 8C and
18 8C. Mean annual precipitation is around 1200 mm (AECI, 2004),
generally being very intense during the summer. In years when the
ENSO (El Niño Southern Oscillation) phenomenon occurs, the
precipitation increases substantially (Romero et al., 2007).
The area is included in the neotropical region according to
Takhtajan (1986) and has one of the highest levels of endemism in
the world (Gentry, 1992b). The area is not a protected area; it has
only been classiﬁed as an ‘Important Bird Area’, the IBA PE 005
(Freile and Santander, 2005).
2.2. Inventory
The inventory was carried out between January and March of
2006. The positions of the 38 sampling plots were selected by
generating random XY coordinates throughout the study area
during the planning stage. The plots were square shaped of
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Fig. 1. View of the forest.

20 m  20 m, and located in the ﬁeld using a GPS receptor. Two
diameters at breast height (DBH) (in orthogonal directions) and
total height of all trees higher than 1.3 m were recorded for all the
woody plants in each plot, along with species and any special
characteristics. Trees with a DBH less than or equal to 2.5 cm were
considered recruitment and all trees with a diameter greater than
7.5 were considered older trees. The stand has a multilayer
distribution, as can be seen in Fig. 1, a mean number of trees per
hectare of 1246.7 (standard deviation: 476.06 trees per ha) and a
mean basal area of 45.27 m2/ha (standard deviation: 7.33 m2/ha).
A total of 120 species of woody plants were found in the forest.
To identify species, samples of the woody plants were collected
during the ﬁeldwork and compared to catalogued specimens in the
Trujillo Herbarium Truxillense, HUT and the Herbarium de la
Universidad de Piura UPADI, consulting with specialists in particular
taxa when necessary.
2.3. Tree Diversity Change Index (TDC)
To quantify the loss or gain in diversity of the stand, a tree
diversity change index based on the richness index designed by
Kempton (1979) was proposed:
 
 
S
S
TDC ¼

N recruitment
N older trees

species characterized as ‘‘pioneer species’’ (sensu Whitmore, 1989)
and canopy-emergent species were selected. The ﬁrst functional
group was composed of species with high-humidity requirements.
From this group the species Vallea stipularis L.F., two species of the
Meliosma genus and Oreopanax raimondii Harms. were selected as
indicator species. These species are characteristic of remnant cloud
forest and are unable to survive outside the forest since they
require high levels of humidity to develop and thrive (Gentry,
1992b,c; Mostacero León et al., 1996; León, 2006). Consequently,
they are good indicators of the humidity conditions. The second
functional group was composed of species with lower humidity
requirements, the indicator species selected being: one species of
the genus Solanum and another of the genus Persea. The Solanum
species is characteristic of cloud forests, but is generally found in
those with lower levels of humidity (Gentry, 1992b). Persea is
another genus which is characteristic of cloud forest and is
frequently found near the upper or lower limits of the forest
because, like Solanum, it is less demanding as regards strict cloud
forest micro-environmental conditions (Gentry, 1992b; Mostacero
León et al., 1996). These species were used to evaluate changes in
the abundance of the different indicator groups, since these species
are characteristic of this type of forest and are representative of the
different diameter classes and successional stages within the
stand. Moreover, they are widespread throughout the whole forest
area. All the above species were correctly differentiated in the ﬁeld,
although in some cases, no catalogued samples were available to
adequately identify the plants at species level. Hence, where
identiﬁcation at species level is in doubt, the scientiﬁc name for the
genus is used in this study.
To evaluate the dynamics between the two functional or
indicator groups it was necessary to develop a method capable of
reﬂecting the progressive changes in functional group dominance.
A new second order O-ring type function was developed which is
based on the distribution of diameter differences among pairs of
trees in both indicator groups. This technique is analogue to the K12
function proposed by Lotwick and Silvermann (1982) for
identifying the underlying processes of interaction between two
types of plant using fully mapped data (Goreaud and Pélissier,
2003). If we make the assumption that for each of the analysed
species, the size of a tree is related to its age, this technique may
provide a tool for characterizing the species interactions over time
using data from a single inventory:
n X
n
X
f ði; jÞIi j ðD  d; D þ dÞ
rðDÞ ¼

where S is the number of species and N is the number of trees.
This index shows the difference in species richness values
between older trees and recruitment in each plot, and can indicate
the different levels of diversity between the trees that form the
current stand and the regeneration that will form the stand in the
future. Negative values for the index may imply that a loss in tree
diversity is occurring in the stand, whereas positive values reveal
that species diversity is greater in the recruitment than in the older
trees. Values near 0 indicate no change in species richness.
2.4. Species Replacement Index (RE)
To evaluate changes in the functioning of the ecosystem, two
functional groups of indicator species were selected: (a) species
with high-humidity requirements and (b) species with lower
humidity requirements. Only ‘process-limited’ species (sensu
Carignan and Villard, 2001) sensitive to the level of humidity
were included as indicator species for these functional groups. The
species selected for the analysis were those with documented
humidity requirements. The rest of the species present in the forest
were not included in this analysis. For each functional group,
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i¼1 j¼1
n X
n
X

I i j ð D  d; D þ dÞ

i¼1 j¼1

where n is the number of trees in the plot, D is the diameter
difference, f(i, j) gives 1 if i and j individuals are included in the
same functional group (either higher humidity-requirement
species or lower humidity-requirement species), or 1 if the i
species group does not coincide with j, 2d is the width of the
diameter difference lags and the O-ring function Ii j ðD  d; D þ dÞ
gives 1 if the diameter difference between tree i and j is within the
ðD  d; D þ dÞ interval or 0 if not, so for a pair included in the
interval f ði; jÞ  Ii j ðD  d; D þ dÞ gives 1 if species are included in
the same functional group or 1 if the two species are included in
the other functional group. The function was calculated including
only the abovementioned species representative of each functional
group.
In other words, the value of the r(D) function is close to 1
when, for a diameter difference D, there are no changes in the
relative abundance of indicator species in both functional groups,
and is close to 1 when, for a diameter difference D, individuals
belong to different functional groups. An increasing function
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indicates that there is a gradual shift in functional group
dominance from the larger diameter classes to the smaller ones
(replacement).
The O-ring is calculated for discrete lags centred on each
diameter difference Di, and to achieve an index of the change in
functional groups in each plot, the sum of the r(Di) function
weighted by the diameter difference Di was calculated for i = 1,
2,. . .
The Replacement Species Index (RE) deﬁned was:
RE ¼

t
X

Di rðDi Þ

i¼1

where Di is the greatest diameter difference in the plot. Both the
r(D) function and RE were evaluated for diameter difference lags of
5 cm.
This index analyses whether a shift in the dominance of one
group of indicator species over another is taking place in the stand.
Positive values of the index indicate a shift from the current
composition to the dominance of a different group of species, and
negative values imply an increase in the dominance of the group of
species currently most representative; the absolute value of the
index increasing with the width of the diameter range in the plot.
2.5. Assessment of the current indicator species group dominance
To evaluate the change in species composition, a preliminary
analysis of the current group of dominant species was performed.
To obtain the current distribution and level of dominance
between functional groups, the ratio of high-humidity-requirement older trees to low-humidity-requirement older trees was
calculated.
Ordinary kriging of this variable indicates the likelihood of
dominance of the higher humidity-requirement species. The
kriging prediction of the value of the variable Z(s0) (Z is the ratio
of high-humidity-requirement older trees to low-humidityrequirement older trees) at an unsampled location s0 is given by:
n
X
li  Zðsi Þ
pðZ; s0 Þ ¼
i¼1

and the unbiasedness condition is given by:

n
X

li ¼ 1where Z(si) is

i¼1

the value of the variable at a sampled location and li is determined
by minimizing the prediction error and depends on the variogram
ĝ ðdÞ (Cressie, 1993):
NðdÞ

ĝ ðdÞ ¼

X
1
2
½Zðsi Þ  Zðsi þ dÞ
2  NðdÞ i¼1

where N(d) is the number of pairs of observations d distant.
2.6. Spatial analysis of species diversity change and replacement
In order to analyse the spatial dynamics of the changes in species
diversity and in the spatial arrangement of functional groups (given
that both TDC and RE were expected to be related to environmental
variables that can be expressed as a function of the spatial location,
as well as the fact that the species distribution is expected to be
spatially auto-correlated) the Universal Kriging system was used to
ﬁnd the spatial covariance structure of TDC and RE and to predict the
behaviour of the indices over the whole study area.
A multiple-regression analysis was carried out to determine the
most signiﬁcant variables in this process, selecting those which
showed the strongest correlation (higher r2 and admissible pvalue). The explanatory variables considered were those related to
either stand structure (basal area, number of trees per ha, canopy

Fig. 2. Map of the tracks, elevation and concavity of the terrain in the studied forest.

cover, quadratic mean diameter, dominant height) or to environmental factors (altitude, slope, orientation, micro-topography,
distance to nearest track). The variables ﬁnally selected for
inclusion in the TDC index model were: elevation and concavity
of the terrain (calculated as the second derivative of the Digital
Elevation Model) and minimum distance from each point to the
nearest access track (calculated using ARCGIS1). In the case of the
RE index, the variables chosen were the concavity of the terrain and
the altitude. The tracks, elevation and concavity of the terrain in
the studied forest are shown in Fig. 2.
Universal Kriging of a regionalized variable Z(s) (where Z(s) in
this case, is values of TDC and RE indices) involves applying the
following model:
ZðsÞ ¼

pþ1
X

f j1 ðsÞb j1 þ dðsÞ

j¼1

where fj1(s) are the p + 1 explanatory variables whose value is a
function of location s, b is an unknown vector of parameters, and
d(s) is a zero-mean intrinsically stationary random process with
variogram 2g() which describes the variance of the variable as a
function of the distance between sample plots (Cressie, 1993):
NðdÞ

ĝ ðdÞ ¼

X
1
2
½dðsi Þ  dðsi þ dÞ
2  NðdÞ i¼1

The parameters of the variogram for Universal Kriging, and the

b regression coefﬁcients of the explanatory variables were
estimated using the Restricted Maximum Likelihood (REML)
method (Kitadinis, 1985; Harville, 1977).
The prediction Z*(s0) of the variable at each point s0 estimated
from the value of Z in the measured sampled plots si is expressed
as:
n
X
Z  ðs0 Þ ¼
li  Zðsi Þ
n
X

i¼1

li  f j1 ðsi Þ ¼ f j1 ðs0 Þ

i¼1

j ¼ 1; . . . ; p þ 1
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To obtain the optimal lineal estimator, the sum of the squared
errors was minimized, adding the Lagrange parameter to ensure
global unbiasedness, which necessarily implies that f0(s)  1.
The variance of the prediction was calculated as:

s 2UK ¼

n
X

pþ1
X

i¼1

j¼1

li g ðs0  si Þ þ

m j1 f j1 ðs0 Þ

The values for the ratio of high-humidity-requirement trees to
low-humidity-requirement trees, as well as both the TDC and RE
indices, were considered punctual estimates referenced to the centre
point of the plot. A grid spacing of 10  10 m was used to obtain the
kriging prediction for these variables (current high-humidityindicator older trees fraction, TDC and RE) throughout the forest.
2.7. Cross-validation
Cross-validation was used to compare the performance of the
different methods. The sum of the estimation errors (SEE) was used
to check for bias (SEE must be close to 0):
Pn
ðZ  ðsi Þ  Zðsi ÞÞ
SEE ¼ i¼1
n
where n is the number of observations.
The variance of the standardised estimation errors (that must
approximate to 1) was used to check the validity of the prediction
error given by the kriging variance:
Pn
2
ððZ  ðsi Þ  Zðsi ÞÞ Þ=s 2k ðsi Þ
VSEE ¼ i¼1
n

Fig. 3. Empirical variogram of the d residuals of the Universal Kriging model for the
Tree Diversity Change Index (TDC) and spherical model ﬁtted using REML. The
values of semivariance were calculated for each distance lag using more than 30
pairs of observations.

3. Results
3.1. Tree Diversity Change Index
The average value of the TDC for all the inventory plots was 0.04,
ranging from 0.37 to 0.75. The exploratory analysis indicates that
the TDC displays spatial autocorrelation, which means that the
index values are similar in neighbouring plots. The Universal

Table 1
REML estimates of the variogram parameters (u) and the b coefﬁcients for the Universal Kriging (UK) model of the Tree Diversity Change index (TDC) and the Replacement
Species index (RE) and the Ordinary kriging (OK) model of the high-humidity-requirement species dominance fraction.

u

b

Variable

Model

Nugget

Sill

Range

Elevation

Concavity

Proximity to roads

Intercept

TDC
High requirement fraction
RE

UK
OK
UK

0.034
0.01125
1610.5

0.062
0.0544
10,497.4

726.49
377.64
220.9

–
–
0.361

19,8982
–
9614

0.0006
–
–

0.0473
–
920.6

Fig. 4. (a) Universal Kriging prediction of Tree Diversity Change index (TDC) and (b) map of prediction variance.
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Kriging model was constructed using the concavity of the terrain
and distances to nearest track as explanatory variables. The REML
estimates of the variogram parameters, as well as the b coefﬁcient
estimates for the explanatory variables are shown in Table 1. The
results of the cross-validation described above; a SEE of 0.000441
(1.1% of the mean) and VSEE: 1.023441, indicate the suitability of
the model in terms of bias and prediction variance. The range of
spatial autocorrelation for the tree diversity change index is
around 700 m. The nugget effect is about 55% of the sill (Fig. 3), so
45% of the TDC variability is explained by the spatial autocorrelation of the variable, probably due to ecological processes such as
seed dispersion or mortality.
Fig. 3 shows the ﬁtted variogram and the d residuals.
The resultant TDC prediction map and that for prediction
variance are shown in Fig. 4a and b. The dark zones correspond to
the areas in which species richness has been enhanced and the
light zones imply a loss in diversity. As was expected from the
index trend analysis using the b coefﬁcients, the inner zones are
those where the species richness remains constant, as reﬂected in
the positive TDC values.
The negative correlation between the TDC and the distance to
the nearest track indicates that species richness is decreasing
close to these tracks and that it is only maintained in the inner
areas. The TDC also reveals higher values on spurs than in gullies,
probably because the poorer conditions for growth associated
with the former lead to a decrease in the diversity of canopy
species.

As can be seen in Fig. 6, the ordinary kriging prediction for the
ratio of high-humidity-requirement indicator species to lowhumidity-requirement ones shows a dominance of species with
high-humidity requirements in most of the forest (about 99.05% of
the total forest area was dominated by species with high-humidity
requirements).
3.3. The r(D) function analysis
The values and shapes of the r(D) function are related to the
dynamics of the species replacement process. The values of r(D)
can ﬂuctuate between 1 and 1. Based on the r(D) function, three
different types of species dynamics can be identiﬁed: (1) When the
relative abundance of indicator species is not changing, the value of
the r(D) function is negative and fairly constant (Fig. 5a). If the
stand is composed of species within the same functional group, the
value of r(D) is 1. (2) The r(D) function of plots included in Fig. 5b
shows the continuous replacement of one group of indicator
species by another. In this case the curve will show an upward
trend; from negative values for the ﬁrst diameter difference lags to
positive values for large diameter differences. This behaviour,
found in 34% of the plots, implies that individuals with similar
diameters belong to the same functional group, and that the larger
trees belong to a different functional group from that of the smaller
trees. (3) In the plots presented in Fig. 5c, this ‘replacement’ of both
indicator groups takes place in ‘phases’ rather than being a
continuous process. Approximately 34% of the plots present a
ﬂuctuating r(D) function.

3.2. Current dominant species
3.4. Species Replacement Index (RE)
The variogram of the fraction corresponding to high-humidity
species presents a range of autocorrelation around 380 m with the
nugget effect beginning at approximately 20% of the sill (Table 1),
indicating a strong spatial continuity in species composition.

In the studied forest, high-humidity species currently dominate
the older trees strata, so the increase in the r(D) function from
negative values to positive values indicates a change in the

Fig. 5. r(D) function (a) for those plots which mainly contains species of one functional group (b) for those plots which show a gradual change from one group of species to
another group and (c) for those plots which shows ﬂuctuating values.

A. Ledo et al. / Forest Ecology and Management 258S (2009) S75–S84

S81

Fig. 7. Empirical variogram of the d residuals of the Universal Kriging model for the
Species Replacement index (RE) and spherical model ﬁtted using REML. The values
of semivariance were calculated for each distance lag using more than 30 pairs of
observations.

Fig. 6. Ordinary kriging prediction of the ratio between humidity-indicator species
and species with low-humidity requirements.

dominance of species from humid-condition species to drycondition species. The weighted sum in the RE index shows the
trend of the r(D) function as the DBH difference increases (over
time), characterizing the dynamics between two functional groups
with a single variable which is continuous in space, allowing the
spatial distribution to be analysed at landscape scale. The average
value of the RE for all the inventory plots was 11.52, ranging from
259 to 360.
On the basis of the multiple-regression analysis, the convexity
of the terrain and the elevation were selected as explanatory
variables for the Universal Kriging. The REML variogram and the d
residuals are shown in Fig. 7. The residuals of the cross-validation
present a SEE of 1.428417 (0.13% of the mean) and VSEE: VSEE:

1.074500. The variogram parameters indicate that spatial correlation exists up to 221 m, and the small nugget effect (16%) implies
that there is considerable spatial continuity. The different values
for the range of correlation in species richness decrease and
indicator species replacement reveals that the processes driving
these phenomena are different. The sign of the b parameters show
that a negative relationship exists between the likelihood of the
current group of indicator species and the elevation, as well as the
concavity of the terrain (Table 1).
As can be seen from the prediction map, a change in relative
abundance of indicator species has been occurring in much of the
forest (Fig. 8a). In the upper zones and gullies, the populations of the
current group of indicator species are either stable or increasing,
whereas in the lower zones or on the spurs there is a change in
indicator species abundance. The negative correlation between the
RE index and the altitude indicates that there is a dynamic
replacement of humid-condition species by dry-condition species
at lower elevations, where the temperature is slightly higher. The
negative correlation between the RE index and the concavity of the

Fig. 8. (a) Universal Kriging prediction of the Species Replacement index (RE) and (b) map of prediction variance.
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land indicates that the process of replacement between the two
groups of indicator species seems to depend on the presence of
suitably humid micro-ambient conditions. Such conditions are
necessary for the development of species with high-humidity
requirements and tend to be found at the bottom of the gullies.
4. Discussion
Several studies have highlighted the high rate at which
montane cloud forests are disappearing (Zadroga, 1981; Stadtmüller, 1987; Hamilton et al., 1993; Brown and Kappelle, 2001).
However, despite the high biodiversity value of these ecosystems,
they are among the least known in the world (Stadtmüller, 1987;
Aubad et al., 2008). A detailed assessment of species dynamics is
required in order to understand the processes that take place in
forest ecosystems and to design biodiversity conservation
strategies. In this paper, an approach for assessing species
dynamics in the forest stand was proposed; using the information
derived from the species diameter distribution and extending the
value to the whole study area by Universal Kriging. The abundance
of individuals of a determined species in the smallest size classes
may indicate suitable conditions for regeneration, whereas
dominance of the largest classes may indicate that the conditions
had previously been favourable for the development of the species.
Therefore, when noticeable differences in the relative abundance
of two functional groups exist between small and large trees, the
r(d) analysis is capable of detecting a trend towards a change in the
species dynamics if the indicator species considered in each group
include pioneer and canopy species, even in the case of weak
correlation between the size and the age of the tree. The analyses of
the prediction variance maps (Figs. 4b and 8b) reveal the suitability
of the proposed techniques for identifying the spatial arrangement
of species dynamics using data from a single forest inventory.
The TDC analysis shows a trend towards loss of diversity
throughout most of the studied forest (Fig. 4a). The values for species
richness have remained constant at higher elevations where species
are able to regenerate as well as in the north, where there is greater
continuity of vegetation beyond the forest. The ﬁndings of this study
agree with those of others which highlight the sensitivity of these
forests to disturbances. According to previous studies (Pounds et al.,
1999), these cloud forests are strongly affected by the proximity of
roads or tracks, as reﬂected by the correlation between TDC and
distance to the tracks. Moreover, these roads or tracks may act as
‘vectors’ of human-originated perturbations and may be partly
responsible for the serious loss of biodiversity. Furthermore, the loss
of species diversity in montane cloud forest appears also to be
related to the negative impact of fragmentation (Arango-Vélez and
Kattan, 1997). The TDC gradient from high values in the inner part of
the forest to low values near the forest boundaries may indicate that
fragmentation also affects the micro-environmental conditions, the
existence of which, in large forest areas, is necessary for the
dispersion process and establishment of many species.
Leuschner (2000) found that the greater degree of scleromorphy present in tropical alpine plants was linked to the humidity
conditions rather than to low temperature or high levels of
radiation as was previously thought. The strong inﬂuence of
humidity in tropical Andean mountains is evidenced by the results
of the RE index calculated in the present study, which indicate that
species with lower humidity requirements are increasing their
presence on the mountain and species with greater humidity
requirements (the recruitment of which is limited to zones with
higher humidity levels) are having their habitat reduced (Fig. 8a).
However, species dynamics in this type of forest are extremely
complex, as reﬂected by the different trends exhibited by the r(D)
functions. An aspect which should be highlighted is that many of
the species with lower humidity requirements are generally

characteristic of the inferior vertical strata whereas most of the
species with greater humidity requirements are those which form
part of the upper strata. Consequently, a change in the dominant
group of species may also lead to a change in the stand structure;
the latter being very important to the maintenance of habitat
biodiversity (Fjeldså and Krabbe, 1990).
Some authors have suggested that rising sea-surface temperatures have altered the climate of tropical mountains (Pounds et al.,
1999) and may bring about a shift in the cloud base, threatening
the very existence of cloud forests since the presence of clouds is
indispensable for their formation (Still et al., 1999). The increase in
area occupied by tree species with lower humidity requirements
would appear to support these hypotheses. In order to evaluate the
effects of climate change on montane cloud forest, Still et al. (1999)
proposed the use of biogeographic models to predict the locations
of cloud forest, using cutoffs in temperature sums and moisture
balance calculations. Vegetation indicators, such as the techniques
proposed in this study, may provide evidence of these changes
since it has been demonstrated that the composition of tree species
and regeneration patterns are climate sensitive and can also be
affected by changes in microclimate conditions. Pounds et al.
(1999) proposed that the invasion of montane forests by
premontane species should be analysed to determine the effect
of climate change on montane vegetation. However, since this
invasion by premontane species may be a symptom of irreversible
damage, the use of RE analysis to study changes in the current
species composition may allow us to detect potential species
changes prior to invasion by premontane or alien species.
The results of this study indicate that the primary cloud forest is
being reduced and restricted to the most suitable inner areas.
Moreover, the TDC and RE reﬂect changes in the composition and
relative abundance of functional groups which are currently taking
place in parallel throughout most of the forest. These changes may
increase the rate of extinction of some cloud forest species (Ray
et al., 2006). The fact that these changes are detected from data that
describe the current species composition and diameter distribution means that the effect of these processes may be appreciable
during the life cycle the trees. Felling or change to agricultural use
are the main factors behind the loss of montane cloud forest
(Sarmiento, 1993; Young and León, 1993), although according to
the results of the present study, the situation is worsened by the
fragmentation of the forest into small patches which may not offer
the necessary conditions for life and the level of biodiversity falls
signiﬁcantly in the remaining patches of forest (Fjeldså and Krabbe,
1990). Consequently, the forest ecosystem becomes impoverished.
In spite of the fact that these results were obtained using data
from a single inventory conducted at one single cloud forest and
although more research is needed both to assess species dynamics
in other cloud forests as well as to monitor these changes over
time, this study highlights the fragility of this ecosystem, which
may disappear from the Andean region over the course of the
coming years if the current trend is maintained. Urgent action is
needed to conserve these mountain forests.
5. Conclusions
The proposed Species Replacement Index (RE) shows that species
with greater humidity requirements are having their habitat
reduced to upper and inner zones with higher humidity levels.
Furthermore, the analysis of Tree Diversity Change Index (TDC)
suggests the existence of a minimum forest area necessary to ensure
the continuity of the cloud forest. The species with greater humidity
requirements, which according to the analysis of the current
dominant species were once able to live throughout the forest area,
are now restricted to the gullies and higher elevations. Therefore, it is
probable that the high-humidity conditions required by these
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species may once have existed over the whole area, but are now
restricted to the gullies and higher elevations. If this trend continues,
the ﬁndings of this study suggest that the future may bring the
disappearance of montane cloud forest in its original form.
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Köpen, W., 1936. Der geographische System der Klimate. Handbuch der Klimatologie, vol. 1(C). Borntraeger, Berlin, 44 pp.
Körner, Ch., 1994. Impact of atmospheric changes on high mountain vegetation. In:
Beniston, M. (Ed.), Mountain Environments in Changing Climates. Routledge,
London, pp. 155–166.
Kremen, C., 1992. Assessing the indicator properties of species assemblages for
natural areas monitoring. Ecological Applications 2, 203–217.
Lawton, R.O., Nair, U.S., Pielke Sr., R.A., Welch, R.M., 2001. Climatic impact of
tropical lowland deforestation on nearby montane cloud forests. Science 19,
584–587.
Legendre, P., Dale, M.R.T., Fortin, M.J., Casgrain, P., Gurevitch, J., 2004. Effects of
spatial structure on the results of ﬁeld experiments. Ecology 85, 3202–
3214.
Legendre, P., Dale, M.R.T., Fortin, M.J., Gurevitch, J., Hohn, M., Myers, D., 2002. The
consequences of spatial structure for the design and analysis of ecological ﬁeld
surveys. Ecography 25, 601–615.
Legendre, P., 1993. Spatial autocorrelation: troble or new paradigm? Ecology 34,
659–1673.
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