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Abstract: Temperate grasslands are considered the most endangered terrestrial ecosystem worldwide;
the existent areas play a key role in biodiversity conservation. The Aguapey Valuable Grassland
Area (VGA), one of the most well-preserved temperate grassland areas within Argentina, is currently
threatened by the anthropogenic expansion of exotic tree plantations. Little is known about the
impacts of afforestation over temperate grassland landscape structures; therefore, the aim of this
study is to characterize Aguapey VGA landscape structural changes between 1999 and 2020 based
on remotely sensed data. This involves the generation of land cover maps for four annual periods
based on unsupervised classification of Landsat 5 TM and 8 OLI images, the estimation of landscape
metrics, and the transition analysis between land cover types and annual periods. The area covered
by temperate grassland is shown to have decreased by almost 22% over the 20 year-period studied,
due to the expansion of tree plantation cover. The afforestation process took place mainly between
1999 and 2007 in the northern region of the Aguapey VGA, which led first to grassland perforation
and subsequently to grassland attrition; however, Aguapey’s cultural tradition of cattle ranching
could have partially inhibited the expansion of exotic trees over the final years of the study. The
evidence of grassland loss and fragmentation within the Aguapey VGA should be considered as an
early warning to promote the development of sustainable land use policies, mainly focused towards
the Aguapey VGA’s southern region where temperate grassland remains the predominant land
cover type.

Keywords: temperate grassland; afforestation; fragmentation; land cover change; landscape
dynamics

1. Introduction

Temperate grasslands occupy circa 8% of the Earth’s terrestrial surface and are among
the most biodiverse and productive ecosystems worldwide [1]. Not only are they a habitat
of with high diversity and an abundance of flora and fauna species, including many
endemics and endangered species, temperate grasslands are also important for many plant
food species of economic importance [2]. Furthermore, they provide many important
ecosystems services (e.g., nutrient recycling, pollination, habitat for livestock grazing,
genetic diversity for crops, recreation, climate regulation) and play a key role in global
carbon cycle: grasslands soils store as much carbon as forests do globally [1,3]. After
centuries of human disturbance, temperate grasslands are considered one of the most
altered and endangered ecosystems on most continents: about 41% of these grasslands
have already been converted to agricultural use, 7.5% to commercial forestry, and almost 6%
were replaced by urbanization [1,4]. Despite its critical conservation status, only 4.59% of
these grasslands are under some level of protection [5]. In a context of increasing threats by
multiple anthropogenic activities, the remaining areas of native temperate grasslands take
on a heightened importance for the conservation of biodiversity and ecosystem services
that are essential to sustain human development and well-being [3].
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The Rio de la Plata Grasslands (RPG) are the main complex of temperate grassland
ecosystems in South America, covering the large plains of central-east Argentina, Uruguay,
and Southern Brazil. The RPG, originally characterized by the almost absolute absence of
trees, are habitat for a conspicuous and unique biodiversity including more than 550 dif-
ferent grass species, 450 bird species, and nearly a hundred species of mammals [6,7].
Significant human transformation across this region started mainly at the beginning of the
20th century, with increasing European immigration and the replacement of native vegeta-
tion to agriculture [6]. Over recent decades, the RPG have recorded some of the highest
rates of land use change worldwide given their intensified use for livestock production and
grasslands’ conversion to crops, implanted pastures, and exotic tree plantations [8,9]. Some
of the remaining and most well-preserved temperate grassland areas in Argentina are lo-
cated mostly in private land of the Northern Campos region (the Campos, hereafter) [7,10].
Only 0.15% of Campos grasslands have formal protection designation; therefore, many
sites of high biodiversity are in a potentially vulnerable situation [7].

In 1998, Argentina’s government enacted a law particularly aimed to promote and
financially support the development of forestry plantations in different regions across the
country, in order to supply the growing global demand of pulp and wood (Argentina’ Na-
tional Law 25.080). This policy triggered a widespread land-use change across the country
that led to the replacement of grassland areas used for cattle ranching activities by exotic
tree monocultures [11]. The afforestation development was particularly important across
the Campos region given its exceptional climatic and edaphic conditions that prompt high
annual growth rates of exotic tree species such as Pinus spp. and Eucalyptus spp. [11,12].

The severe ecological consequences of the conversion of a grass-dominated ecosys-
tem to one dominated by trees (referred to as grassland afforestation) not only derives
from the direct reduction of the original grassland cover [13–15] but also from the indirect
transformation of the spatial configuration of the landscape [16,17]. Grassland afforesta-
tion typically promotes grassland fragmentation, as the (formerly) locally continuous
natural ecosystem is broken into smaller and more isolated fragments surrounded by a
human-transformed matrix of tree plantations [1,18,19]. Changes in the size and spatial
configuration of remnant fragments are recognized to have a major effect, not only on
population dynamics and species persistence [19,20] but also on the ecosystem processes
that ultimately determine the provision of ecosystem services [19,21].

Fragmentation is a dynamic process of change that leads to different stages: perfo-
ration or incision, dissection, dissipation, shrinkage, and attrition [22,23]. The stage of
fragmentation provides critical information not only to infer changes in the ecosystem
(i.e., an early fragmentation stage could be interpreted as an early warning sign) but also
for the development of suitable ecosystem management strategies [21,23,24]. Despite its
importance, studies of landscape fragmentation have typically been biased towards forest
ecosystems [24]. Only in recent years have grassland fragmentation studies gained more
attention; however, grassland fragmentation induced by afforestation processes remains
understudied [25].

Within contemporary climate change mitigation scenarios, the development of the car-
bon market may accelerate the rate of grassland afforestation in the Campos region [15,26].
Furthermore, as part of Argentina’s national contribution to ‘the fight against climate
change’ established in the Paris Agreement (2019), the National Government launched a
new initiative to increase tree plantation cover by 50% in the period up to 2030 (which
represents a total of 2 million hectares) [27]. This situation has raised particular concern
in the Aguapey Valuable Grassland Area (VGA), an area of high biodiversity conserva-
tion value within the Campos region [3] which demonstrates favorable conditions for the
establishment of tree plantations [13,28].

The potentially severe ecological consequences of the Campos grassland afforestation
have started to be increasingly recognized [13,15,29]. However, it is also necessary to further
increase the current knowledge about the level of temperate grasslands’ fragmentation
due to afforestation, in order to achieve a broader understanding of the afforestation
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impacts over temperate grasslands and support the development of land-use planning
policies with a conservation focus. The development of robust methodologies to determine
the current extent, and recent levels of loss and transformation, will be central to the
development of successful mitigation measures and to secure the careful custodianship of
this internationally important temperate grassland ecosystem in South America.

The aim of this study is to analyze the spatio-temporal changes in the landscape
structure of the Aguapey VGA due to the afforestation process occurring between 1999 and
2020; and to understand the nature of landscape transformation across this period. For this
purpose, grassland, and tree plantation cover within the Aguapey VGA are characterized
in four time periods between 1999 and 2020 (1999–2000; 2006–2007; 2014–2015; 2019–2020)
employing an unsupervised classification methodology, based upon a multi-temporal se-
quence of past and present Landsat multispectral images. Secondly, in order to provide
a deeper understanding of the dynamics of change, a land covers’ transition probability
analysis is made between the temporal periods. Finally, key landscape metrics were esti-
mated to analyze the temporal changes that have occurred to the Aguapey VGA landscape
structure, with focus on the loss and fragmentation of temperate grasslands.

2. Materials and Methods
2.1. Study Area

The Aguapey VGA (1598.11 km2; central coordinates 27◦56′S, 56◦26”W) is located in
the Aguapey basin, within the Campos region of the RPG (Corrientes province, northeast
of Argentina) [3] (Figure 1). This area is characterized by a matrix of temperate grasslands
mainly dependent on its topographic location. Flat lowlands are dominated by tall-grass
‘paja colorada’ Andropogon lateralis; depressions and drainage areas located towards the
Aguapey river’s margin are dominated by Paspalum spp.; and marshes connected to the
Aguapey river are interspersed with tall grasses of Rhynchospora corymbosa and Panicum spp.
In addition, a small proportion of riparian natural forest patches remain along the Aguapey
river [13]. Until the recent development of tree plantations, the Aguapey basin was mainly
managed for extensive cattle ranching under natural pastures on large private properties
(from 1000 to 20,000 hectares), while a minor proportion was utilized as croplands [10].
Thus, primary use of this landscape for extensive cattle grazing has facilitated the survival
of one of the most extensive and biodiverse natural grassland areas in Argentina [3]. In this
regard, this area was identified as an Important Bird Area where eight globally threatened
(Endangered (EN), Vulnerable (VU)) and three ‘Near Threatened’ (NT) grassland bird
species reside, according to the IUCN Red List Category (EN: Xanthopsar flavus, Sporophila
palustris, S. zelichi; VU: S. cinnamomea, Culicivora caudacuta, Alectrus risora, Xolmis diminicanus,
Anthus nattereri; NT: Rhea americana, S. ruficolis, S. hypochroma) [30]. It is also habitat of one
of the last populations of the Pampas deer (Ozotoceros bezoarticus), a locally endangered and
globally NT deer species dependent on natural grasslands [31]. Furthermore, the Aguapey
basin also has a unique cultural value given that it still preserves traditional “gaucho”
cattle ranching practices (which date from as far back as the 17th century), which is key
to preserve the remaining areas of natural grasslands [3,32]. Despite the clearly important
cultural and ecological value of this basin, it lacks formal protection [3].

The Aguapey VGA is distributed across two districts: Ituzaingó, towards the north of
the study area, and Santo Tomé in the southern region (Figure 1c). Over the past decades,
given the increased demand for forest-derived products such as cellulose, sawdust, and
fiber boards, and the Government’s support for the forest industry, both Ituzaingó and Santo
Tomé districts have experienced a rapid and expansive development of tree plantations [33].
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Figure 1. Study area: (a) Geographic location of the Aguapey VGA, within the Aguapey basin in the
Northern Campos region of the Rio de la Plata Grasslands; (b) geographic location of the Rio de la
Plata Grasslands; (c) study regions per district.

2.2. Satellite Data Collection and Pre-Processing

Remote sensing has been widely recognized as the most significant technology for
effectively mapping the land cover units within a landscape. This is due to its numerous
advantages compared to field-based assessments, such as study-area scale factors, cost-
effectiveness, and the repeatability of observations [34,35]. Furthermore, remote sensing
images offer an extraordinary capability to obtain past, present, and future land cover
patterns to elucidate land cover change analysis [36]. Among many satellite-based Earth
observation programs, the NASA Landsat program has been widely used for land cover
change analyses due to it being the longest uninterrupted program since 1972, freely pro-
viding global coverage data at moderate spatial and temporal resolution (30 m, 16 days
revisit time, respectively) [37]. Landsat Thematic Mapper (TM) and Landsat Operational
Land Imager (OLI) Level 2 images (Path/Row 225/079), obtained from the Earth Explorer
USGS public domain service (https://earthexplorer.usgs.gov; accessed on 17 March 2020),
were therefore used to characterize the Aguapey VGA’s land cover across four annual
periods (TM: 1999–2000, 2006–2007; OLI: 2014–2015, and 2019–2020) following a pheno-
logical approach (see Section 2.3). In this regard, each period includes monthly Landsat
images beginning in the southern hemisphere’s winter (June/July) until the following
autumn (April/May), encompassing a complete growing season of Aguapey VGA’s natural
grasslands [38]. The list of the satellite images used in this study, as well as the details of
the geometric, radiometric, and atmospheric corrections are provided in Appendix A.

2.3. Land Cover Characterization

For each annual period, normalized difference vegetation index (NDVI) temporal
series were created from monthly Landsat TM and Landsat OLI images in order to charac-
terize the two main covers within the study area (grassland and tree plantation) following
a phenological approach. The NDVI is calculated as

NDVI = (ρNIR− ρR)/(ρNIR + ρR), (1)

where ρR is the reflectance in the red region of the electromagnetic spectrum (~0.68 µm,
Band 3 and Band 4 of Landsat TM and Landsat OLI, respectively) and ρNIR is the re-
flectance in the near infrared range (~0.8 µm, Band 4 and Band 5 of Landsat TM and
Landsat OLI, respectively). The NDVI is a linear estimator of the fraction of absorbed pho-

https://earthexplorer.usgs.gov
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tosynthetically active radiation intercepted by vegetation (fAPAR) and is highly correlated
with structural and functional attributes of the vegetation, such as the aboveground net
primary productivity [39]. Land cover classifications based on multi-temporal NDVI data
have the advantage of reducing the dimensions of the spectral data, which allows deriva-
tion of spectral signatures that are easy to interpret in biological terms [40]. In addition,
among many other spectral vegetation indices, the NDVI has been proved to effectively
detect seasonal and inter-annual changes in vegetation growth and activity, particularly at
low or moderate vegetation amounts such as in grassland areas [41,42]; however, it tends
to saturate under high biomass conditions and is very sensitive to canopy background
variation [41]. In spite of its limitations, previous studies across the RPG region have
shown that monthly NDVI time series data effectively discriminate temperate grasslands
from other cover types (e.g., croplands, forested areas) based on their unique phenological
characteristics [16,24,40,43,44]. It was therefore preferred in this scenario to other available
spectral indices.

For each period, the NDVI datasets were stacked and resampled to 30 m pixel size
using the nearest neighbor method in order to preserve the original image radiometric
information. Given that ground-truth information was not available for annual periods
prior to 2014, unsupervised classifications were performed to each annual NDVI dataset
using the ISODATA algorithm (following a similar approach that was previously per-
formed for the RPG region; see [16,43]. The ISODATA algorithm was set to generate a
maximum of 20 classes using 100 iterations, a tolerance threshold of 5%, and maximum
standard deviation of 1. Phenological signatures were built for each output class and period:
(i) the classes that registered NDVI values that ranged between 0.4 and 0.7 and followed
a unimodal response, with the lowest NDVI values in winter (July–August–September),
a steady increase until the summer months (December–March) and afterwards a slow
NDVI decrease, were identified as ‘temperate grasslands’ [38], (ii) the classes that registered
NDVI values above 0.7 throughout the year were identified as ‘tree plantation’ [15], and
(iii) the classes that did not show a clear phenological pattern to be included into any of the
previous categories were identified as ‘other’ covers (see Appendix B for further details of
the land covers’ phenological signatures).

Two different procedures were followed to assess classification accuracy based on
the availability of ground truth data. For the period 2014–2015, ground truth information
was available from the 2014 Aguapey VGA’s land cover thematic map [12]; therefore, a
1000 pixel-based contingency matrix was generated [45]. The remaining periods (1999–2000,
2006–2007, and 2019–2020) were not supported with available ground truth data. Therefore,
adopting a similar approach to that implemented previously by [44,46], 200 pixels were
randomly distributed across the study area for each remaining period; the pixels’ ground
truth land cover were visually interpreted using both high resolution Google Earth imagery
and spectral signatures. A 200 pixel-based contingency matrix was used to assess the unsu-
pervised classifications’ accuracies for each remaining period. Finally, a post-classification
majority filter (7 × 7 pixels) was applied in order to smooth the ‘salt and pepper’ appear-
ance of the resulting classifications and improve their quality through the elimination of
spuriously classified pixels [40]. For image processing the software ENVI, Version 5.5 was
used.

2.4. Landscape Structure and Dynamics

A set of six traditional landscape metrics were estimated for each annual period to
quantify fundamental aspects of Aguapey’s VGA land cover composition and grassland
spatial configuration (Table 1). The spatial configuration metrics chosen have been shown
to be useful descriptors of landscape fragmentation [24,47,48], and it is proposed that
these metrics can capture the complexity of the spatial arrangement of the patches without
providing redundant information [49]. In this regard, the effective mesh size (EMS) has been
proposed as one of the most relevant measures of the degree of landscape fragmentation,
given that it simultaneously considers the patch size and the level of dissection [22]. It
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has also been frequently used in a wide range of ecosystems and regions [24,48]. The
remaining spatial configuration metrics (PD, PS, SHAPE, ENN, ECON) were used as
complementary fragmentation measures to describe more specific attributes of grassland
configuration [16,47,48,50]. The landscape metrics were assessed using FRAGSTATS 4.2 [51];
the patch level metrics were averaged for each annual period to statistically assess the
difference between the means using Kruskal Wallis analyses, given the nonparametric
nature of the variables (see Appendix C).

In order to gain a more detailed and local-scale understanding of the grassland af-
forestation process which occurred between 1999 and 2020 in the Aguapey VGA, a further,
supplementary analysis of grassland loss was undertaken in the two districts within the
study area: Ituzaingó and Santo Tomé. This was undertaken to ensure that more local dif-
ferences were also considered and understood within the analysis and to uncover potential
differences at the local policy level.

Table 1. Landscape metrics selected to better reflect the Aguapey VGA’s composition and the
grassland fragmentation.

Metric Units Level of
Analysis Explanation

Landscape Composition

Percentage of
Landscape (PLAND) % class Considered as the most important and useful information to

describe a landscape [52].

Grassland Spatial Configuration

Effective Mesh
Size (EMS) km2 class

Quantifies the probability that two randomly chosen points in
a study area are connected [53]. It is not sensitive to the

omission or inclusion of small patches and has a monotonous
response through to different fragmentation stages. The

greater the effective mesh size, the lower the fragmentation
level [22,53].

Patch Density (PD) n◦ per 100
hectares class

It is a simple measure of the degree of subdivision of a cover
type; however, it presents a unimodal relationship with the

amount of disturbance leading to possible
misinterpretations [24,48,52].

Patch Size (PS) km2 patch Progressive reduction in the patch area is a key component of
ecosystem fragmentation [52].

Shape Index (SHAPE) unitless patch

Measure of the overall patch shape complexity. SHAPE
would be 1 when the patch is square (simple geometry) and

would tend to increase with increasing shape complexity.
Higher index values indicate higher fragmentation due to

disturbances on the edges of an ecosystem [52].

Euclidean Nearest Neighbor
Distance (ENN) m patch

Measure of patch isolation estimated as the shortest
straight-line distance between the focal patch and its nearest

neighbor increases in ENN could be indicative of higher
ecosystem fragmentation [47].

Edge Contrast Index (ECON) % patch

Measure of the relative contrast along the patch’s perimeter
with its surroundings. ECON would be zero when the patch
perimeter has no contrast with its surroundings, and it would
tend to increase with increasing contrast between cover types
[52]; higher index values suggest higher levels of landscape

fragmentation [50]. Contrast levels were based on the
structural differences between grassland and the remaining
land covers, and therefore set to 1 for tree plantation and to

0.25 for other covers.
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2.5. Land Covers’ Transition Probability Analysis

In order to gain further understanding regarding the change dynamics between land
covers along the four annual periods, relative transition probabilities were derived for
each land cover from the thematic maps [16,54]. Transition probabilities account for the
proportion of one cover making a transition to another cover between any two points in
time; therefore, they provide an indication of how much change happens to a particular
land cover over a time period rather than an overall measurement of areal land cover.
To compute the transition probabilities, the land cover thematic maps were vectorized
and intersection maps were created from consecutive periods (1999–2000 and 2006–2007,
2006–2007 and 2014–2015, 2014–2015 and 2019–2020). Transition probabilities from land
cover i in time n to land cover j in time n + 1, pij(n, n + 1), were estimated as

pij(n, n + 1) = Aij(n + 1)/Ai(n), (2)

where Ai(n) is the area occupied by the landcover class i in the first period selected and
Aij(n + 1) is the area that changed from landcover class i to j in a later period.

3. Results
3.1. Land Cover Characterisation

Unsupervised classification of the Aguapey VGA study region reached overall accu-
racy values exceeding 85% for all periods studied. Both grasslands and tree plantations
were effectively discriminated from each other as well as from other cover classes, showing
producer and user accuracy values above 80% (Table 2, Appendix D). On the other hand,
other covers’ classification accuracy varied between periods. In 1999–2000 and 2006–2007,
other covers showed moderate to high producer and user accuracy values, whereas from
2014 onwards, these values were below 50%. This indicates a high level of misclassifica-
tion, in particular, with grassland cover (Table 2, Appendix D). Overall, the high accuracy
values achieved, mainly for grasslands and tree plantations, provided enough confidence
regarding their classification across the study area and therefore for the following analyses.
The results associated to other covers were carefully interpreted given their high level of
misclassification found in the last two annual periods (2014–2015 and 2019–2020).

Table 2. Producer and user accuracy values for the land cover classes and overall accuracy values for
each annual period under study. See Appendix C for a detailed analysis of the contingency matrices.

Grassland Tree Plantation Other Covers

Annual Period Producer User Producer User Producer User Overall

1999–2000 97.51 92.9 80.0 100 64.71 81.48 91.5
2006–2007 95.56 92.81 83.33 100 81.13 84.13 91.0
2014–2015 90.85 91.24 98.67 82.59 15.09 22.86 88.6
2019–2020 96.22 87.5 98.43 98.08 10.53 50.0 89.5

3.2. Landscape Structure and Dynamics

Considerable changes in land cover occurred on the Aguapey’s VGA over the last
20 years (Table 3; Figure 2). Between 1999 and 2020, the total cover of grasslands decreased
almost 22% (from 1434.81 km2 to 1083.83 km2, a relative decrease of nearly 25% of its
original cover), while the total coverage of tree plantations increased nearly 26% (from
59.35 km2 to 476.05 km2, a total relative increase of 702.11%) (Table 3; Figure 2).

Most of the grassland loss occurred between 1999–2000 and 2006–2007 when the total
grassland coverage reduced by ~20% (from 89.78% to 70.04%). However, between these
first two periods, tree plantation total coverage increased only ~3% (from 3.71% to 6.72%)
(Table 3; Figure 2a,b); other covers, on the contrary, registered a rise of almost 17% (from
6.5% to 23.24%) occupying formerly grassland area (Table 3; Figure 2a,b). From 2006–2007
to 2014–2015, grassland cover remained relatively unchanged while tree plantation in-
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creased by ~21% (from 6.72% to 27.52%, its largest change between periods), almost the
same proportion was recorded for other covers’ reduction (from 23.24% to 2.2%) (Table 3;
Figure 2b,c). From 2014–2015 to 2019–2020, all land covers registered subtle changes
(Table 3; Figure 2c,d).

Table 3. Area of each land cover class for the Aguapey VGA in four annual periods based on the
unsupervised classification thematic maps.

Annual Period Grassland %(km2) Tree Plantation %(km2) Other Covers %(km2)

1999–2000 89.78 (1434.81) 3.71 (59.35) 6.5 (103.93)
2006–2007 70.04 (1119.34) 6.72 (107.33) 23.24 (371.44)
2014–2015 70.28 (1123.19) 27.52 (439.72) 2.2 (35.2)
2019–2020 67.82 (1088.83) 29.79 (476.06) 2.39 (38.28)

Relative change in specific land cover (%) 1 −24.46 +702.11
Total change within the Aguapey VGA (%) 2 −21.96 +26.08

1 Relative change in specific land cover’s area between 1999–2000 and 2019–2020 was calculated as ∆ relative = 100
× (Yfinal – Yinitial)/Yinitial., where Y is the area of the land cover type. 2 Total change in area between 1999–2000 and
201–2020 within the Aguapey VGA was calculated as ∆ total = 100 × (Yfinal – Yinitial)/Aguapey VGA area.
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Figure 2. Land cover thematic maps for (a) 1999–2000, (b) 2006–2007, (c) 2014–2015, and (d) 2019–2020,
based on unsupervised classifications of NDVI time-series datasets derived from Landsat TM (a,b)
and Landsat OLI images (c,d). Pie charts indicate the percentage of each land cover type for each
period.

The transition probability analysis provided further evidence regarding the land
cover change dynamics along the 20 years-period studied (Figure 3). The grassland’s
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largest transition to a different land cover took place between 1999–2000 and 2006–2007,
when 22% (315.49 km2) of the original grassland cover changed into ‘other covers’ and
5% (71.7 km2) changed into tree plantation (73% of grassland, 1046.86 km2, remained as
grassland) (Figure 3a). During the following periods, increasing proportions of grassland
areas were preserved as grasslands; while 86% was preserved between 2006–2007 and
2014–2015, which represented a grassland area of 62.63 km2, 92% (1033.33 km2) was
preserved from 2014–2015 to 2019–2020 (Figure 3b,c). Furthermore, and contrary to what
was observed during the first period, in those that followed, the proportion of grassland that
changed into tree plantation surpassed the proportion that changed into other covers: from
2006–2007 to 2014–2015, 12% (134.32 km2) changed into tree plantation and 2% (22.39 km2)
changed into other covers; from 2014–2015 to 2019–2020, 5% (56.16 km2) changed into
tree plantation and 3% (33.7 km2) changed into other covers (Figure 3b,c). Similarly to
grasslands, tree plantation recorded the largest proportion of transition during the first
period (23% of tree plantation’s original cover, which represented 13.47 km2, changed
into grassland and 11%, 6.44 km2, changed into other covers) and, from 2007 onwards,
increasingly larger proportions of tree plantation remained as tree plantation (84% and 92%,
representing 90.16 km2 and 404.54 km2, respectively) (Figure 3a–c). Finally, other covers
registered the largest proportions of transition into both tree plantation and grassland along
the 20 years-period, in comparison with the remaining land covers (Figure 3). Between
1999–2000 and 2006–2007, almost 60% (58.8 km2) of the initial other covers’ area changed
into grassland, while 40% ((41.57 km2) remained as other covers and only 3% (3.09 km2)
changed into tree plantation (Figure 3a). However, from 2006 to 2007 onwards, almost
all of the remaining other covers’ area was transformed mainly into tree plantation (58%
between 2006–2007 and 2014–2015, representing an area of 215.44 km2; 50%, 17.6 km2,
was transformed between 2014–2015 and 2019–2020), and to a lesser extent, into grassland
(38%, equivalent to 141.15 km2 was transformed between 2006–2007 and 2014–2015, 44%,
15.5 km2, between 2014–2015 and 2019–2020) (Figure 3b,c).
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Figure 3. Land covers’ transition probability analysis within the Aguapey VGA between (a) 1999–2000
and 2006–2007, (b) 2006–2007 and 2014–2015, (c) 2014–2015 and 2019–2020.

The transition probability analyses suggest that the conversion of grassland into tree
plantations was a progressive process of change indicated by an initial main conversion of
grasslands into ‘other covers’ (from 1999–2000 to 2006–2007) (Figures 2a,b and 3b), which in
turn were converted largely into tree plantations (from 2007 onwards) Figures 2b–d and 3b,c).
Figure 4 provides an example of this grassland–other covers–tree plantations’ transition
along the 20-year period studied and reveals the changes exhibited in the phenological
cycle through the years. In this regard, it is possible to see a decrease in the NDVI values
from 1999–2000 to 2006–2007 given the change from grassland to other covers and, from
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2006–2007 onwards, an NDVI increase due to the transition from other covers to established
tree plantations (see also Appendix B). Based on these results and considering that the
growth period of Eucalyptus spp. and Pinus spp. range between 4 to 10 years [32], other
covers were in the majority considered as the initial stages of tree plantations, comprising
bare soil with young sapling tree species and grasses. This would explain the low NDVI
values registered for other covers, particularly between 2006 and 2007, and define the
different phenological behavior exhibited between periods given the possible changes
regarding amounts of bare soil, grass, or young tree stands, which would also explain the
high transition values recorded from other covers to tree plantation and grassland. Fur-
thermore, the high increase of tree plantation cover recorded mainly in 2014–2015 (Table 3)
could be explained by the progressive maturation of the other covers into tree plantations
from 2007 onwards (Figure 3b,c).
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Figure 4. Example of transition between grassland–other covers–tree plantation from 1999 to 2020 in
an area located at the central region of the Aguapey VGA (a–d), using as base maps (1) NDVI images
from November (the only month included in all annual periods) and (2) unsupervised classification
images with yellow showing grassland, grey other covers, and red tree plantation; (e) phenological
signatures of a particular region of interest (*) for each annual period studied; missing values within
the phenological cycle were estimated as the average between the predecessor and the following
values; (f) Aguapey VGA study area.

3.3. Grasslands Spatial Configuration

Over the 20 year-period studied, concordantly with the decrease in Aguapey VGA’s
grassland cover, grasslands also displayed an increased level of fragmentation (Table 4,
Figure 5). In 1999–2000, grasslands registered the lowest level of fragmentation (EMS
1281.38 km2, Table 4); during this period, grasslands were characterized with a low den-
sity of patches (PD 0.05, Table 4) that were on average significantly larger (PS 17.07 km2,
Figure 5a) and significantly less irregular (SHAPE 1.31, Figure 5b) than the patches from
the other studied periods. From 1999–2000 to 2006–2007 there was an increased level of
grassland fragmentation (EMS 608.27 km2, Table 4), accompanied by an increased density
of grassland patches of significantly lower average size and higher complexity (PD 0.26,
Table 4; PS 2.68 km2, Figure 5a; SHAPE 1.39, Figure 5b; respectively). No significant
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differences were observed in the measure of distance between patches nor contrast be-
tween patches and their surroundings during the first two periods (ENN ranged between
147.95 m in 1999–2000 and 161.68 m in 2006–2007, Figure 5c; ECON ranged between 22.31%
in 1999–2000 and 27.03% in 2006–2007, Figure 5d). In 2014–2015, the Aguapey VGA’s
grasslands registered the highest level of fragmentation (EMS 510.35 km2, Table 4), which
was mainly explained by a decreased density of grassland patches (PD 0.14, Table 4) and a
significant increase in both the distance between patches (ENN 235.28 m, Figure 5c) and
the contrast between grassland patches and their surroundings (ECON 73.14%, Figure 5d).
No differences were observed regarding the size and shape of grassland patches with
respect to the former periods (Figure 5a,b, respectively). Finally, from 2014–2015 until
2019–2020, grassland cover remained relatively unchanged: a slight recovery in the level
of fragmentation was exhibited (EMS 540.95 km2, Table 4), accompanied by a decrease in
density of patches (PD 0.12, Table 4). No differences were observed in the average size,
shape, distance, and edge contrast between grassland patches from the two later periods
(Figure 5a–d, respectively).

Table 4. Grassland landscape metrics at class level (PD, EMS).

Grasslands

Annual Period PD EMS (km2)

1999–2000 0.05 1281.38
2006–2007 0.26 608.27
2014–2015 0.14 510.35
2019–2020 0.12 540.95
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Figure 5. Mean values for each grassland landscape metric at patch level, (a) PS, (b) SHAPE, (c) ENN,
(d) ECON; vertical bars represent the standard deviation. Significant differences between time periods
based on Kruskal Wallis test is represented by different letters ((A), (B), (C)) (see Appendix C for the
Kruskal Wallis tests results).

3.4. District Scale Analysis

In order to gain a deeper understanding of the afforestation process within the study
area, spatio-temporal changes in land cover composition were also analyzed at district
scale (Table 5). This analysis showed that during the first annual period (1999–2000) natural



Remote Sens. 2022, 14, 74 12 of 24

grasslands were the main land cover within both Ituzaingó and Santo Tomé, occupying
85.1% (549.95 km2) and 93.15% (878.14 km2) of the district area, respectively. However,
between 1999 and 2020, Ituzaingó’s grasslands suffered a relative decrease of slightly
more than 50%, whereas Santo Tomé’s grasslands remained relatively unchanged (relative
decrease of 6.47%) (Table 5). A detailed analysis per period showed that the major loss
of total grassland area in Ituzaingó occurred between 1999–2000 and 2006–2007 (from an
initial area of 549.95 km2 to an area of 323.01%), resembling the decreasing trend observed
for the entire Aguapey VGA landscape. Furthermore, over the 20-year study period,
Ituzaingó’s grassland cover decreased nearly 290 km2, representing almost 83% of the total
loss of grassland cover within the Aguapey VGA (see Table 3). In 2019–2020, 75.74% of the
remaining Aguapey VGA grassland was distributed in the Santo Tomé district (820.13 km2,
Tables 3 and 5).

Table 5. Area of each land cover class for the Aguapey VGA’s districts in four annual periods based
on the unsupervised classification thematic maps.

Ituzaingó Santo Tomé

Annual Period Grassland
%(km2)

Tree Plantation
%(km2) Grassland %(km2)

Tree Plantation
%(km2)

1999–2000 85.1 (552.92) 6.91 (44.67) 93.15 (881.11) 1.48 (13.91)
2006–2007 49.98 (325.03) 10.74 (69.46) 83.92 (793.21) 3.9 (36.76)
2014–2015 44.68 (292.75) 51.46 (332.54) 87.55 (829.35) 11.27 (106.2)
2019–2020 39.95 (262.75) 56.92 (367.87) 86.51 (820.13) 11.37 (107.23)

Relative change in specific land cover (%) −52.48 +723.52 −6.92 +670.88
Total change within district (%) −44.9 +50.0 −6.47 +9.9

Conversely to the loss of grassland, tree plantation cover increased at both Ituzaingó
and Santo Tomé between 1999 and 2020; however, Ituzaingó registered the largest total
coverage increase within the district (50% Ituzaingó, 9.9% Santo Tomé) (Table 5). A detailed
analysis per period exhibited that Ituzaingó’s tree plantations increased markedly before
2007, becoming the dominant land cover at the end of the 20-year study period (total
coverage of 56.92%, Table 5). In addition, from 1999 to 2020, the original cover of tree
plantations in Ituzaingó increased 323.2 km2, an increment that represented almost 70% of
the tree plantation expansion within the Aguapey VGA landscape (see Table 3).

In addition, the landscape metric analysis indicated that the level of Ituzaingo’s
grassland fragmentation steadily increased over the 20 years period (the EMS declined
from 466.22 km2 in 1999–2000 to 34.71 km2 in 2019–2020) (Table 6). From 1999–2000 until
2014–2015, the increasing grassland fragmentation within Ituzaingó could be explained
by a rise in the number of grassland patches (PD increased from 0.06 to 0.53 between the
first two periods and then decreased to 0.24) (Table 6) which were on average significantly
smaller than the grassland patches registered in 1999–2000 (Figure 6a) and more irregular
(SHAPE significantly increased from 1.35 to 1.47) (Figure 6b). Furthermore, from 2015
onwards, there was a significant increase not only in the distance between Ituzaingó’s
grassland patches (Figure 6c) but also in their contrast with the surroundings (Figure 6d).

Table 6. Grassland landscape metrics at class level (PD, EMS) for the Aguapey VGA districts.

Grasslands

Ituzaingó Santo Tomé

Annual Period PD EMS (km2) PD EMS (km2)

1999–2000 0.06 466.22 0.05 814.24
2006–2007 0.53 53.97 0.08 655.97
2014–2015 0.29 39.94 0.04 691.26
2019–2020 0.24 34.71 0.05 675.72
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Figure 6. Mean values for grassland landscape metric at patch level, (a) PS, (b) SHAPE, (c) ENN,
(d) ECON, per district (Ituzaingó, black bars; Santo Tomé, gray bars); vertical bars represent the
standard deviation. Significant differences between time periods based on Kruskal Wallis test is
represented by different letters ((A), (B), (C), Ituzaingó district; (a), (b), (c), Santo Tomé district); no
significant differences between time periods based on Kruskal Wallis test is represented by * (see
Appendix C for the Kruskal Wallis tests results).

Conversely, although the Santo Tomé district also showed increasing levels of frag-
mentation over the 20 years period studied, the maximum fragmentation was registered
in 2006–2007 (EMS 655.97 km2) (Table 6). The increasing fragmentation within the district
could be explained by an increment in patch density between 1999–2000 and 2006–2007
(PD changed from 0.05 to 0.08, respectively) (Table 6), as well as by the higher contrast
between Santo Tomé’s grassland patches and their surroundings registered from 1999–2000
until 2014–2015 (Figure 6d). Contrary to what was observed in Ituzaingó, no significant
differences were observed in the PS, SHAPE nor ENN values of Santo Tomé’s grasslands
between periods (Figure 6a–c).

4. Discussion

The research presented in this study addresses the analysis of the spatio-temporal
changes manifesting in the landscape structure of one of the globally most well-preserved
temperate grassland areas, the Aguapey VGA, Argentina. The study is conducted between
1999 and 2020 in a location considered an internationally important temperate grassland
area, and a refuge for more than 10 globally endangered grassland species. The study
findings assert that, during this study period, structural changes within the Aguapey VGA
were principally driven by the expansion of exotic tree plantations (Eucaliptus spp. and
Pinus spp.). Overall, the analyses indicate that a vast expansion of the forestry activity
occurred, and that this expansion was at the expense of temperate grassland, which suffered
area loss and fragmentation. This loss was temporally consistent with the establishment
of the national afforestation policy enacted in the mid-1990s and the Aguapey region’s
suitability for the development of this forestry activity [11,12]. In this regard, between 1999
and 2020, a total of 350.98 km2 (≈22%) of the Aguapey VGA’s grassland were lost while tree
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plantation cover increased from 59.35 km2 to 476.05 km2 (almost 26% of the Aguapey VGA).
Despite this significant land cover change, in 2019–2020 temperate grasslands remained the
majority land cover of the Aguapey VGA, occupying almost 68% of the area. Its continuing
dominance highlights its ongoing significance as a refuge for this internationally important
grassland system that has characterized the RPG region for millennia prior to European
colonization [55].

A detailed analysis of different landscape metrics, together with the assessment of the
transition proportion between land covers, revealed a complex transition dynamic between
grassland and tree plantations that led to different fragmentation stages of temperate grass-
lands over the 20-year study period. Between 1999 and 2007, the loss of grassland cover,
together with an increased density of patches of lower size and higher shape complexity,
indicated the perforation process of the grassland [22]. This was driven mainly by the
conversion of grasslands into areas of bare soil and occupied by young tree stands that
are spectrally characterized very differently to established forest vegetation. From 2006 to
2015, the decreased grassland patches, which were located at a higher distance from each
other, and which showed higher structural contrast with the land cover that surrounded
them, revealed that the grassland cover was going through an attrition process [22,24,56],
evidencing that tree plantations were establishing themselves during this period, and
highlighting an increase in the intensity of the fragmentation process that had started in
1999. Contrary to the previous periods, from 2015 to 2020 a slight recovery noted by the
reduced level of grassland fragmentation was recorded and supported by the decrease in
patch density.

The previous analysis identified that the largest afforestation impacts in the region
occurred between 1999 and 2006; and more specifically comprised of the perforation of
the original grassland cover by emerging tree plantation stands (typically in their initial
growth phases with young tree species and grasses coexisting). The identification of the
early development of tree plantations between 1999 and 2007 places a spotlight on the
contemporary move to forest activity; and provides an evidence base to suggest that the
grassland loss and fragmentation was motivated by the national economic incentives for the
development of forestry activity from the late-1990s onwards. However, the new analysis
undertaken in this paper highlights that between 2007 and 2020 grassland cover remained
relatively unchanged. This is potentially noteworthy as even during this later period the
national afforestation policy remained in place; yet the apparent uptake by landowners
was reduced.

The differences in the afforestation dynamics in the temporal period (1999–2020),
highlighted in the current study, could indicate that other factors, in addition to the national
policy, were influencing the structural changes across the Aguapey VGA. In this regard,
it is pertinent to consider that the cattle ranching practice in the region is a tradition
deeply rooted in the local culture [32]. In 2006, local producers within the Campos region,
together with BirdLife International and various national NGO’s, started working on a
regional initiative, the “Southern Cone Grasslands Alliance” (www.birdlife.org/americas/
programmes; accessed on 8 August 2020). This initiative was created to enhance traditional
cattle ranching practices and preserve the temperate grassland whilst also sustaining this
environmentally sound economic activity [57]. In addition, in 2012, the Alliance launched
the project ‘Incentives for conservation of natural grasslands in the Southern Cone’ which
provided financial support for local producers; and most significantly the Aguapey VGA
was selected as one of the pilot sites for this project initiative. Therefore, the increasing
interaction between local NGO’s and producers (with a common interest in continuing
traditional rearing cattle practices), combined with the financial support for local farmers,
may have interrupted the trend of exotic tree plantation expansion within the Aguapey
VGA from 2007 onwards.

The analysis performed at district scale has revealed that the afforestation process
within the Aguapey VGA took place mainly in the Ituzaingó district, where the loss of
grassland amounted to more than 50% of the original cover; the evidence base shows that

www.birdlife.org/americas/programmes
www.birdlife.org/americas/programmes
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this loss in grassland was directly relative to an increase of approximately 700% of tree
plantations in 20 years. Conversely, the Santo Tomé grassland cover remained relatively
unchanged between the periods studied, and by 2019–2020 grassland was still the main
land cover occupying ~87% of the district area. Considering that both Ituzaingó and Santo
Tomé share the same environmental and cultural characteristics within the Aguapey VGA,
it is highly probable that the observed disparity between districts is influenced by different
factors at a local scale. For example, 65% of the Ituzaingó district is covered by the Iberá
Natural Reserve (next to the west of the Aguapey VGA), where the development of the
forestry industry is highly restricted by law (Argentina’s National Law 27.481). Therefore,
a high concentration of tree plantations is expected in the remaining 35% of the district.
Additionally, according to the First Forest Inventory of the Corrientes province [33], most
tree plantations within Santo Tomé were distributed outside the Aguapey VGA towards
the eastern region of the district with better edaphic conditions for the development of
forestry activity. These findings, together with the different Aguapey VGA afforestation
dynamics observed between periods, highlight that the afforestation process across this
region was determined by a complex interplay of environmental, social, political, and
economic factors, providing further evidence to support previous studies which suggest
that landscape change is not a random process; rather, disproportionate changes occur in
certain areas or periods given the influence of a wide array of factors [16,23,24,47].

The analysis presented in this study has clearly demonstrated that the afforestation
process which occurred in the Aguapey VGA between 1999 and 2020 induced the significant
loss of an important temperate grassland area (mainly within the northern region). Previous
studies in the Campos region reported major costs to species diversity and ecosystem
services due to the replacement of grassland ecosystems by tree plantations. For example,
Phifer et al., (2016) [55] reported that Eucalyptus plantations reduced the richness and
abundance of grassland-dependent bird species (such as S. ruficollis and R. americana) and
their associated ecosystem services such as pest control, seed dispersal, and pollination.
In addition, [29,58] registered that afforested temperate grasslands within the RPG led to
localized water balance shifts which, in turn, triggered intense water and soil salinization
processes, decreasing water and soil quality.

Furthermore, the substantial loss of temperate grassland systems has led to the iso-
lation and segregation of many of the remnant grassland patches. The effects of habitat
isolation on species’ population viability have been extensively studied (see [19]); however,
it has also been recognized that the fragmentation impacts are species-specific [59,60]. In
this regard, [13] stated that six globally threatened bird species, distributed within the
Aguapey basin, were highly impacted by the presence of tree plantations, which not only
affected their breeding habitats but also impeded their ability to disperse between habitat
patches. The impacts of temperate grassland fragmentation have also been reported in
regard to the endangered Pampas deer [31]; however, a recent study suggested that Pampas
deer could be positively selecting grassland patches within young tree plantations as refuge
against predators [61]. The ecological effects are therefore complex and warrant further
study. On this basis we propose that further species-specific analysis should be developed
in this region to better understand the species-specific effects of afforestation practices.

In recent years, several international initiatives, such as the Bonn Challenge and
the New York Declaration on Forests, have established ambitious targets for forest cover
in-creases, which are seen as necessary to limit global warming by 2050 [62]. In order
to achieve this ambitious goal the United Nations Framework Convention on Climate
Change (UNFCCC) Clean Development Mechanism (CDM) promotes grassland ecosystems’
afforestation as one of many global mitigation strategies [63], given the potential of forest
industries to operate as a net sink for carbon [64,65]; furthermore, it was stated that
afforestation projects have the most potential in developing countries due to the higher
growth rates of forest and the land availability [66]. In this regard, Argentina has launched
a new initiative to increase by 50% the tree plantation cover in the next nine years [27],
overlooking the possible negative impacts that that the replacement of historic natural
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temperate grasslands with exotic tree monocultures induces on species diversity and the
ecosystem services previously mentioned.

Although grassland afforestation can increase carbon uptake by considerably increas-
ing the aboveground biomass accumulation [15,67,68], this increment does not necessarily
imply net long-term carbon sequestration [69]. For example, it has been observed that
afforestation can produce a net loss of soil organic carbon as a consequence of different C
allocation patterns between grasses and trees [70–72]; while other studies registered that
a higher proportion of tree plantations’ NPP can be lost by fire or appropriated through
harvesting [73,74].

Natural grasslands soils represent very large carbon sinks at global scale [1,2]; there-
fore, where grassland ecosystems are preserved and sustainably managed, their largely
belowground soil organic carbon stocks are secure from disturbances such as fire, defor-
estation, and disease [1,74,75]. Furthermore, a recent study reported that restoration of
degraded grassland areas with high diversity of dominant grass species promoted high
rates of soil carbon accumulation, increasing the ability of these areas to contribute to C
sequestration [76]. Given that soils’ natural grassland ecosystems could also play a key
role in the carbon cycle, future studies should also be conducted which seek to assess the
impact of temperate grassland loss and fragmentation on its role in carbon sequestration
and to more critically examine the benefits of mixed land use to mitigate carbon emissions.

5. Conclusions

This study provides an insight into the impacts of the afforestation process between
1999 and 2020 in the Aguapey VGA. During the first 15 years, structural changes took place
mainly within the northern region of the Aguapey VGA (Ituzaingó district) where grass-
lands were reduced to almost 50% of their original cover as a consequence of the expansion
of tree plantations. This afforestation induced temperate grassland fragmentation, which
initially included the perforation and subsequent attrition of grasslands. The structural
changes within the Aguapey VGA were mainly a consequence of the national afforestation
policy launched in the mid 1990s, which provided financial support for the development of
the forestry industry; however, the traditional cattle ranching practices deeply rooted in the
Aguapey region’s culture may have partially inhibited the expansion of tree plantations
within the area.

Although the ecological processes impacted by grassland afforestation are not directly
studied, the clear evidence of grassland fragmentation within the Aguapey VGA described
in this paper provides critical information to suggest that severe changes will have occurred
in this ecosystem. These changes should be considered as early warning signs to develop
conservation actions and protect this undervalued land cover.

Currently, slightly above three quarters of the remaining, most-well preserved, tem-
perate grasslands of the Aguapey VGA are distributed towards the southern region within
the Santo Tomé district (from 1083.83 km2 of grassland cover recorded in 2020, 820.13 km2

are distributed across Santo Tomé district; Tables 3 and 5). Since potentially irreparable
changes have been shown to occur through afforestation of previous grassland areas over
the space of a small number of years, and considering that it is highly probable that over the
next years tree plantations will expand towards the southern region of the Aguapey VGA,
urgent conservation land-use planning policies need to be developed to emphasise both
the importance of the soil organic carbon stored in this region and its role as a habitat of
globally endangered species. This is particularly prescient given the region’s lack of formal
protection and the new national policies promoting afforestation activity. These planning
policies should promote the placement of forestry systems in areas that minimise their
impact on existent temperate grassland ecosystems, their biodiversity, and the ecosystem
services that they provide.
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Appendix A

Image Pre-Processing

Landsat Thematic Mapper (TM) and Landsat Operational Land Imager (OLI) Collec-
tion 1 Level 2 images were obtained from the public domain service of Earth Explorer USGS
(https://earthexplorer.usgs.gov, accessed on 17 March 2020). The Landsat images selected
(Path/Row 225/079) covered four annual periods: 1999–2000, 2006–2007, 2014–2015, and
2019–2020 (Table A1). All the selected scenes were cloud-free to minimize possible effects
of the atmosphere on the image classification process [77].

No radiometric calibrations nor atmospheric corrections were applied given that the
images were already pre-processed to bottom of the atmosphere (BOA) reflectance values
(USGS, 2020). However, prior to analysis, all images were projected to the Universal
Transverse Mercator System (UTM) zone 21S coordinate system, and subsequently, they
were co-registered to sub-pixel accuracy to avoid geometric incongruity between images
that may produce spurious classification results [78]. The image from June 1999 was taken
as a reference; the remaining images were co-registered to the reference image using at
least 30 ground control points spread throughout the scene. A second-order polynomial fit
and the nearest neighbor method were applied in the rectification processes. In all cases,
the root mean square error (RMSE) was less than 0.5 pixels. Images were pre-processed
using ENVI software.

Table A1. Landsat images used for analysis.

Annual Period Satellite Imagery Sensor Acquisition Dates (Month/Year)

1999–2000 Landsat 5 TM 06/1999; 08/1999; 11/1999; 12/1999; 12/1999; 01/2000; 02/2000; 03/2000
2006–2007 Landsat 5 TM 07/2006; 08/2006; 09/2006; 11/2006; 12/2006; 01/2007; 04/2007
2014–2015 Landsat 8 OLI 06/2014; 08/2014; 10/2014; 11/2014; 12/2014; 03/2014; 04/2015; 05/2015
2019–2020 Landsat 8 OLI 06/2019; 08/2019; 11/2019; 02/2020; 03/2020; 04/2020; 05/2020.

Appendix B

Landcovers’ phenological signaturesUnsupervised classifications were performed
to four NDVI temporal series (1999–2000; 2006–2007; 2014–2015; 2019–2020) following
a phenological approach. Therefore, in order to identify the land covers classified in
each period, phenological signatures were built for each one of the outcoming classes
(Figure A1). Temperate grasslands showed a unimodal NDVI response, registering the
lowest values in winter (from July to September), a steady increase until the peak in the

https://earthexplorer.usgs.gov
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summer months (from January to March) and afterwards a slow NDVI decrease [37];
whereas tree plantations registered NDVI values above 0.7 throughout the year [13]. Other
covers grouped all those covers that did not show a clear phenological pattern to be
identified as either grasslands or tree plantations.
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Figure A1. Example of phenological signatures of the outcoming classes obtained from ISODATA
unsupervised classification for the Aguapey VGA in (a) 1999–2000, (b) 2006–2007, (c) 2014–2015 and
(d) 2019–2020. Yellow lines represent grassland covers, red lines represent tree plantation covers
(red lines), and grey lines represent other covers. Spectral signatures were randomly obtained from
several regions of interest across the study area.

Appendix C

Patch Level Landscape Metrics Analysis

Table A2. Shapiro-Wilks’s goodness-of-fit tests for the landscape metrics at patch level.

Variable n Mean St.Dv. W p

Area 925 5.14 71.74 0.05 <0.0001
SHAPE 925 1.37 0.82 0.37 <0.0001

ENN 925 195.46 195.46 0.66 <0.0001
ECON 925 48.33 40.5 0.83 <0.0001

Table A3. Area’s Kruskal Wallis tests between time periods.

Annual Period N Mean St. Dv. H 1 p Ranks

1999–2000 84 17.07 156.13 35.68 <0.0001 408.95 A 1

2006–2007 418 2.68 48.21 469.27 B 1

2014–2015 225 4.99 60.13 493.2 B 1

2019–2020 198 5.47 69.02 543.94 B 1

1 Means with a common letter are not significantly different (p > 0.05).
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Table A4. Shape Index’s Kruskal Wallis tests between time periods.

Annual Period N Mean St. Dv. H p Ranks

1999–2000 84 1.31 1.17 20.25 0.0001 377.33 A 1

2006–2007 418 1.37 1.20 446.08 B 1

2014–2015 225 1.39 1.20 474.97 B 1 C 1

2019–2020 198 1.45 1.26 521.46 C 1

1 Means with a common letter are not significantly different (p > 0.05).

Table A5. Euclidean Distance’s Kruskal Wallis tests between time periods.

Annual Period N Mean St. Dv. H p Ranks

1999–2000 84 147.95 95.5 24.92 <0.0001 414.54 A 1

2006–2007 418 161.68 133.99 425.99 A 1

2014–2015 225 235.28 223.83 524.05 B 1

2019–2020 198 231.92 271.79 490.31 B 1

1 Means with a common letter are not significantly different (p > 0.05).

Table A6. Edge Contrast Index’s Kruskal Wallis tests between time periods.

Annual Period N Mean St. Dv. H p Ranks

1999–2000 84 22.31 36.55 305.28 <0.0001 A 1

2006–2007 418 27.03 33.09 A 1

2014–2015 225 73.14 30.48 B 1

2019–2020 198 76.15 32.00 B 1

1 Means with a common letter are not significantly different (p > 0.05).

Table A7. Area’s Kruskal Wallis tests between time periods for the Ituzaingó district.

Annual Period N Mean St. Dv. H p Ranks

1999–2000 42 13.09 84.7 37.98 <0.0001 304.44 A 1

2006–2007 343 0.95 12.61 369.68 B 1

2014–2015 186 1.57 11.32 391.43 C 1

2019–2020 156 1.68 11.92 435.98 B 1 C 1

1 Means with a common letter are not significantly different (p > 0.05).

Table A8. Shape Index’s Kruskal Wallis tests between time periods for the Ituzaingó district.

Annual Period N Mean St. Dv. H p Ranks

1999–2000 42 1.35 1.37 17.31 0.0005 277.57 A 1

2006–2007 343 1.38 0.76 346.04 B 1

2014–2015 186 1.4 0.71 364.08 B 1

2019–2020 156 1.47 0.88 410.61 C 1

1 Means with a common letter are not significantly different (p > 0.05).

Table A9. Euclidean Distance’s Kruskal Wallis tests between time periods for the Ituzaingó district.

Annual Period N Mean St. Dv. H p Ranks

1999–2000 42 137.96 98.14 23.24 <0.0001 294.54 A 1

2006–2007 343 159.22 125.69 329.03 A 1

2014–2015 186 224.19 208.43 394.13 B 1

2019–2020 156 245.62 287.98 410.11 B 1

1 Means with a common letter are not significantly different (p > 0.05).
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Table A10. Edge Contrast Index’s Kruskal Wallis tests between time periods for the Ituzaingó district.

Annual Period N Mean St. Dv. H p Ranks

1999–2000 42 29.37 39.99 264.26 <0.0001 234.77 A 1

2006–2007 343 25.64 31.43 255.02 A 1

2014–2015 186 73.73 29.23 479.85 B 1

2019–2020 156 77.63 29.84 500.09 B 1

1 Means with a common letter are not significantly different (p > 0.05).

Table A11. Area’s Kruskal Wallis tests between time periods for the Santo Tomé district.

Annual Period N Mean St. Dv. H p

1999–2000 44 19.98 132.08 2.23 0.5233
2006–2007 75 12.69 81.11
2014–2015 39 21.27 149.78
2019–2020 46 17.83 117.62

Table A12. Shape Index’s Kruskal Wallis tests between time periods for the Santo Tomé district.

Annual Period N Mean St. Dv. H p

1999–2000 44 1.36 1.04 4.35 0.2136
2006–2007 75 1.36 1.04
2014–2015 39 1.32 0.91
2019–2020 46 1.37 1.01

Table A13. Euclidean Distance’s Kruskal Wallis tests between time periods for the Santo Tomé
district.

Annual Period N Mean St. Dv. H p

1999–2000 44 154.58 92.16 4.98 0.1693
2006–2007 75 164.82 157.82
2014–2015 39 194.65 144.21
2019-2020 46 179.19 193.29

Table A14. Edge Contrast Index’s Kruskal Wallis tests between time periods for the Santo Tomé
district.

Annual Period N Mean St. Dv. H p Ranks

1999–2000 44 15.07 31.1 47.65 <0.0001 67.28 a 1

2006–2007 75 33.72 37.4 96.33 b 1

2014–2015 39 68.67 35.94 143.48 c 1

2019–2020 46 68.09 38.43 143.98 c 1

1 Means with a common letter are not significantly different (p > 0.05).

Appendix D

Accuracy Assessment Analysis for Each Annual Period Based on Contingency Matrices

Table A15. Error matrix for the unsupervised classification for the period 1999–2000 based on
200 random points distributed across the Aguapey VGA. The diagonal contains correctly classified
pixels.

Ground Truth Data

Classified Data Grasslands Tree Plantations Other Covers Total User Accuracy (%)

Grasslands 157 0 12 169 92.9
Tree plantations 0 4 0 3 100

Other covers 4 1 22 27 81.48
Total 161 5 34 200

Producer accuracy (%) 97.51 80 64.71

Overall accuracy 0.92
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Table A16. Error matrix for the unsupervised classification for the period 2006–2007 based on
200 random points distributed across the Aguapey VGA. The diagonal contains correctly classified
pixels.

Ground Truth Data

Classified Data Grasslands Tree Plantations Other Covers Total User Accuracy (%)

Grasslands 129 0 10 139 92.81
Tree plantations 0 10 0 10 100

Other covers 6 2 43 51 84.13
Total 135 12 53 200

Producer accuracy (%) 95.56 83.33 81.13

Overall accuracy 0.91

Table A17. Error matrix for the unsupervised classification for the period 2014–2015 based on
1000 random points distributed across the Aguapey VGA. The diagonal contains correctly classified
pixels.

Ground Truth Data

Classified Data Grasslands Tree Plantations Other Covers Total User Accuracy (%)

Grasslands 655 3 37 695 94.24
Tree plantations 39 223 8 270 82.59

Other covers 27 0 8 35 22.86
Total 721 226 53 1000

Producer accuracy (%) 90.85 98.67 15.09

Overall accuracy 0.89

Table A18. Error matrix for the unsupervised classification for the period 2019–2020 based on
200 random points distributed across the Aguapey VGA. The diagonal contains correctly classified
pixels.

Ground Truth Data

Classified Data Grasslands Tree Plantations Other Covers Total User Accuracy (%)

Grasslands 126 2 16 144 87.5
Tree plantations 0 51 1 52 98.08

Other covers 2 0 2 4 50
Total 128 53 19 200

Producer accuracy (%) 96.22 98.43 10.53

Overall accuracy 0.9

References
1. White, R.P.; Murray, S.; Rohweder, M. Pilot Analysis of Global Ecosystems: Grassland Ecosystems; World Resources Institute:

Washington, DC, USA, 2000.
2. Henwood, W.D. Toward a Strategy for the Conservation and Protection of the World’s Temperate Grasslands. Gt. Plains Res. 2010,

20, 121–134.
3. Bilenca, D.; Miñarro, F. Identificación de Áreas Valiosas de Pastizal en Las Pampas y Campos de Argentina, Uruguay y Sur de Brasil;

Fundación Vida Silvestre Argentina: Buenos Aires, Argentina, 2004.
4. Hoekstra, J.M.; Boucher, T.M.; Ricketts, T.H.; Roberts, C. Confronting a biome crisis: Global disparities of habitat loss and

protection. Ecol. Lett. 2005, 8, 23–29. [CrossRef]
5. Chape, S.; Blyth, S.; Fish, L.; Fox, P.; Spalding, M. 2003 United Nations List of Protected Areas; IUCN: Gland, Switzerland; Cambridge,

UK; UNEP-WCMC: Cambridge, UK, 2003.
6. Paruelo, J.M.; Jobbagy, E.; Oesterherld, M.; Golluscio, R.A.; Aguiar, M.R. The Grasslands and Steppes of Patagonia and the Rio de

la Plata Plains. In Physical Geography of South America, 1st ed.; Veblen, T., Young, K., Orme, A., Eds.; Oxford University Press:
Oxford, UK, 2007; pp. 232–248.

http://doi.org/10.1111/j.1461-0248.2004.00686.x


Remote Sens. 2022, 14, 74 22 of 24

7. Miñarro, F.; Bilenca, D. The Conservation Status of Temperate Grasslands in Central Argentina; Fundación Vida Silvestre Argentina:
Buenos Aires, Argentina, 2008.

8. Vega, E.; Baldi, G.; Jobbagy, E.G.; Paruelo, J. Land use change patterns in the Rio de la Plata grasslands: The influence of
phytogeographic and political boundaries. Agric. Ecosyst. Environ. 2009, 134, 287–292. [CrossRef]

9. Baeza, S.; Paruelo, J.M. Land Use/Land Cover Change (2000–2014) in the Rio de la Plata Grasslands: An Analysis Based on
MODIS NDVI Time Series. Remote Sens. 2020, 12, 381. [CrossRef]

10. Krapovickas, S.; Di Giacomo, A.S. Conservation of pampas and campos grasslands in Argentina. In PARKS, Protected Areas
Programme, Grasslands Protected Areas; Henwood, W., Ed.; IUCN: Gland, Switzerland, 1998; pp. 47–53.

11. Di Giacomo, A.S.; Krapovickas, S. Afforestation threatens Argentina’s grasslands. World Birdwatch 2001, 23, 24–25.
12. Zuleta, G.A.; Gauto, O.; Varela, D.; De Angelo, C.; Guida Johnson, B.; Lorán, D.; Escartín, C.; Villalba, N.; Cirignoli, S.; Olmedo,

M.; et al. Evaluaciones Ambientales Estratégicas y Programa de Monitoreo de la Biodiversidad en las Regiones de Mesopotamia y Delta
del Paraná: Informe Final; Consorcio Universidad de Maimónides-Universidad Nacional de Misiones—CONICET: Buenos Aires,
Argentina, 2015.

13. Di Giacomo, A.S.; Vickery, P.D.; Casañas, H.; Spitznagel, O.A.; Ostrosky, C.; Krapovickas, S.; Bosso, A.J. Landscape associations of
globally threatened grassland birds in the Aguapey river Important Bird Area, Corrientes, Argentina. Bird Conserv. Int. 2010, 20,
62–73. [CrossRef]

14. Berthrong, S.T.; Pineiro, G.; Jobbagy, E.G.; Jackson, R.B. Soil C and N changes with afforestation of grasslands across gradients of
precipitation and plantation age. Ecol. Appl. 2012, 22, 76–86. [CrossRef] [PubMed]

15. Vasallo, M.M.; Dieguez, H.D.; Garbulsky, M.F.; Jobbagy, E.G.; Paruelo, J.M. Grassland afforestation impact on primary productiv-
ity: A remote sensing approach. Appl. Veg. Sci. 2013, 16, 390–403. [CrossRef]

16. Baldi, G.; Paruelo, J.M. Land-Use and Land-Cover Dynamics in South America Temperate Grasslands. Ecol. Soc. 2008, 13, 6.
[CrossRef]

17. Wilson, M.C.; Chen, X.-Y.; Corlett, R.T.; Didham, R.K.; Ding, P.; Holt, R.D.; Holyoak, M.; Hu, G.; Hughes, A.C.; Jiang, L.; et al.
Habitat fragmentation and biodiversity conservation: Key findings and future challenges. Landsc. Ecol. 2016, 31, 219–227.
[CrossRef]

18. Ries, L.; Fletcher, R.J., Jr.; Battin, J.; Sisk, T.D. Ecological responses to habitat edges: Mechanisms, models, and variability explained.
Annu. Rev. Ecol. Evol. Syst. 2004, 35, 491–522. [CrossRef]

19. Haddad, N.M.; Brudvig, L.A.; Clobert, J.; Davies, K.F.; Gonzalez, A.; Holt, R.D.; Lovejoy, T.E.; Sexton, J.O.; Austin, M.P.; Collins,
C.D.; et al. Habitat fragmentation and its lasting impact on Earth’s ecosystems. Sci. Adv. 2015, 1, e1500052. [CrossRef]

20. Ewers, R.M.; Didham, R.K. Confounding factors in the detection of species responses to habitat fragmentation. Biol. Rev. 2006, 81,
117–142. [CrossRef] [PubMed]

21. With, K.A. Essentials of Landscape Ecology; Oxford University Press: Oxford, UK, 2009.
22. Jaeger, J.A. Landscape division, splitting index, and effective mesh size: New measures of landscape fragmentation. Landsc. Ecol.

2000, 15, 115–130. [CrossRef]
23. Bennet, A.F.; Saunders, D. Habitat Fragmentation and Landscape Change. In Conservation Biology for All; Sodhi, N., Ehrlich, P.,

Eds.; Oxford University Press: Oxford, UK, 2010; pp. 88–106. [CrossRef]
24. Baldi, G.; Guerschman, J.P.; Paruelo, J.M. Characterizing fragmentation in temperate South America grasslands. Agric. Ecosyst.

Environ. 2006, 116, 197–208. [CrossRef]
25. Yezzi, A.L.; Nebbia, A.J.; Zalba, M. Interaction between fire and fragmentation in the successional stages of coastal dune grasslands

of the southern Pampas, Argentina. Sci. Rep. 2019, 9, 15109. [CrossRef]
26. Souza, A.F.; Ramos, N.R.; Pizo, M.A.; Hubel, I.; Crossetti, L.O. Afforestation effects on vegetation structure and diversity of

grasslands in southern Brazil: The first years. J. Nat. Conserv. 2013, 21, 56–62. [CrossRef]
27. SAyDS-MAGyP-MECCT (Secretaría de Ambiente y Desarrollo Sustentable-Ministerio de Agricultura, Ganadería y Pesca-

Ministerio de Educación, Cultura, Ciencia y Tecnología). Plan Estratégico Forestal y Foresto Industrial Argentina 2030: Resumen
Ejecutivo; SAyDS-MAGyP-MECCT: Buenos Aires, Argentina, 2019.

28. Perez, J.J.; Barbanti, J.M.; Delgado, A.; Fernandez, J.; Heinonen, S.; Navarro, M.; Solis, G.; Srur, M. Actualización del Estado de
Conservación del Venado de Las Pampas (Ozotocerus bezoarticus) en Corrientes (2007–2009): Avances y Desafíos; The Conservation Land
Trust, Fundación Flora y Fauna Argentina: Buenos Aires, Argentina, 2009.

29. Nosetto, M.D.; Jobbagy, E.G.; Paruelo, J.M. Land-use change and water losses, the case of grassland afforestation across a soil
textural gradient in central Argentina. Glob. Chang. Biol. 2005, 11, 1101–1117. [CrossRef]

30. BirdLife International. Important Bird Areas Factsheet: Cuenca del Río Aguapey. 2020. Available online: http://www.birdlife.org
(accessed on 3 September 2020).

31. Merino, M.L.; Cirignoli, S.; Perez Carusi, L.; Varela, D.; Kin, M.S.; Pautasso, A.; Demaría, M.; Beade, M.S.; Uhart, M. Ozotoceros
bezoarticus. In Categorización 2019 de Los Mamíferos de Argentina Según su Riesgo de Extinción: Lista Roja de los Mamíferos de Argentina;
SAyDS, SAREM, Eds.; MAyDS: Buenos Aires, Argentina, 2019.

32. Bethan, J. Gauchos of the Grasslands: Safeguarding Nature and Culture. Available online: https://www.birdlife.org/sites/
default/files/dec_2015_grasslands_article_pp20-23.pdf/ (accessed on 7 September 2020).

33. Elizondo, M.H. Primer Inventario Forestal de la Provincia de Corrientes: Metodología, Trabajo de Campo y Resultados; Consejo Federal de
Inversiones: Corrientes, Argentina, 2009.

http://doi.org/10.1016/j.agee.2009.07.011
http://doi.org/10.3390/rs12030381
http://doi.org/10.1017/S0959270909990177
http://doi.org/10.1890/10-2210.1
http://www.ncbi.nlm.nih.gov/pubmed/22471076
http://doi.org/10.1111/avsc.12016
http://doi.org/10.5751/ES-02481-130206
http://doi.org/10.1007/s10980-015-0312-3
http://doi.org/10.1146/annurev.ecolsys.35.112202.130148
http://doi.org/10.1126/sciadv.1500052
http://doi.org/10.1017/S1464793105006949
http://www.ncbi.nlm.nih.gov/pubmed/16318651
http://doi.org/10.1023/A:1008129329289
http://doi.org/10.1093/acprof:oso/9780199554232.003.0006
http://doi.org/10.1016/j.agee.2006.02.009
http://doi.org/10.1038/s41598-019-51595-x
http://doi.org/10.1016/j.jnc.2012.10.002
http://doi.org/10.1111/j.1365-2486.2005.00975.x
http://www.birdlife.org
https://www.birdlife.org/sites/default/files/dec_2015_grasslands_article_pp20-23.pdf/
https://www.birdlife.org/sites/default/files/dec_2015_grasslands_article_pp20-23.pdf/


Remote Sens. 2022, 14, 74 23 of 24

34. Erener, A.; Düzgün, S.; Yalciner, A.C. Evaluating land use/cover change with temporal satellite data and information systems.
Proc. Technol. 2012, 1, 385–389. [CrossRef]

35. Kuemmerle, T.; Erb, K.; Meyfroidt, P.; Müller, D.; Verburg, P.H.; Estel, S.; Haberl, H.; Hostert, P.; Jepsen, M.R.; Kastner, T.; et al.
Challenges and opportunities in mapping land use intensity globally. Curr. Opin. Environ. Sustain. 2013, 5, 484–493. [CrossRef]
[PubMed]

36. Li, M.; Zang, S.; Zhang, B.; Li, S.; Wu, C. A review of remote sensing image classification techniques: The role of spatio-contextual
information. Eur. J. Remote Sens. 2014, 47, 389–411. [CrossRef]

37. Wulder, M.A.; White, J.C.; Loveland, T.R.; Woodcock, C.E.; Belward, A.S.; Cohen, W.B.; Fosnight, E.A.; Shaw, J.; Masek, J.G.; Roy,
D.P. The global Landsat archive: Status, consolidation, and direction. Remote Sens. Environ. 2016, 185, 271–283. [CrossRef]

38. Pizzio, R.; Bendersky, D.; Barbera, P. Caracterización de los pastizales correntinos. In Proceedings of the VII Congreso Nacional
de Manejo de Pastizales Naturales—X Encuentro de Ganaderos del Pastizal del Cono Sur, Virasoro, Corrientes, Argentina, 5
November 2016; Bendersky, D., Ed.; Revista de Divulgación Técnica Agropecuaria, Agroindustrial y Ambiental Facultad de
Ciencias Agrarias, UNLZ: Buenos Aires, Argentina, 2016.

39. Paruelo, J.M.; Oesterheld, M.; Di Bella, C.; Arzadum, M.; Lafontaine, J.; Cauepé, M.; Rebella, C. Estimation of primary production
of subhumid rangelands from remote sensing data. Appl. Veg. Sci. 2000, 3, 189–195. [CrossRef]

40. Guerschman, J.P.; Paruelo, J.M.; Di Bella, C.; Giallorenzi, M.C.; Pacin, F. Land cover classification in the Argentine Pampas using
multi-temporal Landsat TM data. Int. J. Remote Sens. 2003, 24, 3381–3402. [CrossRef]

41. Huete, A.; Didan, K.; Miura, T.; Rodriguez, E.P.; Gao, X.; Ferreira, L.G. Overview of the radiometric and biophysical performance
of the MODIS vegetation indices. Remote Sens. Environ. 2002, 83, 195–213. [CrossRef]

42. Kawamura, K.; Akiyama, T.; Yokota, H.; Tsutsumi, M.; Yasuda, T.; Watanabe, O.; Wang, S. Comparing MODIS vegetation indices
with AVHRR NDVI for monitoring the forage quantity and quality in Inner Mongolia grassland, China. Jpn. Soc. Grassl. Sci. 2005,
51, 33–40. [CrossRef]

43. Guevara-Ochoa, C.; Lara, B.; Vives, L.; Zimmermann, E.; Gandini, M. A methodology for the characterization of land use using
medium-resolution spatial images. Rev. Chapingo Ser. Cienc. For. Ambiente 2018, 24, 207–218. [CrossRef]

44. Volante, J.; Mosciaro, J.; Morales Poclava, M.; Vale, L.; Castrillo, S.; Sawchik, J.; Tiscornia, G.; Fuente, M.; Maldonado, I.; Vega, A.;
et al. Expansión agrícola en Argentina, Bolivia, Paraguay, Uruguay y Chile entre 2000–2010. Caracterización espacial mediante
series temporales de índices de vegetación. Rev. Investig. Agropecu. 2015, 41, 179–191.

45. Congalton, R.G. A review of assessing the accuracy of classifications of remotely sensed data. Remote Sens. Environ. 1991, 37,
35–46. [CrossRef]

46. Austrich, A.; Mapelli, F.J.; Mora, M.S.; Kittlein, M.J. Landscape Change and Associated Increase in Habitat Fragmentation During
the Last 30 Years in Coastal Sand Dunes of Buenos Aires Province, Argentina. Estuaries Coast 2021, 44, 643–656. [CrossRef]

47. Herrera, L.P.; Laterra, P.; Maceira, N.; Zelaya, K.D.; Martínez, G. Fragmentation Status of Tall-Tussock Grassland Relicts in the
Flooding Pampa, Argentina. Rangel. Ecol. Manag. 2009, 62, 73–82. [CrossRef]

48. Lamine, S.; Petropoulos, G.P.; Singh, S.K.; Szabó, S.; Bachari, N.; Srivastava, P.K.; Suman, S. Quantifying land use/land cover
spatio-temporal landscape pattern dynamics from Hyperion using SVMs classifier and FRAGSTATS®. Geocarto Int. 2018, 33,
862–878. [CrossRef]

49. Turner, M.G.; Gardner, R.H. Landscape Ecology in Theory and Practice: Pattern and Process, 2nd ed.; Springer: New York, NY, USA,
2015.

50. Wang, X.; Blanchet, F.G.; Koper, N. Measuring habitat fragmentation: An evaluation of landscape pattern metrics. Methods Ecol.
Evol. 2014, 5, 634–646. [CrossRef]

51. McGarigal, K.; Cushman, S.A.; Ene, E. FRAGSTATS v4: Spatial Pattern Analysis Program for Categorical and Continuous Maps.
Computer Software Program Produced by the Authors at the University of Massachusetts, Amherst. 2012. Available online:
http://www.umass.edu/landeco/research/fragstats/fragstats.html (accessed on 5 May 2020).

52. Mcgarigal. KFRAGSTATS Help. 2015. Available online: http://www.umass.edu/landeco/research/fragstats/documents/
fragstats.help.4.2.pdf (accessed on 5 May 2020).

53. Girvetz, E.H.; Thorne, J.H.; Berry, A.M.; Jaeger, J.A. Integration of landscape fragmentation analysis into regional planning: A
state-wide multi-scale case study from California, USA. Landsc. Urban Plan. 2008, 86, 205–218. [CrossRef]

54. Burnside, N.G.; Smith, R.F.; Waite, S. Recent historical land use change on the South Downs, United Kingdom. Environ. Conserv.
2003, 30, 52–60. [CrossRef]

55. Phifer, C.; Knowlton, J.; Webster, C.; Flaspohler, D.; Licata, J. Bird community responses to afforested eucalyptus plantations in
the Argentine pampas. Biodivers. Conserv. 2017, 26, 3073–3101. [CrossRef]

56. Bogaert, J.; Ceulemans, R.; Salvador-Van Eysenrode, D. Decision Tree Algorithm for Detection of Spatial Processes in Landscape
Transformation. Environ. Manag. 2004, 33, 62–73. [CrossRef]

57. Good, K.; Haddock, R. Grassland Stewardship Conservation Programming on Natural Grasslands Used for Livestock Production:
Grasslands Stewardship Certification Schemes; Miistakis Institute: Calgary, AB, Canada, 2012.

58. Jobbagy, E.G.; Nosetto, M.D.; Santoni, C.S.; Baldi, G. El desafío ecohidrológico de las transiciones entre sistemas leñosos y
herbáceos en la llanura Chaco-Pampeana. Ecol. Aus. 2008, 18, 305–322.

59. Jules, E.S.; Shahani, P. A broader ecological context to habitat fragmentation: Why matrix habitat is more important than we
thought. J. Veg. Sci. 2003, 14, 459–464. [CrossRef]

http://doi.org/10.1016/j.protcy.2012.02.079
http://doi.org/10.1016/j.cosust.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24143157
http://doi.org/10.5721/EuJRS20144723
http://doi.org/10.1016/j.rse.2015.11.032
http://doi.org/10.2307/1478997
http://doi.org/10.1080/0143116021000021288
http://doi.org/10.1016/S0034-4257(02)00096-2
http://doi.org/10.1111/j.1744-697X.2005.00006.x
http://doi.org/10.5154/r.rchscfa.2017.10.061
http://doi.org/10.1016/0034-4257(91)90048-B
http://doi.org/10.1007/s12237-020-00798-x
http://doi.org/10.2111/08-015
http://doi.org/10.1080/10106049.2017.1307460
http://doi.org/10.1111/2041-210X.12198
http://www.umass.edu/landeco/research/fragstats/fragstats.html
http://www.umass.edu/landeco/research/fragstats/documents/fragstats.help.4.2.pdf
http://www.umass.edu/landeco/research/fragstats/documents/fragstats.help.4.2.pdf
http://doi.org/10.1016/j.landurbplan.2008.02.007
http://doi.org/10.1017/S0376892903000043
http://doi.org/10.1007/s10531-016-1126-6
http://doi.org/10.1007/s00267-003-0027-0
http://doi.org/10.1111/j.1654-1103.2003.tb02172.x


Remote Sens. 2022, 14, 74 24 of 24

60. Antongiovanni, M.; Metzger, J.P. Influence of matrix habitats on the occurrence of Insectivorous bird species in Amazonian forest
fragments. Biol. Conserv. 2005, 122, 441–451. [CrossRef]

61. Zamboni, T.; Delgado, A.; Jiménez-Perez, I.; De Angelo, C. How many are there? Multiple-covariate distance sampling for
monitoring pampas deer in Corrientes, Argentina. Wildl. Res. 2015, 42, 291–301. [CrossRef]

62. Bastin, J.F.; Finegold, Y.; Garcia, C.; Mollicone, D.; Rezende, M.; Routh, D.; Zohner, C.M.; Crowther, T.W. The global tree restoration
potential. Science 2019, 365, 76–79. [CrossRef] [PubMed]

63. United Nations Framework Convention on Climate Change (UNFCCC). CDM Methodology Booklet, 12th ed.; UNFCCC: Bonn,
Germany, 2020.

64. Pearce, D.; Putz, F.E.; Vanclay, J.K. Sustainable forestry in the tropics: Panacea or folly? For. Ecol. Manag. 2003, 172, 229–247.
[CrossRef]

65. Palm, M.; Ostwald, M.; Goran, B.; Ravindranath, N.H. Application of clean development mechanism to forest plantation projects
and rural development in India. Appl. Geogr. 2009, 29, 2–11. [CrossRef]

66. Schlamadinger, B.; Johns, T. Afforestation, reforestation and reduced deforestation to sequester carbon and reduce emissions. In
Forestry and Climate Change; Freer-Smith, P., Broadmeadow, M., Lynch, J., Eds.; CAB International: Wallingford, UK, 2007; pp.
73–79.

67. Wolf, S.; Eugster, W.; Potvin, C.; Turner, B.L.; Buchmann, N. Carbon sequestration potential of tropical pasture compared with
afforestation in Panama. Glob. Chang. Biol. 2011, 17, 2763–2780. [CrossRef]

68. Araujo, P.I.; Austin, A.T. Exotic pine forestation shifts carbon accumulation to litter detritus and wood along a broad preciptation
gradient in Patagonia, Argentina. For. Ecol. Manag. 2020, 460, 117902. [CrossRef]

69. Kirschbaum, M. Temporary carbon sequestration cannot prevent climate change. Mitig. Adapt. Strateg. Glob. Chang. 2006, 11,
1151–1164. [CrossRef]

70. Jackson, R.; Banner, J.; Jobbagy, E.; Pockman, W. Ecosystem carbon loss with woody plant invasion of grasslands. Nature 2002,
418, 623–626. [CrossRef] [PubMed]

71. Carrasco-Letelier, L.; Eguren, G.; Castiñeira, C.; Parra, O.; Panario, D. Preliminary study of prairies forested with Eucalyptus sp.
at the northwestern Uruguayan soils. Environ. Pollut. 2004, 127, 49–55. [CrossRef]

72. Guo, L.; Wang, M.; Gifford, R. The change of soil carbon stocks and fine root dynamics after land use change from a native
pasture to a pine plantation. Plant Soil 2007, 299, 251–263. [CrossRef]

73. Canadell, J.G.; Raupach, M.R. Managing forests for climate change mitigation. Science 2008, 320, 1456–1457. [CrossRef] [PubMed]
74. Veldman, J.W.; Overbeck, G.E.; Negreiros, D.; Mahy, G.; Le Stradic, S.; Fernandes, G.W.; Durigan, G.; Buisson, E.; Putz, F.E.; Bond,

W.J. Where Tree Planting and Forest Expansion are Bad for Biodiversity and Ecosystem Services. Bioscience 2015, 65, 1011–1018.
[CrossRef]

75. Wang, X.; Vandenbygaart, A.J.; Mcconkey, B.C. Land management history of Canadian grasslands and the impact on soil carbon
storage. Source Rangel. Ecol. Manag. 2014, 67, 333–343. [CrossRef]

76. Yang, Y.; Tilman, D.; Furey, D.; Lehman, C. Soil carbon sequestration accelerated by restoration of grassland biodiversity. Nat.
Commun. 2019, 10, 718. [CrossRef] [PubMed]

77. Campbell, J.B.; Wynne, R.H. Introduction to Remote Sensing, 5th ed.; Guilford Press: New York, NY, USA, 2011.
78. Jianya, G.; Haigang, S.; Guorui, M.; Qiming, Z. A review of multi-temporal remote sensing data change detection algorithms.

ISPRS Arch. 2008, 37, 757–762.

http://doi.org/10.1016/j.biocon.2004.09.005
http://doi.org/10.1071/WR14222
http://doi.org/10.1126/science.aax0848
http://www.ncbi.nlm.nih.gov/pubmed/31273120
http://doi.org/10.1016/S0378-1127(01)00798-8
http://doi.org/10.1016/j.apgeog.2008.05.002
http://doi.org/10.1111/j.1365-2486.2011.02460.x
http://doi.org/10.1016/j.foreco.2020.117902
http://doi.org/10.1007/s11027-006-9027-8
http://doi.org/10.1038/nature00910
http://www.ncbi.nlm.nih.gov/pubmed/12167857
http://doi.org/10.1016/S0269-7491(03)00258-6
http://doi.org/10.1007/s11104-007-9381-7
http://doi.org/10.1126/science.1155458
http://www.ncbi.nlm.nih.gov/pubmed/18556550
http://doi.org/10.1093/biosci/biv118
http://doi.org/10.2111/REM-D-14-00006.1
http://doi.org/10.1038/s41467-019-08636-w
http://www.ncbi.nlm.nih.gov/pubmed/30755614

	Introduction 
	Materials and Methods 
	Study Area 
	Satellite Data Collection and Pre-Processing 
	Land Cover Characterization 
	Landscape Structure and Dynamics 
	Land Covers’ Transition Probability Analysis 

	Results 
	Land Cover Characterisation 
	Landscape Structure and Dynamics 
	Grasslands Spatial Configuration 
	District Scale Analysis 

	Discussion 
	Conclusions 
	Appendix A
	Appendix B
	Appendix C
	Appendix D
	References

