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Abstract. In this study, we evaluate the effectiveness of indicators for rehabilitation practices in high
mountain landscapes that were aimed at increasing grassland palatability and biomass accumulation.
Focusing on the department of Huancavelica in Peru, the importance of rehabilitation practiced in this area
involves the relationship of alpaca pastoralists and their need to produce wool. Overgrazing in this area
has decreased the carrying capacity of the system, which may be problematic for continuing their present
levels of grazing. Therefore, rehabilitation practices, including herbivory exclusion, exclusion with added
irrigation, and exclusion with water collecting ditches, were installed to increase vegetation biomass and
palatability of the vegetation. The effects of the rehabilitation practices were assessed using six indicators:
vegetation coverage, species richness, Shannon-Weiner Diversity Index, below and aboveground biomass,
and soil organic matter, which were analyzed using mixed-effects models. The indicators show that some
practices, such as exclusion and ditches, are positively affecting vegetation coverage while negatively
affecting species richness. Additionally, biomass showed lower accumulation in areas not excluded from
grazing. Therefore, although some of the treatments were initiated as recently as 2013, we can already
observe changes in the indicators involving vegetation composition and structure. In the long term, these
indicators may allow us to fully understand the effect of the rehabilitation practices on maintaining the carrying capacity of the system. Furthermore, the general approach should be widely applicable in other utilized landscapes.
Key words: ecological indicators; grassland; overgrazing; pastoralism; rehabilitation; restoration.
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INTRODUCTION

extensive use of land provides subsistence or
marketable products, and for some locales, this
production is required year-round, due to the
lack of growing periods suitable for arable agriculture. Sustainability of such systems has ecological, economic, and social axes; the rates of
change in these coupled systems require appropriate adaptive strategies (Folke et al. 2005).
Camelid pastoralism is an historically important
land use system in the Andes, providing products year-round, and is apparently a successful

In arid or low-resource environments, pastoralism is an important production system for
human populations (Fratkin 1997), although it is
under current stress from environmental and
socioeconomic changes. Climate change, land
degradation, loss of common property, and outmigration are among the main issues that are
affecting the pastoral way of life (FernandezGimenez and Le Febre 2006). Pastoralism’s
1
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adaptation to mountainous environments given
its antiquity (Postigo et al. 2008). The dates and
location of camelid domestication and the beginnings of alpaca pastoralism suggest it began as
early as 8500–8000 yr. BP within the Central
Andes (Lynch 1983, Mengoni Go~
nalons 2008).
Subsequently, camelid domestication and pastoralism are thought to have spread across the
puna (tropical alpine zone) by horizontal regional exchange over the following 4000 yr with a
peak during the Inca Empire between 1430 and
1532 AD (Lynch 1983, Baied and Wheeler 1993).
Present-day evidence of the intimate relationship between mountain-dwellers and alpaca pastoralism in the Andes can be seen through
changes in land cover, including vegetation stature and the extent of bare surfaces, which can be
used as indicators of overgrazing. Although
shifts in the pattern of highland vegetation are
typically attributed to climatic and ﬁre processes
(Gosling et al. 2009), grazing is an important factor in the vegetation community composition in
mountain grasslands (Postigo 2012, Kessler et al.
2014, Sylvester et al. 2017). Furthermore, because
grazing intensities are variable even within the
same area, the resulting vegetation patterns are
heterogeneous and respond to site-speciﬁc environmental factors (Stohlgren et al. 1999). Given
that the puna ecosystem’s vegetation dynamics
have been modiﬁed for thousands of years, existence of an undisturbed reference of this vegetation is controversial or according to some studies
only found in inaccessible places (Villota and
Behling 2013, White 2013, Heitkamp et al. 2014,
Sylvester et al. 2014).
Here, we examine ecosystem rehabilitation
methods, taking advantage of a situation where
the social and economic dimensions of alpaca
pastoralism were otherwise accounted for
through collaborating with highland communities whose members are committed to the longterm sustainable use of their lands. The goals of
the rehabilitation done in this area were to
increase the biomass of palatable species to
increase the carrying capacity and maintain
alpaca ﬁber production. While it is necessary to
have a holistic view of a system in order to make
sound recommendations for successful rehabilitation, here we analyze the effectiveness of the
ecological indicators selected to assess the biophysical variables set in the rehabilitation goals.
❖ www.esajournals.org

Additionally, while in this paper we are referring
to this study as an assessment of a rehabilitation
project, it was originally conceived by the regional and national governments, as well as by the
collaborating international agency, as an ecological restoration project. However, because this
project focuses on improving ecosystem functioning instead of reverting back to an original
state, it will be referred to as “rehabilitation” in
this paper (Bradshaw 1997). To set appropriate
goals, we followed the framework proposed by
Hobbs and Harris (2001), in which the priority of
the restoration project is deﬁned by the goals ﬁt
for a speciﬁc ecosystem and not by setting a comparison to a reference site. In sum, the aim for
this rehabilitation project was to repair damage
to key ecological functions or ecosystem services,
and the ﬁndings of this study refer to the assessment of the effects the rehabilitation practices
have had on the system.
In general, restoration of grazed grasslands
has been done using exclusions (Daubenmire
1940), although active irrigation systems and
ditches are also used in areas with poor water
distribution (Herzon and Helenius 2008). However, meeting goals in alpine grassland ecosystems has been challenging given the long periods
of time involved for ecosystem recovery and past
management practices that have modiﬁed land
cover (Young 2009, Sarmiento 2010). As a result,
we hypothesized that to assess the effectiveness
of these practices, the results could best be evaluated by examining above and belowground biomass, species richness and diversity, and the
amount of organic matter in the soil. These variables capture the relationship between vegetation coverage and water regulation capacity
(Saxton and Rawls 2006). Additionally, grassland
restoration initiatives in the Andes have included
goals for sustainable livelihoods, where local
communities could continue to raise alpacas for
ﬁber production while adopting sustainable land
management practices. However, these goals,
which would be considered socioeconomic variables, go beyond the scope of this study.
In this paper, we report on the effects of seven
years of long-term rehabilitation activities organized by the Ministry of the Environment of Peru
(MINAM) and the Belgian Development Agency
through their PRODERN (Program for Sustainable Economic Development and Strategic
2
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Management of Natural Resources) project.
Additionally, we evaluate the effectiveness of
these rehabilitation practices by assessing the following indicators: grassland palatability, biomass accretion, and species composition and
diversity. The long-term goals of the rehabilitation project are to increase and sustain the system’s carrying capacity for alpaca grazing. Three
management practices were incorporated: exclusions, which are aimed at keeping alpacas out of
the closed area and hence preventing grazing
and trampling; trenching of hillsides (ditches),
which were installed under the assumption that
they would help increase rain and groundwater
inﬁltration and prevent runoff; and irrigation,
which uses wells fed by glacial meltwater and is
used only in the dry season (Table 1). The irrigation and ditch treatments were installed with the
purpose not only of increasing cover of palatable
species, but also of increasing the rate at which
palatable species dominate, as this would be an
expected long-term beneﬁt from these management practices.

Fig. S1). Concern derives from multiple factors:
First, there is a possible over-use of the land that
has decreased the carrying capacity of the region
for more alpaca raising (Postigo et al. 2008). Second, maintaining current alpaca concentrations
in highland peatlands, which remain wet during
the dry seasons due to glacial melt, may be
unsustainable (Verzijl and Quispe 2013, L
opez-IGelats et al. 2015). The third driver of concern
comes from changes in climate requiring adaptability of the rural population to new conditions
(Postigo 2014, L
opez-I-Gelats et al. 2015). Therefore, the restoration practices in this area center
on promoting the capture and conservation of
water for use during the dry season. Although
this area has had a long history of grazing, overgrazing has recently begun to be perceived as an
environmental threat by local people, including
those in the regional government. A decrease in
vegetation coverage has been observed to
decrease the alpaca’s weight and wool quantity
(West 1981, Raggi et al. 1994). These symptoms
have been noticed by community members in
Huancavelica.
The department of Huancavelica is located in
the south-central Peruvian highlands ~495 km
from the country’s capital, Lima. This area, with
an altitudinal range of 3800–5200 meters above
sea level (m.a.s.l.), lies within the Peruvian Central Andean puna, mostly covered by tussock
grasslands combined with occasional poorly

METHODS
Study site

The Huancavelica department in Peru maintains the highest alpaca wool production in Peru
but is also among the poorest economically in
the country (Poma et al. 2009; Appendix S1:

Table 1. Description of treatments installed by the regional government (GORE) and/or PRODERN in the four
experimental sites in Huancavelica (HVCA), Peru.

Treatment

Goal

Sites with
treatment

Year of
installation

Total area
excluded
(Ha)

Funded By

Herbivory exclusion

Deter alpacas from
delaying plant recovery

Pilpichaca
Pichccahuasi
Ingahuasi
Ccarhuancho

2011–2015
2011–2012
2012–2015
2012–2014

195.5
70.5
139
108

GORE HVCA-PRADERAS
GORE HVCA-PRODERN
GORE HVCA-PRADERAS
GORE HVCA-PRADERAS

Exclusion plus ditches

Increase water ﬁltration to
improve water
accumulation during the
dry season

Pilpichaca
Ingahuasi
Ccarhuancho

2013
No Data
2012

89.5
No Data
67

GORE HVCA-PRADERAS
No Data
GORE HVCA-PRADERAS

Exclusion plus irrigation

Active irrigation system

Pichccahuasi
Ingahuasi

2012
2012

10.44
19.75

PRODERN
GORE HVCA-PRADERAS
& PRODERN

Control (no exclusion)

Baseline

Pichccahuasi
Ingahuasi
Ccarhuancho

2015
2015
2015

n/a
n/a
n/a

3
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drained peatlands dominated by cushion plants
of the genus Distichia (Postigo et al. 2008). Within
Huancavelica, the four sites selected for the
study, Pilpichaca (4100 m.a.s.l.), Pichccahuasi
(4564 m.a.s.l.), Ingahuasi (4480 m.a.s.l.), and
Ccarhuancho (4450 m.a.s.l.), have similar climatic conditions and land use histories (Fig. 1).

A puna is a tropical alpine ecosystem found in
the Central Andes, between 7° and 27° South
from the equator (Baied and Wheeler 1993), and
found at an altitudinal range of 3500 to
5500 m.a.s.l. (Veblen et al. 2007). This ecosystem
is characterized by sparse, low-growing vegetation adapted to extreme temperature changes.

Fig. 1. Map of experimental sites in the Department of Huancavelica in Peru.

❖ www.esajournals.org
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One important characteristic of the puna is the
low precipitation and humidity that decreases
from north to south along the Andes. Additionally, the distinction between wet and dry puna is
marked by a decrease in annual precipitation
from 500 to 1000 mm for the wet puna to 300–
500 mm for the dry puna (Baied and Wheeler
1993). Geographically, the wet puna is found in
the north of Peru to the central portion of the
eastern cordillera of Bolivia, and the dry puna
occurs in western Bolivia, northwestern Argentina, and some parts of southwestern Peru.
The puna has a long history of human intervention, where it has not only been home to
ancient civilizations, including pre-Incan cultures, but also to present-day indigenous and
peasant communities. There is evidence of
human occupation in this area from about
15,000 yr ago (Baied and Wheeler 1993). Therefore, it can be a matter of debate whether there
are any natural or undisturbed areas in this
region and how recognizable or accessible these
areas are. As is mentioned by Josse et al.
(2011:158–159), although the puna ecosystem is
mainly composed of native species, “these are
cultural landscapes that have been managed for
centuries.”
Seasonality in this area includes a dry and
wet season; the wet season starts in late November and ﬁnishes in March. However, water
availability is a matter of concern and formal
irrigation systems are scarce in this area. For
example, land use/land cover analyses for Pilpichaca estimate that only 11.4% of the region has
irrigation systems in place while 88.6% of the
area depends on rainwater (Postigo et al. 2008).
Water source is a matter of regional importance
given that it varies seasonally, with the wet season which is approximately ﬁve months, and
the dry season when most water comes from
glacially fed streams. Therefore, during much of
the year, the base stream discharge is low in
relation to the wet season, which in combination with overgrazing signiﬁcantly affects the
functioning of the ecosystem (Dangles et al.
2017). For this reason, combined with strong
winds and with recent effects of climate change,
all these factors may be contributing to the barren conditions found in Pilpichaca (Postigo
2014) and in landscapes in the rest of the Huancavelica region. In recent decades, trenching of
❖ www.esajournals.org

hillsides, also known as drainage ditches, has
become a common tool used by local communities (Somers et al. 2018) and has been a widespread national tool proposed by political
campaigns as the best way to increase water
availability in highland Peru. However, there is
scarce literature referring to the ecological effectiveness of these ditches.
Pastoralism is the main economic activity in
the Huancavelica region. Typically, for Andean
herders, the animals produced are used to barter
for other necessary goods (Inamura 1986, Postigo
2012). Herders in this area have mostly focused
on raising alpacas (Lama pacos L.), llamas (Lama
glama L.), or sheep (Ovis aries L.). In the case of
Huancavelica, over-pasturing and excessive
trampling are evidenced by the loss in vegetation
coverage and by situations wherein one or two
plant species, those more resistant to trampling
such as Aciachne acicularis, become dominant.
Other forb-like species may become uncommon
or even locally extinct (Salvador et al. 2014).
Alpaca diets change according to seasonal
availability of plants (Bryant and Farfan 1984,
Reiner 1985), as they prefer grasses and grasslike forbs, that is, Trichophorum rigidum, during
the dry season, and forbs, that is, Lachemilla pinnata, during the wet season, when plant growth
increases (Bryant and Farfan 1984). Data collection for the present study was done during the
dry season, when grasses and grass-like forbs
were well developed. Our results showed that
our treatment sites had high coverage of palatable vegetation appropriate for this season.
Through a combination of efforts by the Peruvian Ministry of Economy and Finance (MEF)
and MINAM, management practices novel to
Huancavelica have been implemented by these
agencies since 2009 and 2011, respectively
(Table 1). MEF’s projects for public investment
(PIP) were developed to aid in the production
capacity of public goods and services (MEFDGIP 2014); the PIPs PRADERAS project was
developed as the main mechanism to mobilize
government funding toward rural communities.
In Huancavelica, the PRADERAS project has
focused mostly on supporting and aiding communities with their current agricultural practices.
In 2011, MINAM formed PRODERN in collaboration with the Belgian Development Agency.
PRODERN’s main objectives are to aid in the
5
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Methodology

reduction in current poverty levels using local
natural resources and the region’s biological
diversity (PRODERN 2015a). In this collaboration and for these restoration projects, PRODERN supplied the technical support for the
funding provided by the PRADERAS project.
While this project was not initiated by the communities, current management of the restoration
is mainly done by the communities involved
(PRODERN 2015b). Finally, in 2015, the non-governmental organization Consortium for the Sustainable Development of the Andean Ecoregion
(CONDESAN) was asked to create a monitoring
plan for these practices, which resulted in the
installment of monitoring plots and annual to
biennially monitoring.

Field sampling.—Sampling and monitoring of
the rehabilitation practices were done in 2015,
when the practices had been in place for several
years. Survey plots were arranged in a block
design similar to the experimental design used
by Baez et al. (2013; Fig. 2). For each of the three
main treatments and their controls, monitoring
blocks were installed. Treatments included the
following: herbivore exclusion, exclusion plus
drainage ditches, and exclusion plus irrigation
(Table 1). The sites with no exclusion were used
as local controls for the sites, and, therefore, refer
to areas that are still subjected to trampling and
foraging; they were considered baselines for the
monitoring.

Fig. 2. Block design showing detail of the four experimental plots (sub-units) labeled (A–D). Organization of
design consists of blocks containing six to eight units; units contain four sub-units; sub-units contain quadrats,
which may contain sub-quadrats as is the case for sub-units (C) and (D). Sub-units (C) and (D) are used for carbon
content monitoring. Here, the sub-quadrats sampled are selected at random, symbolized by green circle. Subquadrats a–d are used for collecting belowground and aboveground biomass together with soil organic carbon.

❖ www.esajournals.org
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A single treatment was assigned per block,
and blocks were placed at least 500 m apart,
ensuring treatments were spatially separated
enough to prevent cross-effects. Two sizes of
blocks were installed: blocks with six units had a
total area of 20 9 13 m and blocks with eight
units had a total area of 27 9 13 m. Four experimental plots (sub-units) were installed within the
units labeled with the letters A through D. Plot A
was used to monitor biodiversity shifts using
four permanent 1 9 1 m quadrats (10 9 10 cm
sub-divided 1 9 1 m frames were used for this
sampling) to determine frequency and species
composition. Plot B was used for primary productivity measurements in a 1 9 1 m quadrat,
where regrowth after harvesting will be measured in the next monitoring. Quadrats in plots
C and D contained four sub-quadrats used for
carbon content monitoring (soil organic matter,
necromass, and belowground biomass).
The following indicators were used to assess
the effects of the treatments over time: aboveground biomass, soil organic matter (SOM),
dried root content of ﬁrst soil core (belowground
biomass), vegetation composition and structure,
and litter and vegetation coverage (Table 2).
Laboratory protocol.—Materials obtained from
soil coring were weighed upon collection from

the ﬁeld. The samples obtained for biomass were
sorted between live matter and decomposing
material. After sorting, samples were dried for
two days and then weighed again. Plant samples
that were not identiﬁed in the ﬁeld were collected, dried, and identiﬁed in an herbarium.
Samples were processed, and vouchers were
deposited in the Augusto Weberbauer Herbarium (MOL) at the Universidad Agraria La
Molina in Lima, Peru.
Data analysis.—Data analyses were done in R
Studio, version 3.2.2 for Mac (R Core Team 2016).
Six metrics were used to determine the success,
measured as the deviation from “no exclusion”
plots: vegetation coverage, species richness,
Shannon-Weiner Diversity Index (hereafter Shannon index), aboveground biomass, belowground
biomass, and soil organic matter (Table 2).
Species richness was calculated by counting
the number of species per quadrat (in all subunits A) and obtaining the mean of all the biodiversity quadrats per treatment (block) in each
site. For the Shannon index, the percent coverage
of each species from the plant community composition plots was used, and the index was calculated using the vegan package in R (Oksanen
et al. 2016). Additionally, a Games-Howell post
hoc test was applied to determine groupings

Table 2. Description and methodology of response variables.
Plot size

Methods

Description

Aboveground
biomass

Variable

Aboveground
biomass
(ABG)

Metrics

1 9 1 m plots
and 50 9 50 cm plots

Vegetation was pruned
within the two sized
plots

g/m2

Belowground
biomass

Belowground
biomass
(BGB)

50 9 50 cm plots
using 19 9 9.1 cm
core

Soil organic
matter

Soil organic
matter
(SOM)

50 9 50 cm plots
using 19 9 9.1 cm
core

Variable shows nondecomposed matter

Percentage

Vegetation
composition
and structure
Vegetation
composition
and structure

Species richness,
Shannon
Diversity Index
Vegetation
coverage

1 9 1 m plots

Roots were obtained
from soil cores. They
were sieved, dried,
and weighed
Soil cores were
obtained from
previously pruned
plots. Two cores were
extracted, one was
used in analysis. Roots
were removed from
soil and then dried
and weighed
Count of occurrence of
species

Shows the productivity
of the system using
foliage, bark, trunks,
stems
Shows productivity of
living root mass

Variable shows
vegetation diversity

Count,
Shannon
Index
Percentage

1 9 1 m plots

Percentage coverage of
vegetation in
10 9 10 cm subplot

Variable shows land
cover

Units

g/m2

Note: Collections followed the IPCC’s 2006 good measures guidelines (Aalde et al. 2006).
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between treatment means; these were done without taking site or time into consideration.
Mixed-effects models.—We used generalized linear mixed-effects models and general linear
mixed-effects models to analyze the effects of the
restoration treatments on these six response variables using the lme and glmer functions from the
lme4 package in R (Bates et al. 2015). Treatments
of all variables were tested against the no exclusion treatment (hereafter control). Speciﬁcally,
the comparison ﬁrst assessed whether there was
a difference from the control and then whether
there was positive (increase in the variable) or
negative (decrease in the variable) change.
We used a generalized linear mixed-effects
model for species richness, modeling the data with
a Poisson distribution (glmer from the lme4 package). Additionally, we modeled vegetation coverage and soil organic matter using the glmmADMB
(automatic differentiation model builder) package,
modeling the data as a beta distribution. Aboveground biomass, belowground biomass, and the
Shannon index were log-transformed, and normality was tested for all variables. The treatments and
time of installation were deﬁned as the ﬁxed factors and sites as the random effects. We tested all
full models against an empty or null model that
did not contain treatments to assess whether the
ﬁxed variable was causing an effect on the
response variable. This process was repeated for
the time variable, where models with time were
tested against models without time. Additionally,
to determine signiﬁcant effects of treatment effect
on the response variable, we used the lmerTest
package in R (Kuznetsova et al. 2016).
Similarity percentage analysis.—We analyzed
plant community composition patterns (species
abundance patterns) for the different treatments.
The objective was to compare which species were
contributing the most for each treatment and to
compare this to the control. For this purpose, we
constructed a matrix of the average cover of each
vascular plant species, averaged over the 24 or 32
1 9 1 m quadrats in the 6-unit blocks or 8-unit
blocks, respectively. We standardized and square
root-transformed species cover, to increase the
weight of low-abundance species in the analysis
(8% of the species had a mean coverage higher than
3%). We then constructed a similarity matrix using
Bray-Curtis as ﬂoristic similarity metric and performed a similarity percentage procedure (SIMPER,
❖ www.esajournals.org

Primer v6) to determine which plant species characterized the plant community in each of the treatments (up to a 50% contribution to the withingroup cumulative similarity). The analysis was carried out in Primer v6 (Clarke and Gorley 2006).

RESULTS
Comparisons against null models and between
treatments

Vegetation coverage, aboveground biomass,
and belowground biomass were affected by both
time and the treatments. Soil organic matter was
not affected by the treatments but was affected
by time, while species diversity did not consistently have a change with time or treatments.
Speciﬁcally, results from the ANOVAs comparing the full models and null hypothesis model
(Table 3) showed that treatments and time are
causing statistically signiﬁcant differences from
the control in most biomass variables, except for
soil organic matter. Biodiversity variables, on the
other hand, were less affected by either time or
treatment except for vegetation cover. These ﬁndings were corroborated by the signiﬁcance tests
within the mixed-effects models, where time was
also shown to cause signiﬁcant differences
(Table 4). Using the ANOVA results allowed us
to distinguish the variables for which both time
and treatments were causing differences from
the control. Furthermore, the results from the
mixed-effects models, using lmerTest, glmer, and
glmmADMB, provided insight into the differences due to the speciﬁc treatments for each
variable. Additionally, the results from the
mixed-effects models showed that time of installation is causing most variables to be signiﬁcantly different from the control except for
species richness, which corresponds with the
results from the ANOVAs. Therefore, for species
Table 3. Signiﬁcance of treatment and time effects
from full model versus null model ANOVAs.
Variable

Treatment

Time

Vegetation coverage
Species richness
Shannon-Weiner Diversity Index
Aboveground biomass
Belowground biomass
Soil organic matter

P < 0.001
P = 0.23
P < 0.001
P < 0.001
P < 0.001
P = 0.28

P < 0.001
P = 0.49
P = 0.07
P < 0.001
P < 0.001
P < 0.05
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Table 4. Coefﬁcients and standard errors of mixed-effects models per response variable tested against control variable.

Variable/Statistic
Intercept
Exclusion
Exclusion plus
Irrigation
Exclusion plus Ditches
Time from installation
Log Likelihood
Num. obs.
Num. groups: Site
Var: Site (Intercept)
Var: Residual
Variance: Site
Dispersion: parameter
Dispersion: SD

Belowground
biomass

Aboveground
biomass

4.69***/(0.91)
0.58***/(0.15)
0.49*/(0.23)

Soil Organic
matter

6.09***/(1.07) 2.95*/(1.18)
0.56***/(0.16) 0.35/(0.20)
1.03***/(0.26) 0.49/(0.30)

1.06***/(0.23) 0.42/(0.24)
0.06***/(0.02) 0.09***/(0.02)
162.38
120.99
179
151
4
4
0.01
0.24
0.35
0.27

0.48/(0.26)
0.05*/(0.02)
55.01
70
4

Shannon
Diversity
Index

Species
richness

1.96***/(0.47)
0.12/(0.08)
0.22/(0.12)

1.55***/(0.10) 7.08***/(1.43)
0.07/(0.08)
0.34/(0.24)
0.04/(0.08)
0.23/(0.35)

0.39***/(0.10) 0.13/(0.08)
0.02*/(0.01)
103.68
570.06
280
280
4
4
0.02
0.03
0.12

0.20
21.62
3.69

Vegetation
coverage

0.88**/(0.30)
0.09***/(0.02)
877.21
280
4

0.78
10.03
1.18

Notes: Standard error is in parenthesis.

P < 0.001;  P < 0.01;  P < 0.05; P < 0.1.

richness, models did not include time of installation as a covariable. Finally, for the Shannon
index, time was only marginally signiﬁcant in
the ANOVAs, but when analyzed in the mixedeffects model, time of installation was signiﬁcant.

exclusion plus ditches treatment with the exclusion treatment (Fig. 3), which according to the
model coefﬁcients also shows a decrease from the
control. However, the exclusion treatment did not
signiﬁcantly affect the Shannon index.
When analyzing the effects of other treatments
on the biodiversity variables, the exclusion plus
irrigation treatment is shown to be increasing
species richness, albeit not with a statistically signiﬁcant effect. Additionally, for the vegetation
coverage variable, results from the null time
models against the full models showed that differences from the control are due to time
(P < 0.001) and the treatments (P < 0.001;
Table 3). The mixed-effects model showed that
exclusion plus ditches was the only treatment
causing vegetation coverage to be signiﬁcantly
different from the control (Table 4). This difference was positive, given there was an increase in
vegetation coverage. The exclusion plus irrigation treatment also showed an increase in the
percentage of vegetation coverage, yet was not
found statistically different; however, it was
grouped separately from the control in the
Games-Howell post hoc (Fig. 4). Finally, the
exclusion treatment had a negative effect on all
biodiversity variables (Table 4, Fig. 4).

Biodiversity

To analyze directly the effects of the treatments
on biodiversity, we considered the Shannon index,
vegetation coverage, and species richness. Results
showed that while species richness was not
affected by the treatments, the Shannon index and
vegetation coverage were speciﬁcally by the
exclusion plus ditch treatment. The ANOVAs
showed that treatments were associated with signiﬁcant differences in the Shannon index
(Table 3). Therefore, since the Shannon index
accounts for evenness as well as richness, the
same amount of species might be present but the
evenness of the species within the plant community could be changing as a response to the
restoration treatments. The Games-Howell results
for the Shannon index showed a different grouping for the exclusion plus ditch treatment, which
corresponds to the results from the mixed-effects
model (Fig. 3), where it shows a signiﬁcant difference. Additionally, both the model coefﬁcients
(Fig. 4, Table 3) and the Games-Howell results
(Fig. 3) show a negative change in comparison
with the control for this speciﬁc treatment. Furthermore, the Games-Howell results group the
❖ www.esajournals.org

Biomass

The results from the biomass variables show
that when livestock are present, plant biomass
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Fig. 3. Boxplots of biodiversity variables including species richness, Shannon Index, and vegetation coverage
by treatment. Letters represent groupings resulting from the Games-Howell post hoc.

results from a combination of plant growth and
the effects of grazing/trampling and that there is a
relationship between belowground processes and
vegetation cover. To analyze the effects of the
treatments on biomass, we considered the following variables: aboveground biomass, belowground biomass, and soil organic matter. Results
for these variables showed that all treatments signiﬁcantly decreased belowground biomass. Exclusion and exclusion plus irrigation decreased
aboveground biomass, and exclusion and exclusion plus ditches decreased soil organic matter.
Additionally, soil organic matter had the opposite
response from vegetation cover, where if it
❖ www.esajournals.org

decreased due to the effect of one treatment, vegetation cover increased for that same treatment.
The ANOVAs comparing full versus null models for above and belowground biomass showed
signiﬁcant differences for time and treatment
(Table 3); however, for soil organic matter, no
treatments were signiﬁcant. These results were
corroborated by the mixed-effects models, where
time of installation was signiﬁcant for all variables. The three biomass variables responded differently to the treatments. First, the mixed-effects
model for aboveground biomass showed a signiﬁcant decrease in the exclusion and exclusion
plus irrigation treatments (Table 4, Fig. 4).
10
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Fig. 4. Comparison of mixed-effects models’ coefﬁcients by treatments. Line shows 95% conﬁdence interval.

Second, all treatments caused a signiﬁcant
decrease in belowground biomass (Table 4,
Fig. 4). Finally, the exclusion and exclusion plus
ditch treatments had a marginally signiﬁcant
decrease in soil organic matter (Table 4, Fig. 4).
Additionally, the Games-Howell post hoc (Fig. 5)
showed the following similarities: For aboveground biomass, exclusion and exclusion plus
irrigation were grouped separately; and for soil
organic matter, exclusion plus ditches was
grouped separately and was lower than the control. Therefore, although the exclusion treatment
was signiﬁcant (or marginally signiﬁcant) for all
three variables, it was not grouped separately
from the control. This difference may be attributed to the Games-Howell post hoc being done for
the entire dataset, taking overall differences into
account without consideration of the effect of
time or site (Appendix S1: Fig. S2), whereas the
mixed-effects model accounts for the effects time
and site are contributing to any differences in the
variables. Similar patterns within the exclusion
plus irrigation treatment and the exclusion plus
ditch treatment can be seen in the boxplots
(Fig. 5); for example, all variables in the

exclusion plus irrigation show an increase.
Inverse patterns can be seen for the exclusion
plus ditch treatment, where all the variables
show a decrease from the control.

Similarity percentage analysis

The SIMPER analysis showed which species
were dominant in percent cover in each treatment and compared the dissimilarity between
treatments (Fig. 6). These differences show a
potential shift of the ﬂora composition toward
dominance by more palatable species, as an
effect of the treatments. The main contributing
species in the control was Aciachne acicularis, a
species highly resistant to trampling and an indicator of degradation; in contrast, A. acicularis was
the second or third highest contributor to the
other treatments, and more palatable species
were more dominant. For example, the highest
contributor to the exclusion plus ditch group was
Calamagrostis vicunarum comprising 48.68% of
coverage, followed by Lachemilla pinnata and
then A. acicularis. Similarly, C. vicunarum contributed 52.12% in the exclusion treatment and
47.79% in the exclusion plus irrigation treatment,
11
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Fig. 5. Boxplots of aboveground biomass, belowground biomass, and soil organic matter in Mg/ha and
percent organic matter per treatment.

DISCUSSION

followed by A. acicularis in both cases. The control site is explained largely by A. acicularis
(43.99%), followed by L. pinnata (19.94%), Azorella diapensioides (17.76%), and C. vicunarum
(17.03%). Differences between treatments ranged
from 49.58% of dissimilarity (between the
exclusion and the exclusion plus irrigation
groups) and 56.85% of dissimilarity (between
exclusion plus ditches and exclusion plus
irrigation). Treatments compared to the control
groups were 56.36% dissimilar (against exclusion
plus irrigation), 56.42% dissimilar (against exclusion), and 53.14% dissimilar (against exclusion
plus ditches).
❖ www.esajournals.org

Research on the ecological rehabilitation of
Andean landscapes has been scarce, especially
those targeting speciﬁc issues of treatment selection and goal setting. In the past decade, there
has been an increase in this type of project globally due to the increased awareness of two key
stressors, climate change and water shortage due
to unsustainable land management practices
(Suding 2011). Additionally, important economic
motives have led to restoration meant to improve
grazing quality through the conservation of biodiversity and the favoring of speciﬁc native
12

February 2019

200

212

❖ Volume 10(2) ❖ Article e02595

Chapter 7

DUCHICELA ET AL.

Fig. 6. Percent of most contributing species for each treatment.

species (Posada et al. 2000, Papanastasis 2009).
Ecosystem rehabilitation in the Peruvian highlands is relatively uncommon but is needed to
sustain the large population that lives in the
highlands, which is becoming increasingly
marginalized by rapid land use change induced
by people and glacial melt (Postigo et al. 2008). It
is likely that the methods explored here would
be useful in many marginal but utilized landscapes worldwide.
We found that some rehabilitation practices in
Huancavelica are making important changes on
the respective landscapes. These effects are indicated by the increase in dominance of palatable
species and the increase in vegetation cover over
bare soil. However, the three treatments in the
four study sites showed that ecosystem
responses were not linear for some variables and
that this variation depended on the treatment
and the time period involved. For example, for
the irrigation treatment, an increase in vegetation coverage was accompanied by a decrease in
species richness and Shannon index (when controlling for time and site). On the other hand,
❖ www.esajournals.org

there was an inverse response of aboveground
and belowground biomass from vegetation
cover; when vegetation cover increased, the
other two variables decreased. We demonstrated
that the indicators used were sensitive enough
to detect that (1) palatable vegetation for alpaca
grazing can be increased through rehabilitation
methods, (2) there were different factors that
affect plant community composition versus biomass accumulation, and (3) that speciﬁc indicators provided different kinds of insights in
regard to the timing and success of rehabilitation processes.

Indicator species and an increase in vegetation
palatability

The dominance of Aciachne acicularis in the no
exclusion sites is an important ﬁnding because it
is an indicator species for soil degradation (Salvador et al. 2014). Additionally, A. acicularis is
not palatable for alpacas, so the high abundance
of this species indicates that the areas that were
not excluded have a reduced palatability and
usefulness for the alpacas. In terms of the
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increased species richness in the non-excluded
areas, trampling is an intermediate frequency
disturbance that promotes competitive exclusion
and colonization by less competitive species
(Hobbs and Huenneke 1992, Roxburgh et al.
2004). Although the dominance of Calamagrostis
vicunarum demonstrates an increase in palatability, since it has been shown to be among the
plants preferred by alpacas (Bryant and Farfan
1984, Reiner 1985), it also shows that C. vicunarum is outcompeting other lower-statured species found in the no exclusion zones, like A.
acicularis and Lachemilla pinnata.
Through our study, the increased abundance
inside exclusion areas of species preferred by
alpacas shows that the objectives of the restoration were being met. Namely, there are low-technology methods available that increase pasture
value for the local people with fencing. However,
seasonal variation in the availability of species
favored by the alpacas may lead to different
results during the wet season. Therefore, a rotation system linked to the wet and dry season is a
fundamental need for herd management at the
landscape scale (Jacobo et al. 2006). Additionally,
because A. acicularis is the second or third most
common species found in the exclusion treatments (Appendix S1: Table S1), we may be
observing a replacement process that is occurring
over time. From these results, we can see that
biodiversity and species evenness are both useful
indicators of palatability for alpaca grazing.

sensitive species that will enrich the plant
community.
A second step in the rehabilitation process is
the removal of barriers associated with dominant
non-palatable species. Through the treatments
implemented at the four sites in Huancavelica,
non-palatable species were targeted by providing an appropriate environment allowing less
trampling-resistant species to compete. Additionally, the treatments providing extra water targeted an important limitation for plant species
with higher water needs. However, factors affecting plant biodiversity seem to be causing tradeoffs with biomass accumulation processes. For
example, the exclusion plus ditch treatment was
most effective in the increase in vegetation cover
and was signiﬁcantly different from the control,
but it decreased species richness. On the other
hand, exclusion plus irrigation was the only
treatment to increase species richness, but it had
negative consequences for belowground and
aboveground biomass. Important differences in
these treatments are related to water provision.
In addition, there were speciﬁc distinctions
between treatments that just targeted trampling
as a disturbance versus those treatments that
combine the elimination of grazing and trampling, with water as a limitation. For example,
the negative effect on all biodiversity variables of
the exclusion treatment may be showing a reaction when disturbances such as trampling are
eliminated but water stress continues to be high.
None of these interactions would have been
apparent without this experimental design.
Adaptation of plants to their environment
raises the question of whether plants in high arid
environments are suffering from water stress
(Leuschner 2000). In most subtropical Andean
regions, a uniform level of moisture present
below the top soil horizons provides the appropriate amount of water for plant uptake. However, during the dry season, plant spacing is a
crucial strategy of balancing water–plant relations (K€
orner 2003). In the case of the Peruvian
Andes, changes in water availability are a matter
of concern due to glacial melt and more erratic
precipitation, and therefore, the loss of water
availability must be considered for restoration
efforts (Rangwala and Miller 2012). This reduced
availability potentially affects spacing between
plants, resulting in a sparser landscape.

Factors affecting plant community composition
and biomass accumulation

Overgrazing can cause a decrease in vegetation cover, which increases the exposure of the
soil to climatic elements, in turn inducing loss of
organic soil through wind erosion and decreasing soil moisture. To the plant community, this
process provokes a replacement toward lesspalatable short carpet grass vegetation, like A.
acicularis, and an increase in bare substrate (Podwojewski et al. 2002, Poulenard et al. 2004).
Because certain species increase with the elimination of the continued disturbance of alpaca
browsing and trampling, the exclusion treatment
provides a set of conditions that trigger new
paths for plant communities to assemble. It
appears that the recovery process in this system
will eventually lead to a colonization by more
❖ www.esajournals.org
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Therefore, when water limitation is removed,
increased productivity results, with either an
increased vegetation coverage or higher species
richness. These are potentially useful insights for
local pastoralists interested in improving their
grazing systems.
The objectives and mechanism of drainage
ditches may explain the differences in soil
organic matter and belowground biomass
observed with the ditch versus irrigation treatments (Fig. 5). First, drainage ditches are typically considered part of a water transfer network
for agricultural landscapes (Herzon and Helenius 2008), since they accelerate the inﬁltration of
water and ensure its retention. Second, ditches
are considered a modiﬁer for erosion since in
times of excess, rapid water inﬁltration prevents
sediment loss (Herzon and Helenius 2008, Somers et al. 2018). Finally, water is intercepted by
vegetation located directly downslope of the
ditch, which also increases inﬁltration and
recharges groundwater (Somers et al. 2018).
While few studies show the relationship between
vegetation cover and drainage ditches, studies in
Finland have shown increases in plant species
richness near ditches placed in grasslands (Tarmi
et al. 2002). In Huancavelica, however, ditches
decreased species richness while increasing vegetation cover. Additionally, there were trade-offs
between belowground biomass and vegetation
cover that seemed to be more drastic for the drainage ditches than in any of the other treatments,
followed by the irrigation treatment. Therefore,
the mechanism by which water is available to
plants in these two treatments determines this
distinct trade-off. In addition, a decrease in
belowground biomass for the irrigation and
ditch treatments may also be due to an investment of resources in vegetation cover due to the
elimination of two stressors, alpaca effects and
water shortages. Thus, these two treatments
seem to favor vegetation cover at the expense of
belowground biomass and soil organic matter.
We showed that for our study site, the use of
exclusionary methods is important for increasing
vegetation coverage while lessening soil erosion.
The difference is notable, and visible to observers, even over just a few years. Therefore, by
itself, this practice is already causing discernible
changes in the plant community composition
compared to areas that have not been excluded
❖ www.esajournals.org

from alpaca grazing. However, the prevention of
grazing and trampling is also affecting the composition of species. In other words, the species
that are favored with the decrease in trampling
have speciﬁc characteristics, that is, in this case
bunch grasses and basal rosettes are favored versus carpet-like grasses.

Indicators for rehabilitation off andean
ecosystems

Although water is already a limiting factor in
this system, where average precipitation is
around 500–600 mL/yr (Lagos et al. 2008), local
people have recently been perceiving a decrease
in water availability. This further decrease in
water availability may be linked to a changing
climate, but it may also be due to more exposed
soils due to increased grazing, and therefore a
decrease in vegetation coverage, which promotes
lower water storage. Because the rehabilitation
practices aim to eliminate water stress, the higher
vegetation coverage and more belowground biomass shown in our results can be indicators of
increased productivity (Figs. 3 and 5). Additionally, increased irrigation seemed to be decreasing
the soil organic matter, although this was not evident in our results, possibly due to sampling
restraints and/or the limited amount of time
since treatment installation.
Determining positive indicators of a successful
rehabilitation practice has been discussed among
restoration scientists (Ruiz-Jaen and Aide 2005).
Choosing appropriate indicators is important
because it makes monitoring of the restoration
more efﬁcient and may be useful for involving
local land users in the evaluations. Which indicators exhibit a higher sensitivity for mountainous
ecosystems is a debated topic. According to
Grabherr and Pauli (2004), an appropriate indicator responds quickly and is sensitive to stress.
Soil characteristics, such as soil organic matter
and soil microbial biomass, may be among the
ﬁrst variables to change following restoration
and therefore may be adequate indicators for
mountain ecosystems (Sparling 1992, Carter
2002); additionally, they account for measurable
change making them useful for quantifying
differences.
Is soil organic matter a good indicator in the
Andes and for assessing ecological rehabilitation? According to Abreu et al. (2009) and
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