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Successful restoration measures need a good understanding of how the composition, structure, and functioning of
ecosystems change with degradation and what the best indicators of these changes are. To answer these ques-
tions, we worked on four ecosystem types in the Mediterranean Andes mountains in central Chile (from scle-
rophyllous forest to Andean shrublands), which represent an elevational gradient from 700 to 3,250 m. We
sampled three plots on each of the three degradation levels (low, medium, and high) for each ecosystem at
increasing distances from goat corrals. We measured 35 indicators that describe vegetation (14), soil (15), and
ecosystem processes (6) for one growing season. Degradation caused a decrease in shrub cover, shrub produc-
tivity, the Normalized Community Structure Integrity Index (CSII,), litter depth, total soil nitrogen and C/N ratio,
and an increase in clay content. Plant species indicating low degradation were consistently native woody species.
When comparing ecosystems (i.e., at different elevations) against the type of variable, process-based indicators
showed more statistically significant differences. Based on their consistency across ecosystems and ease of
measurement, we recommend using shrub cover and litter depth as indicators of degradation. Finally, we
concluded that ecosystems are highly degraded when vegetation- and process-based indicators change ~ 60% or
when soil indicators change ~ 25%. These results could also be used to set goals for restoration projects in these
mountain ecosystems.

Disturbance indicator
Indicator plant species
Perturbation

described.
Mountain ecosystems are important not only because they cover one-

1. Introduction

Ecosystem degradation is defined as the loss of the original charac-
teristics of an ecosystem in terms of its structure and functioning because
of natural events and human activities (DeFries et al., 2012). The dif-
ference between the reference condition (usually assessed in an undis-
turbed site) and the current condition is used to design restorative
measures and monitor their success (Moore et al., 1999). Therefore,
identifying indicators of ecosystem degradation can aid in directing
restoration proposals and supporting the effectiveness of those plans.
Unfortunately, in areas with a long history of land use, it is hard to find
undisturbed sites and the effects of degradation have often not been
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fifth of the terrestrial surface, but also because it is estimated that about
50% of the global human population depends on the ecosystem services
they provide, water being the most relevant of these (Korner and
Ohsawa, 2005; Martin-Lopez et al., 2019). Mountain ecosystems are
particularly fragile and subject to both natural and anthropogenic
degradation drivers, including climate change (Nogués-Bravo et al.,
2007), forest fires, wood harvest, and pasture practices (Korner and
Ohsawa, 2005).

The Andes mountain range is also affected by degradation processes.
In the tropical area of the Andes, land conversion over a 50-year period
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resulted in a 16% decrease in the overall landscape capacity to deliver
ecosystem services, with the transformation of native forests to agri-
cultural lands being the change that generated the largest decline in the
provision of ecosystem services (Balthazar et al., 2015). In addition,
urbanization has increased ecosystem degradation by fragmenting
vegetation, leading to a decrease in the provision of ecosystem services
and an increase in the frequency and magnitude of natural and
anthropogenic hazards (Romero and Ordenes, 2004), effects that have
been observed in other mountain ecosystems close to large cities in the
Alps (Vigl et al., 2021) and central Chile (Alvarez-Codoceo et al., 2021).

The Mediterranean Andes Mountains in central Chile are part of an
area that has been identified as a hotspot for the conservation of
biodiversity, mainly because of its high levels of endemism and
anthropogenic threat (Alaniz et al., 2016; Mittermeier et al., 2004). In
the face of global warming, semi-arid temperate mountains might
become increasingly important as refugia for native species (Millar
et al., 2015; Munoz-Saez et al., 2021).

Ecological indicators enable the assessment of the condition of the
environment and serve as an early warning against environmental
problems (Niemi and McDonald, 2004). Although ecological indicators
have been used to evaluate diverse ecosystems in Chile (Hernandez
et al., 2015; Steel et al., 2017; Weiland et al., 2011), their application to
mountain ecosystems is scarce, despite the relevance of these environ-
ments throughout the Chilean territory. We studied the degradation
generated by grazing and firewood extraction in four ecosystem types
along an elevational gradient in the Mediterranean Andes in central
Chile. The objectives of this study were: 1) to assess which vegetation,
soil, and process indicators best differentiate the levels of degradation of
four mountain ecosystem types; 2) to identify plant species as indicators
of different levels of ecosystem degradation; and 3) to analyze whether
elevation or the type of indicator (vegetation, soil, process) affects the
magnitude of change in indicators of degradation.

2. Materials and methods
2.1. Study area and description of ecosystems

The study area is located in the Andes mountain range of the
Metropolitan Region of Chile, between 700 and 3,250 m of elevation
(Fig. 1). At this latitude (~33°40’), the climate in the valley is temperate
Mediterranean, with precipitation concentrated in winter and a dry
period of 6-8 months, typically from October to March. In the study
area, however, the effect of elevation makes the climate cooler and more
humid, with precipitation ranging from 660 to 1,340 mm (Uribe et al.,
2012). At the highest elevation, the dry period is only 1-2 months, with
most precipitation falling as snow, with a mean temperature in the
coldest month (July) of —1.8 °C and 4.4 °C in the warmest (January).

The geological materials are volcanic sequences of lava and rocks of
andesitic-basaltic materials from the Farellones Formation (SERNA-
GEOMIN, 2003), but the area falls outside of previous soil surveys, so
there is no classification available at the soil series level (Casanova et al.,
2013).

Four ecosystem types were studied, described by Teillier et al.
(2011):

- Sclerophyllous forest (SF), found at elevations between 700 and
1,700 m, is dominated by Quillaja saponaria, Kageneckia oblonga and
Lithraea caustica, whereas in wetter sectors Cryptocarya alba is the
dominant species and on north facing slopes the succulents Tricho-
cereus chiloensis and Puya berteroniana are representative. There is a
heterogeneous shrub layer that dominates on disturbed sites, char-
acterized by the presence of Baccharis linearis and Muehlenbeckia
hastulata. An ephemeral herbaceous stratum grows during the winter
and beginning of spring.

Andean sclerophyllous forest (ASF) (1,650-2,000 m) is almost
monospecific, dominated by Kageneckia angustifolia, with some
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presence of Schinus montanus. A tall shrub layer of Colliguaja inte-
gerrima dominates in steep-slope sectors, and Guindilia trinervis
dominates in areas where trees have been cut or burnt. T. chiloensis
and P. berteroniana also dominate on north-facing slopes, with
Escallonia myrtoidea being found in more humid areas.

Lower Andean shrubland (LAS) (1,950-2,800 m) is dominated by a
shrub layer, frequently between 0.5 and 1.2 m tall, being mostly a
perennial herbaceous stratum that cover about 30-50% of the soil.
Dominant shrub species are Tetraglochin alatum and Mulinum spino-
sum, whereas in wetter areas Discaria trinervis dominates.

Upper Andean shrubland (UAS) (2,500-3,250 m) is seldom taller
than 0.5 m, composed of the shrub species Berberis empetrifolia,
Laretia acaulis, and several species of the genera Adesmia, Nassauvia,
and Senecio. There is also a herbaceous stratum in which Poa holci-
formis is consistently found.

2.2. Definition of degradation levels and selection of indicators

The areas selected to evaluate the degradation levels were located at
the Colorado river valley (forest ecosystems, SF, ASF) and the Yeso river
valley (shrub ecosystems, LAS, UAS) (Fig. 1). The SF site was located at
an average elevation of 1,000 m, facing north, with a 31° slope; the ASF
site was facing south-east, with an 11° slope and elevation of 1650 m;
the LAS site was facing north-west, with a 52° slope and elevation of
2200 m; and the UAS site was located at 2850 m elevation, facing south-
west, with a 28° slope.

In this area, degradation is caused by a combination of firewood
extraction, occasional fires, and ongoing grazing. The identification of
three degradation levels (low, intermediate, and high) was based on an
expert appreciation of significant changes in the structural characteris-
tics of vegetation and soil after observing the entire range of ecosystem
conditions in the area. The high degradation plots of the four ecosystems
were established close to goat corrals (<300 m). The intermediate and
low degradation plots were located at increasing distances from the
corrals but within comparable topography (i.e., aspect, slope, and po-
sition on the landscape). At each degradation level area, three plots were
randomly located to sample vegetation, soil, and some process variables.
The plot sizes were 20 x 20 m, 10 x 10 m, 4 x 4 m, and 4 x 4 m for the
SF, ASF, LAS, and UAS ecosystems, respectively. All the field sampling
was done between September 2012 and March 2013, moving upward as
the weather became progressively warmer during the austral spring and
summer seasons.

The search for indicators was designed to include those that repre-
sented the composition, structure, and functioning of biodiversity at the
community-ecosystem level, as defined by Noss (1990). Many indicators
were selected to explore which ones best represented the degradation at
this elevational gradient and were classified as plant, soil, and ecosystem
process indicators. The potential correlation between indicators was
considered in the statistical analyses described below. The complete list
of variables sampled and their abbreviations are presented in Table 1,
and their definitions are provided together with the methods used to
measure them in the following sections.

2.3. Sampling and analyses of vegetation variables

The structure and composition of the plant community were evalu-
ated using the point-intercept transect method (Kent and Coker, 1992)
over five transects equally spaced inside each plot, completing 100
points. At each point, the species found were identified and classified
according to life form (tree, shrub, or herb) according to Rodriguez et al.
(2018), while plant height and vertical length of green foliage for trees
and shrubs were recorded (for the herbaceous plants these two param-
eters were the same). The plant cover was calculated as the relative
abundance of herbs, shrubs, and trees (Cvy, Cvs and Cvy, respectively)
and the total plant cover (Cvyy) as the sum of the three strata. Similarly,
the height of each life form was estimated (Hp, Hs and H,). Later, species
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Fig. 1. Location of study areas in the San José commune. The four ecosystem types are sclerophyllous forest (SF), Andean sclerophyllous forest (ASF), lower Andean
shrubland (LAS), and upper Andean shrubland (UAS). Black polygons and lines depict water bodies.
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Table 1
List of abbreviations, definitions and units of variables sampled in this study.

Variable Definition Unit

Vegetation

Cvy, Relative cover of herbs %

Cvs Relative cover of shrubs %

Cv; Relative cover of trees %

CVior Total cover of vegetation %

CSII, Normalized community structure integrity index  0-1

D Diversity (Shannon index) -

Hn Average height of herbs m

Hs Average height of shrubs m

H; Average height of trees m

PVy Phytovolume of herbs m® m™2

PV, Phytovolume of shrubs m® m~2

PV, Phytovolume of trees m®m~?

PViot Total phytovolume of vegetation m® m~2

R Species richness Number of

species

Soil

C/N Carbon-nitrogen ratio —

Clay Content of clay in the soil % (wW/w)

Ciot Total carbon content of soil (top 10 cm) % (w/w)

Dy Bulk density of soil gem™®

Dys Bulk density of fine fraction of soil gem™®

FC Soil water content at field capacity % (v/Vv)

Ly Litter biomass gm2

L. Litter cover %

Lq Litter depth cm

Niot Total nitrogen content of soil (top 10 cm) % (w/w)

Sand Content of sand in the soil % (w/w)

Silt Content of silt in the soil % (w/w)

St Soil porosity % (v/V)

Stones Soil stoniness % (w/w)

Texture* Textural class -

WP Soil water content at wilting point % (v/Vv)

Process

Py Aboveground annual biomass productivity of gm 2 year !
herbs

P, Aboveground annual biomass productivity of gm 2 year !
shrubs

P; Aboveground annual biomass productivity of gm 2 year !
trees

Piot Total aboveground annual biomass plant gm 2 year !
productivity

Rio Soil respiration, standardized at 10 °C gCO,m2h!

WIR Water infiltration rate mm min !

*Not included in statistical analyses.

origin was classified as native or exotic according to Zuloaga et al.
(2008). Using the percentage cover and vertical length of green foliage,
the phytovolume (m® m~2) was estimated for each life form (PV}, PV;,
and PVy) and the sum of the three strata (PVioy).

Using plant species composition and relative abundance data from
the point-intercept transect method, the species richness, Shannon’s
diversity index (H’), and the Normalized Community Structure Integrity
Index (CSII,, Jaunatre et al., 2013) were calculated. The CSII, index
assigns an average value of 1 to reference communities (low degradation
level in this study), whereas values close to 0 indicate that the com-
munities being compared represent a small portion of such reference;
therefore, it allows comparisons across ecosystems that, as is to be ex-
pected, differ in reference communities.

2.4. Sampling and analyses of soil variables

Two composite soil samples from the first 10 cm of soil depth were
collected from each plot, one from under woody plant cover and the
other from open spaces. Soil texture was measured using the Bouyoucos
method (Gee and Or, 2002), separating the percentage of sand, silt, and
clay. Based on the relative abundance of the three textural components,
the textural class was defined according to the Soil Survey Staff (2006).
Coarse material (>2 mm) was estimated in a shallow pit according to the

Ecological Indicators 153 (2023) 110388

method described by Schoeneberger et al. (2012). The total C and N
concentrations in the soils (and the C/N mass ratio) were determined by
means of flash combustion using a NA2500 Carlo Erba Element Analyzer
in the Biogeochemistry Laboratory at the Pontificia Universidad Catdlica
de Chile.

Plant litter cover (Lc) and depth (Ld) were determined based on the
point-intercept transect method. The litter biomass (Lb) was estimated
by harvesting 0.5 x 0.5 m quadrats, placing two replicates under woody
plant cover and two in open spaces within each plot. The material
collected was dried at 70 °C for 48 h.

To determine soil bulk density (Dy, g cm™3), two samples per plot
were collected with cylinders of known volume (137 cm3), which were
oven dried for 24 h at 105 °C (Grossman and Reinsch, 2002). The bulk
density of the fine fraction (<2 mm, Dyf) was calculated by subtracting
the weight and volume of particles > 2 mm from the total sample mass
and volume, assuming a particle density for mineral soils (D) equal to
2.65 g cm~>, and then dividing the mass of the fine fraction by its vol-
ume (Hao et al. 2008). The soil porosity (S;, %) was calculated as:

- [-@)

The soil water retention was determined by the pressure chamber
method, defining the water content at field capacity (33 kPa) and per-
manent wilting point (1500 kPa) (Reynolds and Clarke-Topp, 2008).

2.5. Sampling and analyses of process variables

To estimate the aboveground annual biomass productivity of herbs
(Ph), the productivity biomass was harvested on four 0.35 x 0.35 m
quadrats right after the plants completed fruiting, thus avoiding loss of
biomass by grazing. In the case of the aboveground annual biomass
productivity of shrubs (Ps), a similar number and size of quadrats were
used to estimate the ‘apparent’ productivity by harvesting the fraction of
the shoots generated during the current growing season, which was done
at the beginning of autumn. Although there could have been some
grazing before this, we observed that shrubs were grazed after the her-
baceous stratum was depleted, which generally occurred by mid-
autumn. To estimate the aboveground annual biomass productivity of
trees (Pt), wood cores were collected from three individuals of each
species per plot, which had a diameter at breast height close to the
median. Using the diameter increase of the current season, the tree
productivity was estimated based on allometric functions from Barriga
(2012). By adding the productivity of the life forms, we obtained the
total aboveground biomass productivity (Ptot).

The water infiltration rate (WIR, mm min~1) of unsaturated soil
surface was measured using a mini disk infiltrometer (Decagon Devices
Inc., WA, U.S.A.), applying a constant suction of 3 cm (equivalent to a
0.3 kPa pressure) and recording the time that the soil took to absorb a
known volume of water. With the sorption curve as a function of time,
the saturated hydraulic conductivity (K) was calculated considering the
A factor related to matric suction (Warrick, 2002). Two measurements
per plot were performed, one under woody plant cover and one in an
open space.

Soil respiration (Rs, soil CO; efflux) was estimated using the closed
chamber technique connected to an infrared gas analyzer (model EGM-
4, PP-System, Hitchin, United Kingdom). Two measurements per plot
were performed, one under woody plant cover and one in an open space.
R was standardized at a temperature of 10 °C (R;0, g CO2 m2hYHto
take measurements comparable across plots using the formula (Lloyd
and Taylor 1994):

Rig=Rs Qo " ™1 (2).

where Ry is the measured soil respiration, T is the soil temperature at
the time of measuring R, and Q is a scaling factor for soil temperature.
Soil surface temperature, T;, was measured using an infrared ther-
mometer (model 42530, Extech Instruments, Nashua, USA). A Q19 = 2
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was assumed, which means that R; doubles with a 10 °C increase in Ty, as
suggested by Lloyd and Taylor (1994).

2.6. Statistical analysis and selection of the best indicators of degradation

An analysis of variance (ANOVA) was used to assess statistical dif-
ferences between degradation levels at each ecosystem type for each
indicator of degradation (vegetation, soil, and process variables). Vari-
ables were tested for normality (Shapiro-Wilk test) and homogeneity of
variance (Bartlett test) to check if they met the underlying statistical
assumptions of linear models. When these assumptions were not met, a
Kruskal-Wallis test was used, finding results similar to the parametric
test in all cases. Therefore, based on the parsimony principle, all the P
values reported are the results from the ANOVAs.

The Multiple Response Permutation Procedure (MRPP; Mielke, 1991;
McCune and Grace, 2002) was used to assess the relative contribution of
each indicator to classify degradation levels across ecosystem types. The
MRPP is a multivariate non-parametric test of significant differences
between groups within each individual variable. The MRPP provides
change-corrected group agreement (A) and significance (P) values. A
hypothetical value of A = 1 implies that an indicator thoroughly ex-
plains the variance between degradation levels; by contrast, a value of A
= 0 means that the indicator does not explain the degradation levels.
MRPP has shown robust results applied to biological and radiometric
analyses (e.g., Lopatin et al., 2017); however, the potential synergies
among multiple indicators are not considered in the indicator-wise
MRPP-based analysis. Therefore, we considered these synergies among
vegetation, soil, and process indicators by applying a partial least
squares (PLS) discriminant analysis. We determined the contribution of
each indicator to discern the level of degradation by applying a boot-
strapping iteration procedure, where for each iteration (100) we:

1. Fitted a general model using all indicators and observations available
and stored the overall Kappa (Kj) value;

2. Fitted indicator-wise partial models by randomizing the values of
one indicator at a time in a stepwise procedure, storing one K value
for each indicator replacement (K});

3. Estimated the relative contribution of each indicator by subtracting
the indicator-wise partial model from the overall model (K - K3),
generating a delta Kappa per indicator (AK).

On average, 63% of the sample size was allocated for model training
and 37% for validation during each iteration. We implemented a 5-fold
cross-validation technique on the training samples to derive a test
dataset and to fine-tune the optimal number of components. This
approach was employed to mitigate overfitting and autocorrelation is-
sues. The results of the 100 iterations were stored to present the distri-
bution of AK and prevent stochastic biases (Kattenborn et al., 2019). The
’caret’ and ’vegan’ packages of the R statistical software (R Core Team,
2014) were used.

2.7. Identifying plant species as indicators of ecosystem degradation

Ordination transformations were used to depict the main floristic
composition of the plot-by-species relative abundance matrices of the
four ecosystem types (i.e., elevational gradient) using nonmetric
multidimensional scaling (NMDS; Shepard, 1962). NMDS reduced data
multidimensionality by creating a fixed number of components and
summarizing the main data gradients. The final number of components
was selected by keeping the model ‘stress’ values < 1.5 (using the best
solution of 500 iterations; Paliy & Shankar, 2016). The Bray-Curtis
dissimilarity distance was used because it is robust when dealing with
an abundance of data with a significant presence of zeros (Shepard,
1962), even in small samples (e.g., Lopatin et al., 2022).

The indicator species were identified by depicting the NMDS co-
ordinates closest to the degradation group centroids. The species with
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the highest relative abundance were preferred over less abundant spe-
cies with similar coordinates. Finally, species occurring between two or
more degradation centroids exhibit co-occurrences among degradation
classes; hence, they were not considered adequate indicators of
degradation.

2.8. Changes in indicators of degradation with elevation and type of
indicator

The multivariate dispersion (variance) was examined for vegetation,
soil, and process-based indicators of ecosystem degradation, relative to
elevation or ecosystem types, using a principal coordinates analysis
(PCoA) with the Gower dissimilarity distances. This approach has
proven effective in efficiently representing hypervolumes of correlated
variables, such as plant traits and characteristics (Carvalho and Cardoso,
2020; Mammola and Cardoso, 2020). To estimate if the dispersions
(variances) of one or more groups were different, the distances of all
PCoA group members to the group centroid were compared using
ANOVA-like permutation tests (Legendre et al., 2011; a = 0.05) and the
post hoc Tukey honest significant differences (HSD) test (Yandell, 1997).

For this same purpose, the absolute relative change (ARCh) of each
indicator was estimated as:

High degradation value — Low degradation value

ARC = 3

Low degradation value

The effects of ecosystem type (which are located at different eleva-
tions) and between types of indicators (i.e., vegetation, soil, or process)
on the relative change of the indicators of degradation were evaluated
using a two-sided ANOVA test (including the interaction effect) and post
hoc Tukey HSD tests to assess for statistical significance (o = 0.05).

3. Results
3.1. Best vegetation, soil, and process indicators of ecosystem degradation

The results of the ANOVA analyses for the indicators that assess
differences between degradation levels in all four ecosystem types are
presented in Supplementary Material, Tables Al-A4. Of the 35 in-
dicators, 6 showed significant differences in SF, 29 in ASF, 17 in LAS,
and 20 in UAS.

Fig. 2 shows the relative importance of each indicator to predict
ecosystem degradation according to their individual effect and in-
corporates synergies with other indicators. Among vegetation in-
dicators, shrub plant cover (CV;) and CSII,;, showed consistency among
methods, while the total plant cover (CVyoy), tree cover (CVy), the shrub
phytovolume (PV), and diversity (D) depicted significant individual
relative importance. Meanwhile, the herbaceous plant cover (CVy)
showed significant relative importance when also considering its syn-
ergies with other variables (AK). We found consistency in the soil-based
indicators for litter depth (L), clay, total amount of nitrogen (Ni), and
the C/N ratio, while litter biomass (L) and total carbon (Cy,) depicted
only individual relative contributions. Finally, only shrub productivity
(Ps) depicted consistent relative importance in predicting ecosystem
degradation among the process-based indicators, while soil respiration
(R10) showed individual importance, and tree productivity (Py) showed
important synergies with other variables.

3.2. Plant species indicators of ecosystem degradation

Fig. 3 shows the distribution of the most relevant indicator species in
the two-dimensional space of the NMDS ordination algorithm. In this
case, the species closest to the centroid coordinates of the low, medium,
and high degradation classes indicate their suitability for using them as
specific indicators of degradation classes. For example, the species
Kageneckia oblonga and Lithraea caustica are robust indicators of low
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Fig. 3. Species-based main floristic gradients for sclerophyllous forest (SF), Andean sclerophyllous forest (ASF), lower Andean shrubland (LAS), and upper Andean
shrublands (UAS) using NMDS. Blue, red, and green dots represent the centroid coordinates of the low, medium, and high degradation classes, respectively. Species of
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this article.)
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degradation for Sclerophyllous forests (SF), while Vachelia caven in-
dicates high degradation. The four ecosystem types, located at different
elevations, have distinct species showing the three degradation classes.
Meanwhile, species occupying intermediate coordinates between two or
more degradation-class centroids are present in more than one degra-
dation class and hence are unreliable indicators. For example, Phacelia
brachyantha occupies coordinates between the low and medium degra-
dation classes in SF, indicating near equal presence in both classes.

3.3. Changes in indicators with degradation and elevation

Fig. 4a depicts the multivariate dispersion of vegetation, soil, and
process indicators of ecosystem degradation in relation to ecosystem
types. Here, a principal coordinates analysis (PCoA) grouped observa-
tions according to their unique information in a two-dimensional space.
The dispersions (variances) of one or more groups differ statistically in
all cases using all eight PCoA dimensions (a < 0.001). Fig. 4b shows the
statistically significant differences between pairs of ecosystem types.
Results show that UAS and LAS ecosystems cannot be statistically
separated using vegetation, soil, or process indicators alone. However,
all other combinations of ecosystem types can be statistically separated
using only one indicator type. For example, SF and LAS ecosystems can
only be separated by process-based variables, while ASF and UAS can be
distinguished using only vegetation variables. Overall, the process var-
iables were statistically significant in more cases than the vegetation and
soil indicators.

Fig. 5 depicts the absolute relative change (%) of indicators ac-
cording to degradation for ecosystems present at different elevations
and for vegetation, soil, and process indicators. In this figure, the process
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indicators are the ones that show the greatest absolute relative change,
followed by the vegetation indicators and finally the soil indicators. The
vegetation and process indicators changed ~ 60% while soil indicators
changed ~ 25%. We found no significant differences among ecosystems,
showing that degradation affects overall statistically to the same degree
through different elevations.

4. Discussion
4.1. Vegetation, soil, and process indicators of ecosystem degradation

Among the most consistent indicators of ecosystem degradation in
the four Andes mountain ecosystems studied were shrub cover and shrub
productivity. Both vegetation indicators exhibited the same pattern,
consistently decreasing with degradation across all ecosystem types.
Although working on a different spatial scale, Ferrara et al. (2012) also
selected vegetation cover as one of four variables (out of 14) that pro-
vided the largest contribution to an index designed to monitor deserti-
fication. This can be partly explained by the relationship that shrub
cover and its productivity have with degradation; shrub cover can have a
facilitating effect on survival and the early stages of seedling establish-
ment (Zhao et al., 2007; Perea and Gil, 2014), and an increase in
aboveground C, total and organic C, total N, soil available P, and po-
tential soil N mineralization (Zhao et al., 2007; Eldridge et al., 2011).

The similarity of species composition with the reference plots,
expressed by the CSII, index, showed significant relative importance to
explain degradation, suggesting that species composition drastically
changes with degradation. This finding agrees with a study that exam-
ined the effects of grazing in remnant woodland vegetation in semi-arid
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Fig. 4. A) Principal coordinates analysis (PCoA) showing how the vegetation, soil, and process-based indicators of ecosystem degradation can differentiate between
vegetation types. Significant statistical differences between vegetation types were tested using one-tailed ANOVA models. Some statistical differences may not be
visible because only two out of eight dimensions are shown. B) Tukey HDS post hoc test of significance (a = 0.05). Ecosystem types are sclerophyllous forest (SF),
Andean sclerophyllous forest (ASF), lower Andean shrubland (LAS), and upper Andean shrublands (UAS).
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Fig. 5. Absolute relative change of indicators between low and high degradation levels for ecosystems present at different elevations and for type of indicator.
Ecosystem types are sclerophyllous forest (SF), Andean sclerophyllous forest (ASF), lower Andean shrubland (LAS), and upper Andean shrublands (UAS). Bars on top
show the significance of the ANOVA for the indicator types. The interaction between the ecosystem and the indicator type was not significant.

southwestern Australia, where species richness and diversity were
reduced, while the proportion of exotic species increased (Pettit et al.,
1995). Similarly, Yates et al. (2000) found a greater percentage cover of
exotic annuals, a smaller percentage cover of native perennials, and no
change in native annual cover between grazed and ungrazed fragmented
woodlands in southwestern Australia. The proportion of exotic species
consistently increased in degraded sites of our study across all ecosystem
types (data not shown), except for the upper Andean shrubland, where
no exotic species were found. Together with the change in plant species
composition, evident decreases in species richness and diversity were
observed. This is relevant because the loss of perennial shrubs and herbs
and the invasion of exotic species may rapidly decrease the resilience of
semi-arid ecosystems in central Chile (Holmgren, 2002; Becerra et al.,
2020). This is consistent with the work by De Pietri (1992), who studied
the combined effects of grazing and fire on North Patagonian forests in
Argentina, finding three ecological indicators (key species composi-
tional changes, plant cover, and phytovolume) that when used together
explained degradation level. Such consistent trends, particularly
changes in biodiversity with degradation, could also be used in the
opposite way to monitor advances in restoration projects (Hobbs and
Norton, 2004; Sasaki et al., 2015).

A relevant soil indicator of degradation was the litter depth, which
decreased with increasing degradation, although this effect was more
evident in the forest ecosystems. This is consistent with the literature,
given its significant role in the nutrient and biogeochemical cycles in
forest ecosystems (Giweta, 2020). In this sense, a greater presence of
litter in forest ecosystems could trigger a greater diversity of entomo-
fauna (Lindsay and Cunningham, 2009; Santonja et al., 2017), while in
desert ecosystems with degraded soils, it would improve their structure,
microclimatic conditions and encourage the appearance of herbaceous
species (Chao Jia et al., 2018), contributing to the restoration of these
ecosystems. The presence of leaf litter is related to other variables such
as the C/N ratio, having a great potential to change soil carbon and
nitrogen in forest ecosystems (Miao et al., 2019), in turn affecting soil
microbial respiration (Fanin et al., 2011; Spohn, 2015).

Clay content was another soil indicator of high relative importance,
as this increased with degradation consistently across all ecosystem
types, whereas silt and sand contents did not exhibit a clear pattern.
Since clay particles are smaller and tend to be more abundant in deeper
soil layers of the Chilean Andes (Casanova et al., 2013), we believe that
the sampling in degraded areas was actually at deeper layers of the
original soil, exposed as a result of soil erosion, as was suggested by
Seguel et al. (2015) in a granitic soil in central Chile.

Other important soil indicators of degradation were total nitrogen
content and the C/N ratio. Both soil C and soil N in the first horizon
strongly decreased with degradation consistently across ecosystems. The
soil C/N ratio significantly decreased with degradation for all sites
except the upper Andean shrubland ecosystem, where the C/N ratio was
the lowest. Soil C and N were the most consistent soil properties
decreasing with degradation, but also being greater in the two lower
ecosystems compared to the two higher-elevation ecosystems. Bastida
et al. (2008) highlighted the importance of soil C and N contents as
indicators of soil quality, while Franzluebbers (2010) demonstrated the
direct relation of C and N stocks with litter input, recommending that the
cattle stocking rate be reduced to maintain soil functionality. Dale et al.
(2008) found soil C to be the most relevant soil variable decreasing with
disturbance regimes (i.e., reference, light-, moderate- and heavy-
intensity training) in military training sites in Georgia pine forests,
together with soil microbial activity and plant cover as relevant in-
dicators. Jeddi and Chaieb (2010) found that excluding livestock for 6
and 12 years enhanced soil C, water infiltration rate, basal soil respi-
ration, total plant cover, dry matter yield, the number of species per unit
area, and the H’ diversity index, in a degraded Stipa tenacissima steppe in
southern Tunisia. Both studies (i.e., Dale et al., 2008; Jeddi and Chaieb,
2010) suggest that soil C can be used to track degradation as well as
advances in restoration projects, mainly because this is related to the
increase in organic matter and the consequent restoration of soil fertility
and soil functions (Franzluebbers, 2010). Given the strong correlation
between soil C and soil N contents (r? = 0.94, P < 0.001), choosing one
would account for both.

4.2. Plant species that indicate the level of ecosystem degradation

The identification of indicator plant species has been used to deter-
mine degradation levels or restoration success in different types of
ecosystems (Doren et al., 2009; Gonzalez et al., 2013). Instead of using
single species or only target species as indicators of conservation con-
ditions of habitats, Helm et al. (2015) argue that this should be com-
plemented by the information that both native (colonizer) and exotic
(invasive) species provide. In our study, indicator species associated
with low degradation levels for all ecosystems were almost entirely
native species (e.g., Guindilia trinervis, Lithraea caustica, and Kageneckia
oblonga). This is consistent with other studies where at lower levels of
disturbance or degradation of the ecosystem there is a higher proportion
of native plants (Arévalo et al., 2005; Moges et al., 2017; Roy et al.,
2019). On the other hand, exotic species were not associated with any
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particular degradation level, although they appeared more frequently in
ecosystems located at lower elevations (forests) than those at higher
elevations (shrublands); this may be due to the proximity to urban
centers and environmental stresses associated with elevation-related
factors that act as a filter against alien plants at higher elevation
(Arévalo et al., 2005). In this sense, the exotic species that appeared
most frequently were Centaurea solstitialis and Centaurea melitensis, both
of which are recognized as highly invasive in Mediterranean ecosystems
(Dukes et al., 2011; Moroney and Rundel, 2013).

Even though there are species shared among different ecosystem
types and levels of degradation, we found that indicator species tend to
be specific for each combination of ecosystem and degradation level
(Fig. 3). Regarding life forms, indicator species at low degradation levels
are almost exclusively woody species, either shrubs or trees. In partic-
ular, the repeated presence of shrub species at levels of low degradation
for the four ecosystems coincides with shrub cover being described
before as an indicator of ecosystem degradation for these environments
(Maestre and Cortina, 2004; Eldridge et al., 2013; Eldridge and Sol-
iveres, 2015). By contrast, annual weeds are the most frequent life form
at high levels of degradation.

4.3. Effects of elevation and type of indicator on the relative change
produced by degradation

We sampled several vegetation (14), soil (15), and ecosystem pro-
cesses (6) variables. When looking at the relative change in indicators
(between low and high degradation levels), we found no differences
between ecosystems located at different elevations (Fig. 5A). This means
that most indicators not only showed a consistent direction of change
caused by degradation, but also a similar quantitative effect, which ar-
gues in favor of using a limited number of indicators across ecosystem
types.

By contrast, we found that process indicators showed more signifi-
cant differences between ecosystem types, followed by vegetation and
soil indicators (Fig. 5B). In other words, soil indicators showed the
lowest relative change between the low and high degradation levels.
Results showed that ecosystems are highly degraded when vegetation-
and process-based indicators change ~ 60% or when soil indicators
change ~ 25%. This is consistent with the theoretical model proposed by
Whisenant (1999), which expects that degradation will first cause
changes in the biotic components of ecosystems (and the associated
processes), while the abiotic (soil) component will be affected at later
stages of degradation.

4.4. Causes of degradation in mountain ecosystems and proposed
indicators

Field observations show that grazing and firewood extraction were
the main drivers of degradation in the forest ecosystems, while grazing
was the most important one in the shrublands. Overgrazing has been
related to ecosystem degradation, as in the study by Lopez et al. (2013),
who found that ecosystem functional integrity decreased because of the
effect that grazing had on seedling emergence, recruitment, water
infiltration, and nutrient cycling. Working on a larger spatial scale,
Wessels et al. (2007) isolated the effects of rainfall and grazing over
semi-arid rangelands in South Africa. They found that degradation
caused by grazing had a significant effect on long-term vegetation
productivity.

The use a reduced set of indicators has been recommended for
mapping land degradation and desertification based on both quantita-
tive data and expert opinions (Zucca et al., 2012). Furthermore, the
combination of environmental and plant species indicators, like the ones
presented in this study, better predict restoration success (Gonzalez
et al., 2014). Dale and Beyeler (2001) argue that ecological indicators
may comply with several conditions: be easily measured, be sensitive to
stresses on the system, predictably respond to stress, be anticipatory,
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predict changes that can be averted by management actions, be inte-
grative, have a known response to disturbances, anthropogenic stresses,
and changes over time, and have low variability in response. We believe
all these conditions are met in this study by shrub plant cover and litter
depth indicators. First, shrub plant cover and litter depth consistently
decreased with degradation across all ecosystem (elevation) types, so we
expect these variables will increase over time either if the ecosystem is
left to rest or active restoration measures are carried out. Second, as
previously discussed, these indicators are closely related to other in-
dicators such as diversity, C/N ratio, and total C and N. Third, both
variables are easily measured at a relatively low cost, which may allow
for the prompt application of corrective actions. Finally, both indicators
exhibit relatively low temporal variability compared to the process
indicators.

5. Conclusions

We found significant changes in several vegetation, soil, and process
indicators along an altitudinal gradient in the Mediterranean Andes. The
original set of 35 variables can be narrowed down to two indicators,
namely shrub cover and litter depth. These indicators were selected
based on their consistency, ease of measurement and relatively low cost,
for which they could be used as indicators of degradation and also to
monitor advances in restoration projects. Additionally, indicator plant
species that could be used for both purposes were consistently native
woody species.

We propose that the relative change of indicators between the low
and medium or high degradation levels may be more useful than the
absolute values of the indicators, mainly because mountain ecosystems
are highly variable. When comparing this relative change, we found that
soil indicators varied significantly less than vegetation and process in-
dicators and the effect of elevation, confirming that soil variables are
affected by degradation later than vegetation and process variables.
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