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Abstract Here, we evaluate the ecosystem functioning and the ecosystems services supply of different vegeta-
tion types (grasslands, shrublands and woodlands) under contrasting management regimes by comparing a pro-
tected area with the surrounding landscape, which has been subjected to human disturbance in the Eastern Hills
of Uruguay. We propose, based on functional attributes and vegetation physiognomy, a State and Transition
Model for the dynamics of the grassland–woodland mosaic. We used remote sensing techniques to: (i) develop a
land-cover map of the study area based on supervised Landsat imagery classification, and (ii) compare attributes
of the ecosystem functioning (productivity and seasonality) and service supply derived from the Normalized Dif-
ference Vegetation Index (NDVI) images provided by the moderate resolution imaging spectroradiometer
(MODIS) sensor. The land-cover map showed that grasslands and shrublands were the most extensive land cov-
ers in the study area. These vegetation types presented higher productivity, seasonality and ecosystem service
supply, outside the protected area than inside it. On the other hand, woodlands showed higher productivity,
ecosystem service supply and lower seasonality inside the protected area than outside of it. Two axes represented
the grassland–woodland mosaic dynamic: (i) the mean annual and (ii) the intra-annual coefficient of variation of
the NDVI. Our results highlight that conservation of grasslands, shrublands and woodlands require different
management strategies based on particular disturbance regimes like moderate grazing and controlled burns.
Moderate disturbances may help to preserve ecosystem services provisioning in grasslands and shrublands. On
the contrary, woodland conservation requires a more rigorous regime of protection against disturbances.

Key words: ecosystem services, grassland, Normalized Difference Vegetation Index, remote sensing, state and
transition model, woodland mosaic ecosystem.

INTRODUCTION

Temperate grasslands, savannas and shrublands exhi-
bit the highest Conservation Risk Index, with 70.5%
of the area converted to 3.66% protected (Watson
et al. 2016). These ecosystems are poorly conserved
despite their fauna and flora richness, including many
endemics (Henwood 2010; Bond & Parr 2010;
Andrade et al. 2018). Grassland conservation
depends not only on the expansion of the protected
areas network but also on defining management
strategies based on the understanding of the role of
disturbances on the structure, composition, and
functioning of these ecosystems.
Disturbances such as grazing or fire are excluded

from conservation areas as they are perceived by
some land managers as incompatible with the

preservation of natural ecosystems. However, this
approach has changed in many parts of the world
(i.e. Australian and Mediterranean grasslands) and,
in many cases, livestock grazing is included as a man-
agement tool to achieve a variety of conservation
goals (i.e. to maintain biodiversity, to prevent inva-
sion or encroachment by undesirable species, and to
provide habitats to rare or endemic species)
(Perevolotsky & Seligman 1998; Dorrough & Ash
2003; Lunt et al. 2007; Cingolani et al. 2008). The
use of grazing and fire in protected areas is a contro-
versial issue. Several models can explain the variable
effect of disturbances on diversity, floristic composi-
tion and ecosystem functioning. These models
include different factors like habitat productivity
(Milchunas et al. 1988), grazing intensity (Connell
1978) and type of herbivore (Olff & Ritchie 1998),
among others. Lezama et al. (2014) evaluated the
grazing effects along a regional productivity gradient*Corresponding author.
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through a comparison of 23 pairs of grazed and
ungrazed plots in South American grasslands. Their
findings support the idea that the magnitude of graz-
ing effects on vegetation structure (richness and com-
position of species and plant functional types)
increases along the productivity gradient. In Uru-
guay, which belongs to the Rio de la Plata Grasslands
(Soriano 1992), several studies showed that the
absence of grazing promoted shrub increase (Altesor
et al. 2006), reduced species richness (Rodr�ıguez
et al. 2003) and reduced productivity (Altesor et al.
2005).
A central issue in conservation biology is the type

of management applied in different protected ecosys-
tems (Pelkey et al. 2000; Lunt et al. 2007; Cingolani
et al. 2008). Currently, there is an active debate on
the conservation of biodiversity in the grasslands-for-
est mosaic of South America (Luza et al. 2014; Over-
beck et al. 2016; Carlucci et al. 2016). Two different
perspectives have been raised on the role of distur-
bances in conservation. On the one hand, Luza et al.
(2014) propose the use of passive management (with-
out burning and livestock grazing) and the precau-
tionary principle in the conservation of grasslands-
forest mosaic ecosystems. On the other hand, Over-
beck et al. (2016) support the idea that different types
of ecosystems should have different conservation
strategies where disturbances (i.e. grazing or fire)
play a crucial role.
State and Transition Models (STM; Westoby et al.

1989) describe non-equilibrium dynamics derived
from disturbances (i.e. grazing and fire) or climatic
events. Such a framework may be appropriate to
describe the grassland–woodland mosaic dynamics.
The different states of the dynamical model would
have a differential supply of ecosystem services (ES).
The ecosystem services concept allows us to link
ecosystem properties with human well-being (Boyd &
Banzhaf 2007). Paruelo et al. (2016) proposed an
index to describe the Ecosystem Services Supply
(ESSI) in the Chaco-Pampean Plains of South Amer-
ica. The index is related to biodiversity (avian rich-
ness), carbon (soil carbon sequestration) and water
dynamics (evapotranspiration and groundwater
recharge), and is based on two functional attributes
that can be monitored continuously over time and
space by remote sensing. These two attributes are
derived from the seasonal dynamics of the Normal-
ized Difference Vegetation Index (NDVI): the annual
mean, an indicator of light interception and hence of
total carbon gains, and the intra-annual coefficient of
variation of the NDVI, a descriptor of seasonality.
The NDVI is one of the most widely used vegetation
indexes and shows a positive relationship with the
fraction of photosynthetically active radiation
absorbed by green vegetation and hence with produc-
tivity (Pettorelli 2013).

In this study, we evaluate the ecosystem function-
ing and services supply of different vegetation types
(grasslands, shrublands and woodlands) under con-
trasting management regimes by comparing a pro-
tected area with the surrounding landscape, which
has been subjected to human disturbance. We
address the following questions:

1. Does the type of management, applied inside
and outside a protected area, modify the struc-
tural and functional characteristics and conse-
quently, ecosystem services supply of different
vegetation types?

2. Do different structural states of the vegetation
differ in functional attributes?

3. What would be the best strategy to preserve
grasslands and woodlands in the region?

METHODS

Study area

We conducted the study in the Paisaje Protegido Quebrada
de los Cuervos (PPQC) and its buffer area. The protected
area is located in the Eastern Hills region, Uruguay
(32°460–33°030S, 54°360–54°200W) measuring a total of
2.5 9 106 ha that includes grasslands, shrublands and
woodlands. Grasslands and shrublands cover most of the
area and woodlands are arranged in small patches located
on rocky slopes and gorges and cover less than 10% of the
landscape (Lezama et al. 2019; Baeza et al. 2019).

The PPQC occupies about 4412 ha, of which 62.5% is
public, and 37.5 % is private. The area was formally
included in the National System of Protected Areas in
2008; however, most of the area (3100 ha) has been pro-
tected since the 1980s (Villalba et al. 1998). The protected
area includes two levels of protection: an area of 365 ha
where anthropic activity has been excluded since 1986
(Exclusion area, EA) and the remaining area whose man-
agement plan includes touristic activities and livestock pro-
duction at low stocking rates (Protected area, PA). The
buffer area (BA) is 100% private-owned and totals
36 000 ha (SISNAP 2017). The local climate is temperate
with a mean annual precipitation of 1450 mm and a mean
annual temperature of 17°C for the period 2000–2016
(INIA meteorological station).

Land-cover map

We constructed a land-cover map for the PPQC and BA
based on field samples and remote sensing data. Native
land covers were defined in terms of physiognomic units:
(i) sparsely vegetated grasslands (characterised by meso-xe-
rophytic species on shallow or very shallow soils), (ii) den-
sely vegetated grasslands (dominated by mesophytic species
on medium and deep soils), (iii) tall grasses & shrublands
(dominated by mesophytic species associated with moderate
or concave slopes) and (iv) woodlands (dominated by
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woody species occupying valleys and moderate to pro-
nounced rocky slopes) (Gautreau & Lezama 2009; Lezama
et al. 2019). Two anthropogenic land covers were also pre-
sent in the area: winter crops and afforestation. One scene
(Path: 223; Row: 083) and three dates were used (30 April
2010, 05 September 2010 and 16 December 2010) to
detect phenological differences in vegetation (Guerschman
et al. 2003). Images were radiometrically and atmospheri-
cally corrected to make spectral information comparable
both in time and space.

A supervised classification of Landsat TM imagery
(30 9 30 m) was performed, and 135 observations (regis-
tered with GPS) were collected in the field. Training and
control polygons were digitalised to generate and evaluate
the map. Afforestation was identified by interpretation of
Landsat images (2012–2013) and field observations, and
subsequently overlapped on the final map. The spectral
information of 18 reflective bands (six bands for each date)
of all pixels included in the training polygons and maxi-
mum likelihood decision rule were used to classify the pix-
els. We applied a 3 9 3 pixel mobile mode filter to the
final map to reduce the flecked high-density appearance
usually present in this type of classifications. To evaluate
the precision of the classification, we calculated the overall
accuracy, Kappa coefficient, and producer and user’s preci-
sions from a contingency matrix.

Ecosystem Services Supply Index

We compared the ecosystem functioning and ESSI among
the buffer area and the two levels of protection, for each
land cover. We used NDVI from the MODIS sensor (col-
lection 6, Mod13q1). The NDVI was calculated, taking
into account the reflectance in the red (R) and infrared
(IR) portions of the electromagnetic spectrum
[NDVI = (IR � R)/(IR + R)]. NDVI images consisted of a
gridded 16-day composite with a 250 m pixel size (~6 ha).
We used an NDVI time series covering the period 2001–
2015 (345 images). Each NDVI image was filtered using its
associated ‘per pixel’ quality image (Roy et al. 2002), and
only those pixels without clouds or shadows, and with low
levels of aerosols in the atmosphere were analysed. Pixels
that did not have the highest quality were discarded and
their values replaced by simple linear interpolation from the
previous and the following dates of the same pixel.

Based on the NDVI, we estimated two attributes of the
ecosystem functioning: the annual NDVI integral (NDVI-I)
and the NDVI coefficient of variation (NDVI-CV). Based on
these attributes, we calculated the mean ES supply index as
[ESSI = NDVImean*(1 � NDVICV)] (Paruelo et al. 2016).
We selected MODIS pixels that included at least 95% of the
same land cover. We also checked, based on recent images
from Google Earth, that selected pixels had not changed
since 2010 when the land-cover map was generated.

The land covers analysed for the comparison between
EA and BA were as follows: tall grasses & shrublands (12
pixels) and woodlands (four pixels); and for PA vs. BA
were as follows: sparsely vegetated grasslands (32 pixels),
tall grasses & shrublands (85 pixels) and woodlands (20
pixels). Densely vegetated grasslands were not compared
because they cover a small area in PA or EA.

State and transition model

A State and Transition Model (STM) for the grassland–
woodland mosaic ecosystem (sparsely vegetated grasslands,
tall grasses & shrublands and woodlands) was generated
based on functional attributes (NDVI-I and NDVI-CV)
and vegetation physiognomy under different management
regimes (EA, PA and BA). Also, we illustrated the STM
with a sequence of Google Earth images of the EA for the
period 1985–2015 (30 years).

Statistical analysis

We compared functional attributes (NDVI-I and NDVI-CV)
and ESSI of each land cover through time using a ‘factorial
repeated measure in time’ ANOVA, with one between-subjects
factor with two levels (land protection: protected/non-pro-
tected) and one within-subjects factor with 15 levels: individ-
ual years). Before the test, we checked that the data met the
assumptions of normality (Shapiro–Wilk test), homogeneity
of variances (Levene’s test) and sphericity (Mauchly’s test).
A Greenhouse–Geisser correction was used when the
assumption of sphericity was violated. Finally, we used a post
hoc Tukey HSD test (Zar 1996) for pairwise comparisons.
Statistical analyses were performed with STATISTICA 6.0.
(Statsoft, Inc. Tulsa, OK, USA).

RESULTS

Land-cover map

Natural grasslands covered 49% of the studied area.
Of the 100 000 ha classified, approximately 33% cor-
responded to sparsely vegetated grasslands, 31% to
tall grasses & shrublands, 16% to densely vegetated
grasslands, 14.5% to afforestation, 4.4% to wood-
lands and 0.5% to winter crops (Fig. 1). The contin-
gency matrix showed an overall accuracy of the
classification of 99.4% and Kappa coefficient value of
0.9 (Table S1). The producer and user’s exactitude
showed similar levels and high accuracy for all land
covers, which indicates robust similarity between the
field data and the classification (Table S2).

Ecosystem Services Supply Index

The comparison between the excluded site inside the
protected area (EA) and the buffer area (BA) showed
significant differences in the ES supply. The ES Supply
Index average (2001–2015) for tall grasses & shrublands
was 15% higher outside the exclusion area than inside of
it (significant interaction FESSI = 46.442; d.f. = 14;
P < 0.0001; Table S3). The ESSI showed the opposite
pattern for woodlands. The ES Supply was significantly
higher inside the exclusion area than in the buffer area
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for most of the analysed years (significant interaction
FESSI = 2.577; d.f. = 14; P < 0.01; Table S3) (Fig. 2).
The comparison of the ES Supply Index average

(2001–2015) for the three land covers between pro-
tected (PA) and buffer area (BA) showed differences.
The ES supply of sparsely vegetated grasslands and tall
grasses & shrublands was 54% and 8% higher, respec-
tively, outside the protected area than inside of it (signif-
icant interaction FESSI = 12.149; d.f. = 14; P < 0.0001;
FESSI = 10.551; d.f. = 14; P < 0.0001, respectively;
Table S3). In contrast, the ESSI values for woodlands
were higher inside than outside the protected area (sig-
nificant interaction FESSI = 3.148; d.f. = 14; P < 0.001;
Table S3) (Fig. 2).

State and transition model

The STM formalised our hypotheses on the land-
cover dynamics of the Eastern Hills. The model
included three states, each one with two phases
(Fig. 3). States differed in two main axes: (i) the
mean annual NDVI-I and (ii) the intra-annual

NDVI-CV. Sparsely vegetated grasslands (State 1)
showed the lowest values of NDVI-I and the highest
coefficient of variation. tall grasses & shrublands
(State 2) were characterised by intermediate values of
mean NDVI-I and NDVI-CV. Woodlands (State 3)
presented the highest NDVI-I and the lowest season-
ality (significant interaction FNDVI-I = 24.93;
d.f. = 28; P < 0.0001; FNDVI-CV = 36.57; d.f. = 14;
P < 0.0001; Fig. 3). The comparison between inside
and outside the protected area allowed us to identify
two phases within each state. For sparsely vegetated
grasslands, the Phase I (under protection) was char-
acterised by 10% lower NDVI-I values (significant
interaction F = 10.22; d.f. = 14; P < 0.0001;
Table S3) and NDVI-CV (significant interaction
F = 8.81; d.f. = 14; P < 0.0001; Table S3) than
Phase II (unprotected). For tall grasses & shrublands,
Phase I (under protection) was characterised by
lower values of NDVI-I (significant interaction
F = 5.6; d.f. = 14; P < 0.0001; Table S3) and
NDVI-CV (significant interaction F = 13.64;
d.f. = 14; P < 0.0001; Table S3) than Phase II (un-
protected). The phases defined for woodlands

Fig. 1. (a) Land-cover map for the Paisaje Protegido Quebrada de los Cuervos (PPQC) and buffer area (BA). (b) Study
area and its location in Uruguayan territory.
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showed the opposite pattern. Phase I (under protec-
tion) showed higher productivity (significant interac-
tion F = 4.36; d.f. = 14; P < 0.0001; Table S3) and
less variability in NDVI (significant interaction
F = 2.324; d.f. = 14; P < 0.01; Table S3) than Phase
II (unprotected) (Fig. 3).
The evaluation of Google Earth images of the EA

showed structural vegetation changes over 30 years
(1985–2015) compatible with the proposed STM.
The vegetation of the EA changed from sparsely veg-
etated grasslands to tall grasses & shrublands and
finally, woodlands (Fig. 4). These images constitute
graphic evidence of the transitions between the states
of the model. Transitions can occur between phases
within the same state or between states. In the first
case (between phases), we hypothesised that transi-
tions are faster and can be in both directions. In the
second, transitions may be slower and occur in one
direction (grasslands to woodlands). The opposite
transition would be less likely.

DISCUSSION

High protection levels, like exclusion areas, may
either increase or decrease ecosystem services

supply depending on the land-cover type. Ecosys-
tem services supply of sparsely vegetated grasslands
and tall grasses & shrublands was higher outside
than inside the protected area; in contrast, the
ecosystem services supply of woodlands was greater
inside than outside the protected area. These results
suggest that conservation of grasslands and wood-
lands requires different management strategies
(Overbeck et al. 2007, 2015, 2016). Grazing exclu-
sion in protected areas located in temperate and
subhumid regions does not necessarily lead to
grassland conservation (Lunt et al. 2007; Cingolani
et al. 2008). Grasslands and tall grasses & shrub-
lands require disturbances, such as livestock grazing
or burning, to maximise ES supply (Bond & Parr
2010). On the other hand, restricting grazing
appears to be the most appropriate management
strategy to conserve woodlands (Pelkey et al. 2000).
For woodland ecosystems, disturbances, particularly
grazing, should be considered a threat to the con-
servation of biodiversity and ecosystem services pro-
vision (Overbeck et al. 2016).
Woodlands, shrublands and grasslands compose a

dynamic mosaic. The proposed STM summarised
our hypotheses on the most critical processes deter-
mining state and phase transitions. High spatial

Fig. 2. Annual Ecosystem Service Supply Index dynamic for the land covers in (a) exclusion area (EA, dotted line) vs. buf-
fer area (BA, solid line) comparison and (b) protected area (PA, dotted line) vs. buffer area (BA, solid line) comparison.
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resolution images provide indirect evidence for our
STM model. From 1986 to 2015, domestic herbivory
was excluded from a portion of the PPQC. During
this period, vegetation physiognomy changed from
sparsely vegetated grasslands to tall grasses & shrub-
lands and, finally, to woodlands. Such structural
changes were associated with functional changes,
basically an increase in productivity and a decrease in
seasonality. Transitions from one state to another
imply that a threshold value in the state has been
reached, resulting in a qualitative shift in vegetation
structure and composition that justifies the definition
of different states (Bestelmeyer 2006). Sparsely vege-
tated grasslands (State 1) were characterised by
meso-xerophytic species and a double stratum phys-
iognomy: one low stratum of 5 cm dominated by
prostrate grasses and forbs, and a 30 cm tall stratum
dominated by woody species (Lezama et al. 2019).
State 1 showed the lowest productivity and highest
seasonality (Fig. 3). Grazing exclusion in these tem-
perate subhumid grasslands promoted tall tussock
grasses (i.e. Erianthus angustifolius) and shrub
encroachment (i.e. Dodonaea viscosa) (Altesor et al.
2006; Lezama et al. 2014) (State 2). If grazing

exclusion and fire suppression remain, woody species
will colonise to the point at which a qualitative shift
in vegetation structure may occur (State 3). This
state showed the highest values of productivity and
seasonality. The reversibility from State 3 to herba-
ceous dominated ones would be difficult and may
require critical anthropogenic inputs.
Within each state, we identified two phases, one

inside and the other outside the protected area. Spar-
sely vegetated grasslands and tall grasses & shrublands
showed higher productivity and seasonality in the buf-
fer area. Grazing prevents the accumulation of stand-
ing dead biomass, increasing light availability and,
hence, the productivity and species richness (Altesor
et al. 2005 2006; Overbeck et al. 2007). The transitions
between phases in grasslands and shrublands would be
reversible (months for grasslands phases and years for
shrublands phases, Altesor et al. 2019) and result from
changes in stocking rate and burnings (Altesor et al.
2019). Woodlands showed the opposite pattern; inside
the PPQC, their productivity was greater and less vari-
able than in the buffer area. Several disturbances, like
logging, herbivory and trampling, may explain these
differences (Etchebarne & Brazeiro 2016).

NDVI-I

N
DV

I-C
V

+-

-

+

SG Phase I

SG Phase II

TS Phase I

TS Phase II

W Phase I

W Phase II

?

?

Fast Transi�ons

Sparsely-vegetated grasslands

Tall grasses & Shrublands

Woodlands

Fig. 3. Representation of the State and Transition Model in the Paisaje Protegido Quebrada de los Cuervos (PPQC) and
buffer area (BA). The ‘x’-axis represents the NDVI integral value (NDVI-I) and the ‘y’-axis the NDVI coefficient of variation
(NDVI-CV). SG, sparsely vegetated grasslands; TS, tall grasses & shrublands; and W, woodlands. Dotted arrows represent
transitions between phases and solid arrows between states. For all land covers, Phase I and Phase II represent the protected
and unprotected conditions, respectively.
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Disturbances could have severe effects on forest struc-
ture and dynamics, generating a decrease in canopy
cover (Uhl & Kauffman 1990), lower regeneration
rates (Fleischner 1994) and a replacement in species
composition (Xiaoming et al. 1995). Consequently,
woodlands management requires conditions of small
or null disturbances to maintain the structure and ES
provision (Pelkey et al. 2000; Luza et al. 2014; Over-
beck et al. 2015).
The STM proposed could provide a suitable

framework to organise and communicate knowledge
and to identify management strategies that favour
the conservation of vegetation heterogeneity and
ecosystem services. The model enhances and
extends previous models (Altesor et al. 2019), incor-
porating other ecosystems (shrublands and wood-
lands). Also, it highlights the importance of the
disturbance regime within protected areas, showing
thresholds and hysteresis. Consequently, the chance
to preserve a given state needs to incorporate distur-
bances like grazing and fire carefully. Once a thresh-
old is crossed, the opportunity to return to previous
conditions may be beyond the logistic possibilities.
Moreover, a return may increase the risks of non-in-
tended transitions to more degraded states, that is

removing woody components may increase soil ero-
sion risks. Under the current rates of grassland
transformation into croplands or tree plantations,
adequately managed livestock grazing maybe not
only compatible with conservation but also a neces-
sary to preserve grassland structure and ecosystem
services supply (Overbeck et al. 2007, 2015, 2016).
To what extent are transitions possible? The design
of an adaptive management scheme based on the
STM, such as the one outlined here may contribute
to test and redefine the model and to better pre-
serve different ecosystems.
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