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Abstract
Grasslands are one of the most human-modified biomes in the world due to the expansion of croplands and afforestation. In the scenario of productive intensification, it is necessary to generate alternatives to model land-cover changes and their environmental consequences. The objective of this study was to generate land-cover projections and quantify the future impact of these dynamics on the supply of ecosystem services in Uruguay. For that, land-cover maps, Markov-chains models, and an index of the supply of ecosystem services (ESSI) were utilized. Based on the land-cover maps, transitions probabilities between classes for two time periods (2000–2010 and 2010-2019) were calculated, and two Markovian-chain models were performed. With the projected land-cover maps, spatial models were used to relate the proportion of croplands and grasslands with the ESSI. The results indicate a continuous increase of croplands and afforestation for the next decade. Grasslands will remain the most abundant land-cover, reaching 46% in 2037. The highest probability of persistence was, in both periods, for grasslands, while the probability of persistence increased by 60 and 13% for croplands and afforestation, respectively. The ESSI shows a 5% of decrease between 2000-2037. These findings provide important empirical evidence for territorial planning and sustainable management.
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1. Introduction
Grasslands, savannas and shrublands are one of the most human-modified biomes in the world. They are widely distributed occupying around one-third of the planet´s land surface (White et al. 2000, Dixon et al. 2014, Bond, 2019). In addition to housing the most productive agricultural lands, this biome offers crucial Ecosystem Services (ES), including climate regulation via carbon sequestration, clean water provision, defence against biological invasions, protection against soil erosion and flooding, cultural heritage, tourism, among others (Sala and Paruelo, 1997, Zhao et al. 2020). However, the transformation of this biome into croplands, tree plantations, mining areas and urban expanses has made them among the most altered and threatened ecosystems on a global scale (Henwood, 1998, Ellis and Ramankutty, 2008, Parr et al. 2014, Carbutt et al. 2017). In fact, approximately 45.8 % of the grasslands, savannas and shrublands worldwide have been converted (Hoeckstra et al. 2005). In addition, these biomes have the lowest Conservation Risk Index value (calculated as the ratio of percent area converted to percent area protected), placing them in the "Endangered" and "critically endangered" biome categories (Hoekstra et al. 2005). 
Despite their significance, grasslands have received little international recognition (Veldman et al. 2015), especially when compared to other ecosystem like woodlands or wetlands (Stanturf et al. 2019, Brancalion and Holl, 2020). Moreover, grasslands have been largely disregarded in local conservation and research agendas (Parr et al. 2014, Overbeck et al. 2022) as well as in global policy discussions (especially those relating to ES supply, e.g. IPBES, Díaz et al. 2015). The lack of recognition and understanding of their ecological and socio-economic importance creates an even worse scenario for grasslands, which may result in greater conversion to other land-uses, leading to the loss of important ES.
Assessing the environmental consequences of the transforming natural ecosystem, such as grasslands, into anthropogenized ecosystems, such as croplands and afforestations, requires quantifying the level of ES supply (Paruelo and Sierra, 2022). Based on Boyd and Banzhaf (2007), Fisher et al. (2009) defined ES as “those aspects of the ecosystem that actively or passively, directly or indirectly, contribute to human well-being”. However, operationalizing this concept is challenging for several reasons. Perhaps, the methodological aspects involved in characterizing and quantifying the ES supply are the most relevant. To address this challenge, Paruelo et al. (2016) proposed the Ecosystem Services Provision Index (called ESSI by Staiano et al. 2021) as a comprehensive estimator of the supply of supporting and regulating ES, mainly those associated with water and carbon dynamics. The index is generated from ecosystem functional attributes and estimated using spectral data from satellite-based remote sensing, which can cover very broad spatial and temporal scales at a low cost and based on the same observation protocol (Paruelo, 2008). Staiano et al. (2021) recently summarized the application of the ESSI in the socio-ecosystem diagnosis, monitoring, and territorial planning stages for 8 existing study cases (3 of them in grasslands). The authors found that the ESSI was successfully applied and helped to better define interventions in management decisions. Baldassini et al. (2022) also used the ESSI to estimate the C stock of non-forested areas of Uruguay.
One of the greatest areas of natural grasslands in the world and the most significant in South America is the Río de la Plata Grasslands, which span across Argentina, Uruguay, and Brazil (Soriano, 1991, Paruelo et al. 2007, Oyarzabal et al. 2020). The natural vegetation has a remarkable floristic diversity (Andrade et al. 2018; Lezama et al. 2019) and has historically been utilized as a source of forage for extensive livestock activity. Meat production for both domestic consumption and export is a crucial economic activity for the countries that constitute this region (Modernel et al. 2016). However, the unprecedented replacement rates due to the expansion of croplands and tree plantations, puts this region among the most vulnerable globally (Paruelo et al. 2006, Baldi and Paruelo, 2008, Vega et al. 2009, Volante et al. 2015, Modernel et al. 2016, Baeza and Paruelo, 2020, Baeza et al. 2022). Land-cover changes in the Río de la Plata Grasslands region have had significant impacts on ES supply. Numerous studies have found negative effects on the carbon gains dynamic (Texeira et al. 2015, Vasallo et al. 2013), water regulation (Nosetto et al. 2005, Jobbágy et al. 2006, Silveira et al. 2016), landscape fragmentation (Baldi and Paruelo, 2008, Ríos et al. 2022), and soil organic carbon content (Caride et al. 2012, Céspedes-Payret et al. 2012, Baldassini et al. 2022). Also, more than 40% of the annual carbon gains appropriated by humans were the result of these changes (Baeza and Paruelo, 2018, Paruelo et al. 2019).
The Río de la Plata Grasslands region is currently under high pressure, therefore, during the next several years, the land-cover changes may continue to shift dramatically. The growing demand for grains, cellulose, and other primary products, combined with the lack of public policies, the international price of commodities and technological advances, that allow the expansion of alternatives used on more marginal areas, are some of the most important controls of land conversion (Paruelo et al. 2006, Redo et al. 2012, Gorosábel et al. 2020). In this sense, spatially explicit modelling of land-cover changes provides an important basis in terms of decision-making. However, there are few precedents in the region that have generated predictive models of land-cover change. Vega et al. (2009), based on Markovian models and working at a regional subunit resolution, found that croplands would maintain the increasing trends for the whole region while afforestation cover will experience the largest relative change, particularly in Uruguay and Argentina. Unfortunately, this projected trend has been observed over the time (Baeza and Paruelo, 2020, Baeza et al. 2022).
Among the countries that constitute the Río de la Plata Grasslands region, Uruguay maintains the largest relative grasslands coverage. Currently, grasslands represent approximately 55% of the Uruguayan land surface (Baeza and Paruelo, 2020, Baeza et al. 2022) which are entirely devoted to extensive livestock production, mainly cattle and sheep (Gutiérrez et al. 2020). However, the ecosystem faces significant threats, including conversion to croplands and tree plantations (Paruelo et al. 2006), as well as degradation from overgrazing and invasive alien species (Altesor et al. 2019; Tiscornia et al., 2019)Within the first one, official statistics and remotely-sensed data showed that the area covered by grasslands has decreased at alarming rates, from 80% to 55% between 1990 and 2019 (DIEA-MGAP, 2011, Baeza et al. 2022). In a global and regional scenario of productive intensification, it is necessary to generate alternatives to model land-cover changes and their environmental consequences. In this study, projections were generated, at a resolution of 2500 ha, based on observed trends in land-cover changes and the impact of these dynamics on the future supply of ES in Uruguay was quantified. For that, land-cover maps from the MapBiomas Pampa Initiative (MapBiomas, 2022; Baeza et al. 2022), Markov chains models, and remote sensing data to calculate the Ecosystem Service Supply Index were used.
This study specifically addresses the following questions:
1) What will be in Uruguay the main land-cover changes in the coming decades based on observed trends?
2) What will be the effects of the land-cover changes on the supply of ecosystem services?

2. Methods
2.1. Study area
Uruguay is located between the latitude 30° - 34° S and longitude 53° - 58° W and covers a continental area of 176.215 km² (Figure 1). The climate is temperate with a mean-annual temperature of 17.5 °C and a mean-annual precipitation of 1300 mm/y-1. The temperature exhibits a strong seasonal variation, with minimums and maximums of 6 (July) and 28 °C (January), respectively. Precipitation is distributed uniformly throughout the year, but it is strongly variable between years (i.e., 700 mm in 1989 and 2000 mm in 2002; INUMET, 2022). Most of the land is privately owned by Uruguayan farmers and large corporations (Modernel et al. 2016).

2.2. Land-cover maps
Land-cover (LC) maps from the MapBiomas Pampa Initiative (MapBiomas, 2022; Baeza et al. 2022) were used. This initiative generates annual LC maps from 2000-2019 with 30-meter resolution for the entire region of the Río de la Plata Grassland, based on Landsat images. The LC maps discriminate between seven classes: native woody formation, forest plantation, swampy areas and flooded grassland, grassland, farming, non-vegetated area, and water. Annual LC maps for Uruguay and for the 2000, 2010 and 2019 (start, end and intermediate date of the period described by MapBiomas Pampa Initiative; Figure 1) were used.
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Figure 1: Land-cover maps for Uruguay in 2000, 2010 and 2019 (left to right). Data from MapBiomas Pampa Initiative. 
Based on the maps, the transitions between four LC in two time periods, 2000-2010 and 2010-2019, were calculated at pixel level. The four LC classes analysed were: farming (hereafter croplands, Cr), grasslands (Gr), tree plantations (hereafter Afforestation, Af) and Other (a heterogeneous class that includes native woody formation, swampy areas and flooded grassland, non-vegetated area, and water). A 5x5 km grid covering all Uruguay (n=6856) was overlayed on the transition’s maps and transition probabilities (transition matrix) were calculated for each period. Each matrix represents either the probability of persistence of each LC class from the first to the last year of the period, or the probabilities of transition to another land-cover class during the same period.

where Ai is the area occupied by LC class i, Ai->j is the area of transition class i🡪 j, t=0 is the first study period, and k is a grid cell.

2.3. Markov chain model
Transition matrices were used to generate a simulation of the proportion of each LC, for 2028 and 2037, that could be reached in a stable state if conditions were stationary (no change in the drivers operating through time). Markov chains can be parameterized by empirically calculating transition probabilities between discrete states in the observed system because they are stochastic processes (Balzter, 2000). The LC characterization was assessed through the comparison of cover type proportions in each 5x5 km grid. A transition matrix (A) was created based on all the proportional changes from one cover type to another (aij). With A, we generate a land-cover change model as: A x n(t) = n(t+1), where n represent the vector of the relative proportions of each land-cover class. The analyses were performed in R with the “markovchain” package.

2.4. ESSI calculation and prediction
We calculated, for each 5x5 km grid and for the 2000, 2010 and 2019 (years coincident with the land-cover maps), the mean Ecosystem Services Supply Index (ESSI, Paruelo et al. 2016) as:

 

where NDVImean is the annual Normalized Difference Vegetation Index average (a proxy of total C gains) and NDVIcv is the Normalized Difference Vegetation Index coefficient of variation (an indicator of seasonality). 
The ESSI was calculated by estimating the annual average and the intra-annual coefficient of variation for each 5x5 km grid, for the years 2000, 2010 and 2019. NDVI images from the MODIS sensor (collection 6, Mod13q1) were used. These images have a 250-meter spatial resolution (~6 ha) and 16 –day temporal resolution. Each NDVI image was filtered using its associated “per pixel” quality band (Roy et al. 2002), and only those pixels without clouds or shadows, and with low levels of aerosols in the atmosphere were analysed. Simple linear interpolation from the previous and following dates of the same pixel was used to replace the values of the lowest quality pixels. The NDVImean and NDVIcv values were normalized (0-1) according to their minimum (percentile 1) and maximum (99 percentile) value. All the calculations were performed on the Google Earth Engine platform (Gorelick et al. 2017)
The proportion of croplands and grasslands was compared with the ESSI for all years and at the grid scale using spatial models. Afforestation grids (<10%) were excluded, as the ESSI was designed to be used in non-forested areas. As a first step, the Variance Inflation Factor (VIF) was calculated for collinearity diagnosis (Fox and Weisberg, 2011). Since the VIF values were less than 5, there was no correlation among the predictor variables (Zuur et al. 2009). Spatial generalized least squares (GLS) models with a spatial correlation structure in residuals were used (Zuur et al. 2009). The analysis was performed in R, with the “car”, “MuMIn”, “nlme”, “gstat”, “sp”, and “bbmle” packages. The spatial correlations of five different (and more commonly used) structures (spherical, gaussian, linear, exponential, and exponential), were evaluated (Zuur et al. 2009) and the best one for the study area was determined using the Akaike Information Criteria (AIC). The exponential spatial autocorrelation structure was the best for the study area. Additionally, a restricted maximum likelihood adjustment was made to the model (Gurka, 2006). The goodness of fit of the model was calculated based on the log likelihood-ratio test, based on the ‘‘r.squaredLR” function of the “MuMIN” R package. The value was adjusted with Nagelkerke modification so that R2 achieves 1 at its maximum (Nagelkerke, 1991).

3. Results

3.1. Markovian models
Markov chain models showed differences between the analysed periods but with some patterns in common (Figure 2). In both periods, grasslands showed the highest probability of persistence (0.76 and 0.72 for 2000-2010 and 2010-2019, respectively) and the lowest spatial variability in persistence (±0.24 and ±0.22 for 2000-2010 and 2010-2019, respectively). The probability of persistence decreased 5 % between periods for grasslands while it increased by 60 and 13 % for croplands and afforestation, respectively. Croplands were the class with the highest spatial variability in both periods (±0.31 and ±0.32, respectively). On the other hand, the highest transition probability was for Cr→Gr and this occurred for both periods. This probability decreased by 56 % between periods. Similarly, afforestation also showed a similar pattern, with a decrease in the transition probability of Af→Gr of 42 % between periods. The rest of the transitions were particularly low in both periods, such as Gr→Af or Af→Cr.
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Figure 2: Markov chain models of land-cover change in Uruguay for 2000-2010 and 2010-2019 periods. Numbers and line style indicate the mean and standard deviation persistence/transition probabilities among land-covers. Af: Afforestation; Gr: Grasslands; Cr: Croplands. Dotted line: 0-0.3; solid line: 0.3-0.6 and bold line: 0.6-1. 

[bookmark: _Hlk127526066]Grasslands were the most abundant LC class for the Uruguayan territory during the observed (2000, 2010 and 2019) as well as the predicted (2028 and 2037) years. However, projections for croplands and afforestation indicate that their observed trend will continue to increase, reaching 30 and 11 %, respectively, of the Uruguayan territory (Figure 3). The increase in croplands was mainly observed in the north and central regions of Uruguay, while the increase in afforestation was mainly observed in the north-eastern and south-eastern region of the country (Figure 4). Surprisingly, the loss of area for Cr and Af categories was extremely low, both for observed (2010-2019) and projected (2019-2037) trends (Figure 4). The increase in Af and Cr is associated with the decrease in grassland area, which goes from 60% in 2000 to 46% in 2037. 
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Figure 3: Relative cover (%) of each land-cover for the observed (2000, 2010, and 2019) and predicted years (2028 and 2037). Af: Afforestation; Gr: Grasslands; Cr: Croplands and O: Others.
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Figure 4: Observed (2010-2019; top) and predicted (2019-2037, down) land-cover changes in Uruguay.

3.2. Observed and predicted ESSI
[bookmark: _Hlk127526076]The ESSI increases with grasslands and but decreases with croplands. The most parsimonious model was: ESSI = 0.73 + 0.029Gr - 0.0016*Cr. This model explained 75% of the spatial and temporal variability and was statistically significant (p<0.001; Table S1).
The ESSI showed a clear regional pattern with differences that became less pronounced over the study years (Figure 5). In 2000, the index showed large portions of the Uruguayan territory with high ES supply and decreases towards the western and eastern regions. In 2019, the index showed a generalized decrease, particularly in the centre and north-eastern regions, while the western and eastern regions maintained the lowest values. Finally, the projection generated in the ESSI for 2037 shows an even more marked decrease, where only some grids in the north region maintained high values and the western and eastern regions showed the lowest value. Overall, the relative change (excluding water and afforested grids) in the ESSI between 2000 and 2037 shows an average of -5% for Uruguay with a maximum and minimum peak of 60 and -20 % (Figure 5).
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Figure 5: Observed (2000 and 2019), predicted (2037) and relative change (2000-2037) Ecosystem Service Supply Index (ESSI) for non-forested grids (<10%) in Uruguay.



4. Discussion

[bookmark: _Hlk127540914]The results of this study indicate that the current trends in LC change would continue in the next decades in Uruguay. As it has been occurring (Baeza and Paruelo, 2020; Baeza et al. 2022), the main transformation will be the replacement of grasslands and shrublands by afforestation and croplands. Despite their simplicity, the Markov chains models proved to be a useful tool for generating projections in land-covers. Furthermore, the availability of high-quality and freely accessible data, such as the LC maps produced by the MapBiomas initiative, as well as the quantification of ES supply through a remote sensing-based approach, represent important advantages for assessing the human impacts on ES supply and for developing sustainable intensification strategies (Paruelo and Sierra, 2022).
The Markov chains reported in this work agree, in general terms, with those described by Vega et al. (2009) for Uruguay. In both works, Markov chains showed, on the one hand, a high probability of grasslands persistence, which decreased over time, and, on the other hand, a high probability of transition for Cr→Gr and Af→Gr, particularly in the first decade of the 21st century. These results highlight the importance of preserving current grasslands areas in Uruguay. It is important to note that, among the countries that constitute the Río de la Plata Grasslands region, Uruguay currently has the highest relative proportion of grasslands (Baeza et al. 2022), which generates, at regional and international level, a unique environmental and productive distinction. However, the lack of public policies and the current commodity prices further threaten the conservation of this ecosystem (Paruelo et al. 2006; Redo et al. 2012; Gorosábel et al. 2020).
There are several assumptions around the Markov chains modelling. Among them, perhaps, the most important is that they assume that the rates of transition and/or permanence between classes is constant over time (Çınlar, 2011). Clearly, the reality of LC changes does not meet this requirement; on the contrary, they are dynamic. Clearly, this is reflected in the differences found between the Markovian models for the two periods analysed (2000-2010 and 2010-2019). LC changes in Uruguay are subject to several factors that vary in both time and space, for example, the price of commodities (mainly soybean, Redo et al. 2012), the introduction of new technologies such as no-tillage or GMOs (Vassallo, 2013; Terradas et al. 2016), the implementation of incentives or regulations through public policies (Gorosábel et al. 2020), among others.
The projections generated in this work show a 7 % reduction in grassland area by 2037. The environmental and social consequences of grassland transformation have highlighted the need to regulate the advance of croplands and afforestation (Paruelo et al. 2006, Staiano et al. 2022). In this context, several initiatives have been implemented in Uruguay with the aim of conserving grasslands. One of them involves the creation, in 2012, of the Board of Livestock on Natural Grasslands (“Mesa de Ganadería sobre Campo Natural”, MGCN for its acronym in Spanish). The primary goals of the MGCN, an inter-institutional public institution, are the conservation of grassland socio-ecological systems (MGAP, 2022). Additionally, in the context of the MGCN, Staiano et al. (2022) characterized and mapped the Conservation Value of Grasslands from a spatially explicit territorial diagnosis based on multiple criteria (ecological and socio-economic) and incorporating explicitly and in quantitative terms the assessments and opinions of the actors involved. This approach provides an important foundation for the development of public policies that are supported by objective evidence.. Brazeiro et al. (2020) also highlight three key issues to generate a balance in the context of accelerated LC change for Uruguay: a) better information for society in general and policy makers in particular, b) greater articulation and integration between national agricultural and environmental policies, and c) integrating the private sector into national conservation policies.
The ES supply, estimated from the ESSI, was negatively determined by cropland cover, and positively related to grassland cover. This relationship is in line with the ESSI calculation, where more stable (low NDVIcv) and productive (high NDVImean) sites will show a higher ESSI value (Paruelo et al. 2016). The ESSI of grasslands was, on average, 15.2 % higher than the ESSI of croplands and these differences was more pronounced in areas with high levels of agricultural intensification (e.g. 5x5 grids with 100% cover by croplands). These results are consistent with those reported by Paruelo et al. (2022) for the Río de la Plata Grasslands region, where less transformed areas had higher ES supply. Regarding C stocks, an estimate based on ESSI values according to the model proposed by Baldassini et al. (2022), showed a 4.7% reduction (5.12 Mg/ha) in the first 20 cm between 2000-2037 due to grassland substitution. To put this in perspective, this value represents 12.4% of the CO2 emissions of Uruguay's energy sector by 2021 (SNRCC, 2022). Clearly, grasslands play an important role in supplying key ES to society, particularly provisioning services such as meat, wool, and clean water supply as well as regulating services such as climate and hydrological regulation (Sala and Paruelo, 1997, Zhao et al. 2020).

5. Conclusions
This study reports significant changes in land-cover and ecosystem services supply in Uruguay over the observed period (from 2000 to 2019). The highest probability of persistence was found for grasslands, which were also the most abundant land-cover class in the country. Our projections indicate that croplands and afforestation will continue to increase in the coming years at the expense of the area covered by grasslands. Land-cover changes already had a significant impact on the supply of key ecosystem services in the country. The ESSI showed a clear regional pattern and a significant decrease in the supply of ecosystem services across the country over time. The projected changes will result into a further decrease in ES supply. Our estimates indicate a 5% reduction by 2037. 
[bookmark: _Hlk127541021][bookmark: _Hlk127541083]These findings provide an important empirical basis for territorial planning and the sustainable management of natural resources. The world's grasslands are being transformed at alarming rates (Henwood, 1998, Ellis and Ramankutty, 2008, Parr et al. 2014, Carbutt et al. 2017). Under the current scenario of LC change, coupled with the low level of protection of grasslands (Hoekstra et al. 2005, Jones et al. 2018), and the existing information gaps linked to restoration strategies (Dudley et al. 2020, Buisson et al. 2022), puts this ecosystem in an extremely vulnerable situation. Grassland conservation strategies are urgently needed as well as increased visibility of this natural ecosystem (Veldman et al. 2015, Overbeck et al. 2022). Public policies are needed to promote the productive conservation of this ecosystem and to reduce the social and environmental consequences of LC change.
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