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Abstract
The Río de la Plata Grasslands region is one of the largest plains in the world, covering a significant portion of the southern Brazilian grasslands. This temperate sub-humid region is also one of the most diverse grassland areas globally. However, in the last decades, important land-use and land-cover changes occurred threatening the natural ecosystem and the provision of essential ecosystem services. In this chapter, we provide an overview of the primary land-use and land-cover changes that have occurred in this region over the last two decades. We also discuss some of the consequences derived from these changes on the ecosystem functioning, the supply of ecosystem services, and the human appropriation of primary production. Finally, we evaluate the observed transition trends among land-use and land-covers and speculate on the most likely changes that may occur in the next few years.
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Introduction
South Brazilian grasslands are part of a wider ecoregion that extends throughout Uruguay and central western Argentina known as the Río de la Plata Grasslands (RPG) (Soriano et al. 1991). The RPG occupy the large plain formed around the estuary of the Río de la Plata, from 28 to 38° South latitude and from 50 to 66.5° West longitude, covering approximately 760.000 km2. The average annual temperature varies from 13 °C in the South to 20 °C in the North, and average annual rainfall increases from 400 mm.year-1 in the Southwest up to 1500 mm.year-1 in the Northeast (Oyarzabal et al. 2020). Grasslands, formed by a combination of C3 and C4 grasses and a broad set of herbs, are the dominant vegetation (Perelman et al. 2001; Overbeck et al. 2007; Lezama et al. 2019; Andrade et al. 2019). The RPG has been divided in 8 sub-regions based on their geomorphology, soils, drainage and their link with natural vegetation and land-use. These sub-regions are the Rolling Pampa, the Inland Pampa (itself with two divisions, Flat and West), the Austral Pampa, the Flooding Pampa, the Mesopotamic Pampa, the Southern Campos, and the Northern Campos (Soriano et al. 1991). The Northern Campos sub-region encompasses the Pampa biome in the south Brazilian grasslands.

In recent decades, the areas occupied by grasslands have been extensively replaced by annual crops, sown pastures, and tree plantations (Cordeiro & Hasenack 2009; Graesser et al. 2015; Volante et al. 2015; Baeza & Paruelo, 2018, 2020; Souza et al. 2020; Baeza et al. 2022). These land-use and land-cover changes have occurred in a geographical (the RPG) and ecological (temperate and subtropical grasslands) region with very low levels of protection and hence high risks of species biodiversity erosion (Hoekstra et al. 2005; Watson et al. 2016).

Land-use and land-cover changes represent a major alteration of the surface structure (Foley et al. 2005; Ellis et al. 2010; IPBES, 2019). Changes generally involve the replacement of the dominant plant functional types, a mix of C3 and C4 perennial grasses, by perennial trees or annual plants (either dicots or grasses). However, the replacement of grasslands, shrublands and savannas by annual crops and tree plantations not only reduces biodiversity in terms of composition, it also generates an erosion of the structural and functional diversity (sensu Noss, 1990; Fig. 1). Such structural and functional dimensions of biodiversity, particularly at the ecosystem and landscape level, are often a neglected aspect of global land-use and land-cover transformations. Alcaraz-Segura et al. (2013) showed the consequences of such changes on the regional climate in the southern part of South America.
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Fig 1.  The schematic definition of biodiversity. Adapted from Noss (1990).

Paruelo et al. (2001) and Alcaraz-Segura et al. (2006) introduced the idea of Ecosystem Functional Types (EFT) as an entity able to be used to describe functional diversity at the landscape level using a common protocol and over large areas. EFT were defined as patches of the earth's surface with similar exchange of matter and energy between biota and the physical environment. Alcaraz-Segura et al. (2013) studied the environmental controls of EFT diversity over the whole Río de la Plata basin. As observed for species richness in the southern hemisphere, water availability, not energy, emerged as the main climatic driver of EFT richness in natural areas of temperate South America. In anthropogenic areas, the roles of both water and energy decrease. Richness increases at low levels of human influence, but as human intervention intensifies, biodiversity decreases.
Principio del formulario

Functional and structural changes would impact on the environmental performance of the landscape (Forman, 1995; Wu, 2006). Basically, the key question is how sustainability changes in time and space (Paruelo & Sierra, 2022). An operational definition of sustainability should focus more on the changes than on the absolute value. For example, Wu (2013) defines sustainability as the ability to consistently provide specific Ecosystem Services (ES) for the maintenance and improvement of human well-being over the long term. 

Many ecological indicators to describe ES supply has been proposed (Burkhard et al. 2012; Paruelo et al. 2016; Englund et al. 2017). Such indicators must be sensitive to critical functional changes (i.e. water or C dynamics, energy surface changes), have to be monitored using a common protocol at low cost and should be auditable by third parties. Land-use and land-cover transformation has obvious structural consequences: the replacement and often the homogenization of the landscape. Three indicators may provide a temporal and spatial perspective of the of the human impact of natural habitat transformation: the diversity of EFT at the landscape level (Alcaraz-Segura et al. 2013), the Ecosystem Service Supply Index (ESSI, Paruelo et al. 2016), and the Human Appropriation of Net Primary Production (Baeza & Paruelo, 2018). The first index focuses on changes on functional biodiversity and the latest two are based on the effects of human interventions on carbon (C) dynamics. The Uruguayan government included in 2022 these three indicators in the set to describe the environmental footprint of livestock production (Ministerio de Ambiente, 2022).

In this chapter, we described the main structural and functional changes that took place in the Río de la Plata Grasslands region in the last two decades focusing on the main land-use and land-cover transitions and the distribution of the EFT. We also analysed some of the consequences derived from land-use and land-cover changes on the diversity of EFT at the landscape level, the supply of ecosystem services and the human appropriation of net primary production. Finally, we speculated on the most likely changes that may occur in the next few years.

OBSERVED CHANGES

Structural changes
The RPG experienced significant landscape transformations over the last two decades (Baldi & Paruelo, 2008; Volante et al. 2015; Baeza & Paruelo 2018, 2020). The results of the mapping initiative carried out by the MapBiomas Pampa project (Collection 1; https://pampa.mapbiomas.org/es; Baeza et al. 2022) show that the region had a net loss of native vegetation (woodlands, grasslands, and wetlands) of 84,701 km² (16.3%) between 2000 and 2019. Particularly, the area occupied by grassland decreased from 36.8 to 29.6% (from 369,647 km² to 297,795 km²; a relative change of -19.4%) and the area under cropland and afforestation increased from 42.5 to 49.9% (from 427,239 km² to 501,489 km²; a relative change of +17.4%) and 1.4 to 2.3% (from 13,867 km² to 23,328 km²; a relative change of +68.2%), respectively (Fig. 2). At the country level, Brazil had the greatest proportional loss of grasslands, with 22,967 km² (-27.6%), mainly due to the expansion of croplands. Argentina had a grassland loss of 36,571 km2 (-20.1%), while in Uruguay the reduction was 12,229 km2 (-11.7%). In the case of Argentina and Uruguay, the reduction of grasslands area was mainly associated with the expansion of croplands and sowed pastures. In the Uruguayan Campos, there was an important increase of tree plantations determining an additional reduction of grasslands area.
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Fig 2. Land-use and land-cover map for the Río de la Plata Grasslands region in 2000 (left) and 2019 (right). Letters denotes different sub-regions of Río de la Plata Grasslands: (A) Rolling Pampa. (B1) Flat Inland Pampa, (B2) West Inland Pampa, (C) Austral Pampa, (D) Flooding Pampa, (E) Mesopotamic Pampa, (F) Southern Campos, (G) Northern Campos. Data from MapBiomas Pampa Initiative Collection1 (https://pampa.mapbiomas.org/es).

All RPG sub-regions, except for the Rolling Pampa (where changes occurred before the analysed period), showed important losses of grasslands between the 2000-2019 period. The highest grasslands losses occurred in the Northern Campos and the West Inland Pampa, with a reduction of 27,894 km2 (a relative change of -18.2%) and 11,261 km2 (a relative change of -28.2%), respectively. In both cases, losses were associated with the expansion of cropland areas, except for the Northern Campos where afforestation also explained the grassland area reduction. The Flooding Pampa and the Flat Inland Pampa showed the lowest reduction in grasslands area, 2,086 km2 (a relative change of -7.8%) and 722 km2 (a relative change of -4.7 %), respectively.

Functional changes
To characterize and identify changes in the ecosystem functioning associated to land-use and land-cover changes we mapped the Ecosystem Functional Types (EFT, Paruelo et al. 2001; Alcaraz-Segura et al. 2006). The identification of the EFT was based on the seasonal dynamics of the Normalized Difference Vegetation Index (NDVI). The NDVI is one of the most widely used vegetation indexes and shows a positive relationship with the fraction of photosynthetically active radiation absorbed by green vegetation and hence with productivity of the ecosystems (Pettorelli, 2013). We used NDVI images from the MODIS sensor (collection 6, Mod13q1). These images have a 250-meter spatial resolution (~6 ha) and 16–day temporal resolution.

[bookmark: _Hlk94597666]EFT were defined through remote sensing techniques and using 3 “phenometrics” that synthetize the functional behaviour of ecosystems (Alcaraz-Segura et al. 2013): the mean (NDVIMEAN), the coefficient of variation (NDVICV) and the date of maximum (NDVIfMAX) (see Fig. S1 in the Supplementary Material). The range of values of each metric was divided into four intervals, giving a potential number of 64 EFT. In the case of the date of maximum, the intervals corresponded to the four seasons of the year. For the mean and coefficient of variation, we calculated the quartiles of the histograms to define the limits of the four classes. We assigned codes to each EFT as suggested by Paruelo et al. (2001) using two letters and a number (three characters). The first letter of the code (Capital) corresponds to increasing the NDVIMEAN (from “A” to “D”). The second letter (lower case) indicate decreasing values of the seasonality (NDVICV) (from “a” to “d”). Numbers indicate the season in which the maximum value occurs (1 for spring, 2 for summer, 3 for autumn, and 4 for winter). This definition and coding of EFT based solely on descriptors of ecosystem functioning allows for an ecological interpretation of the legend. For example, Aa1 corresponds to an EFT with low radiation interception (productivity), high seasonality, and a maximum peak of photosynthetic activity during the spring. EFT were generated for three periods: 2000, 2010, and 2021. To avoid the effects of specific climatic conditions, EFT were generated for a four-year average: 2000-2003, 2009-2012, and 2018-2021. To make the three assessed periods comparable we used the quartiles calculated for 2000-2003 period to build EFT for each period. Thus, we can compare and characterize the shifts among EFT between periods. 

The EFT maps provide a synthetic characterization of spatial patterns of ecosystem functioning and their changes between periods in the RPG (Fig. 3). The 64 possible combinations of the three functional attributes used to build EFT were identified in RPG. Table 1 provides an interpretation of the most abundant EFTs for RPG that together account for almost 70 % of the total area. Despite the period considered, the most abundant EFT was Aa2, a low radiation interception, high seasonality, and a summer peak ecosystem. This EFT characterizes agricultural areas mainly in the Rolling and Inland Pampa. The EFT mainly linked to grassland ecosystems were Dd2, Cd1, and Cd3 (Fig. 3 and Table 1). In all cases, these EFT were mainly located in the Southern and Northern Campos and were characterized by a high radiation interception, low seasonality, and a spring/summer/autumn peak ecosystem.
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Fig. 3: Ecosystem Functional Types for the Río de la Plata Grasslands region in the three study periods (2000-2003, 2009-2012, and 2018-2021). Letters denotes different sub-regions of Río de la Plata Grasslands: (A) Rolling Pampa. (B1) Flat Inland Pampa, (B2) West Inland Pampa, (C) Austral Pampa, (D) Flooding Pampa, (E) Mesopotamic Pampa, (F) Southern Campos, (G) Northern Campos. 

Table 1: Description of most abundant EFT in the Río de la Plata Grassland region for the 2018-2021 period.

	EFT
	Area [Mha]
	EFT interpretation
	Geographic Distribution and land-use and land-cover correspondence

	Aa2
	13.82
	Low radiation interception, High seasonality, and summer peak
	Mostly agriculture in Rolling and Inland Pampa

	Ba2
	7.20
	Lower Intermediate radiation interception, High seasonality, and summer peak
	
Agriculture distributed in all RPG

	Dd1
	5.32
	High radiation interception, Low seasonality, and spring peak
	Mostly natural vegetation (woodlands) but also include afforestation in Southern and Northern Campos

	Dd3
	4.19
	High radiation interception, Low seasonality, and autumn peak
	

	Dd2
	4.11
	High radiation interception, Low seasonality, and summer peak
	

	Bb2
	3.34
	Lower Intermediate radiation interception, upper Intermediate seasonality, and summer peak
	Transformed ecosystems evenly distributed in all RPG

	Ab2
	2.73
	
Low radiation interception, Upper Intermediate seasonality, and summer peak
	
Seminatural grasslands ecosystems located in the West Inland Pampa. Small patches of herbaceous vegetation distributed in Argentinian portion of RPG



	Dc1
	2.45
	High radiation interception, Low seasonality, and spring peak
	Seminatural wetlands in Flooding and Rolling Pampa and riparian forest in Mesopotamic, Southern and Northern Campos

	Cd1
	2.26
	Upper Intermediate radiation interception, low seasonality, and spring peak
	Mainly natural grasslands in Uruguay and Brazil

	Cb2
	2.24
	Upper Intermediate radiation interception, upper intermediate seasonality, and summer peak
	Small patches distributed in all regions of RPG mainly associated with natural vegetations as dry seasonal forest, wetland vegetation and some transformed areas

	Ca2
	2.21
	Upper Intermediate radiation interception, high seasonality, and summer peak
	Mainly agricultural ecosystems in Northern Campos

	Cd3
	2.16
	Upper Intermediate radiation interception, low seasonality, and autumn peak
	Grassland ecosystems in Southern and Northern Campos

	Cc2
	2.04
	Upper Intermediate radiation interception, lower intermediate seasonality, and summer peak
	Small patches of transformed and seminatural vegetation distributed in central and northern RPG

	Cc1
	2.03
	Upper Intermediate radiation interception, lower intermediate seasonality, and spring peak
	Herbaceous vegetations mainly in Flooding Pampa and Southern Campos

	Dc2
	1.90
	High radiation interception, lower intermediate seasonality, and summer peak
	Riparian forest and humid herbaceous vegetations mainly in Northern Campos



The highest NDVIMEAN were found in Northern Campos generally associated with afforestation and some woodlands relicts (Fig. S1 in the Supplementary material). The lowest values of NDVIMEAN presented an even distribution among the whole study area associated with bare soil due to seasonal water bodies and dunes next to the coastlines. High seasonality ecosystems were related to agricultural foci mainly in the West, Inland and Rolling Pampa in Argentina and in the very north of Northern Campos in Brazil. Flooding Pampa and most of Uruguayan natural grassland (Southern and Northern Campos sub-regions) presented the lowest seasonality, including the lands converted to evergreen tree plantations. Most of the EFTs identified showed an NDVIfMAX in summer covering 388,000 km² in 2000-2003, 496,00 km² in 2009-2012 and 312,000 km² in 2018-2021. The phenological indicator of growing season NDVIfMAX showed that most ecosystems of RPG have a summer peak. This is particularly clear in the most transformed areas where conversion to agriculture determine high seasonality as well. Nevertheless, autumn and spring peaks ecosystems can be found across large areas of central RPG, mostly in Uruguay and Flooding and Austral Pampa in Argentina. Areas with winter peak are rare but can be found in specific spots located in the Northern Campos and Mesopotamic Pampa (see Fig. S1 in the Supplementary material). 

CONSEQUENCES OF THE STRUCTURAL AND FUNCTIONAL CHANGES

Functional diversity at the landscape level
[bookmark: _Hlk94195567]Functional diversity was assessed for each analysed period using the Shannon-Wiener Diversity Index (Fig. 4). We defined a 10 x 10 kilometres grid and we calculated the diversity of EFTs for each cell using “landscapemetrics” R package (Hesselbarth et al. 2019). Changes in functional diversity were calculated as the percentage of change between 2000-2003 and 2018-2021 periods (Fig. 4).

EFT diversity showed a heterogeneous pattern with low functional diversity values in the south-west driest portion of RPG and high diversity zones interspersed across all the sub-regions. The maximum values of functional diversity were found in transitional sub-regions characterized for having both natural vegetation’s relicts and transformed areas such as the Flooding Pampa and Southern Campos. The lower diversity areas seem to be associated with very transformed and homogenized agricultural areas of the Inland and Rolling Pampa. Indeed, the functional diversity diminished greatly in the Rolling and Inland Pampa during the last 20 years. In the Southern and Northern Campos, functional diversity generally increased. Flooding and Austral Pampa in Argentina showed greater values of Shannon-Wiener Diversity Index in 2018-2021 than in 2000-2003 period. 
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Fig. 4: Functional Diversity for the Río de la Plata Grasslands region represented by the Shannon-Wiener Diversity Index in the three study periods (2000-2003, 2009-2012, and 2018-2021); and Changes in Functional Diversity expressed as the percentage of change in the Shannon-Wiener Diversity Index between 2000-2003 and 2018-2021 periods. Letters denotes different sub-regions of Río de la Plata Grasslands: (A) Rolling Pampa. (B1) Flat Inland Pampa, (B2) West Inland Pampa, (C) Austral Pampa, (D) Flooding Pampa, (E) Mesopotamic Pampa, (F) Southern Campos, (G) Northern Campos. 

Ecosystem Service supply

Paruelo et al. (2016) presented a synoptic indicator of “bundles” supporting and regulating ES related to C dynamics, the “Ecosystem Services Supply Index” (ESSI). It is based on vegetation indices derived from remote sensing data, which constitute robust estimators of Net Primary Productivity (NPP) (Monteith, 1972; Piñeiro et al. 2006), an integrating variable of ecosystem functioning (McNaughton et al. 1989). The ESSI merges two attributes of the NDVI annual dynamics: the annual average (NDVIMEAN, a proxy of total C gains) and the intra-annual coefficient of variation (NDVICV, an indicator of seasonality): ESSI = NDVIMEAN * (1 - NDVICV). Those sites where annual productivity is higher and more seasonally stable would have a higher ES supply. 

The foundation of the ESSI is based on both the conceptual framework of the ES cascade model and the ES bundles concept (Raudsepp-Hearne et al. 2010). According to this scheme, the ESSI represents an integrative index of ecosystem functioning which gives rise to the cascade. It can describe the variation in different regulating and supporting ES (some of them intermediate and others final ES) that vary together in the same direction (ES bundles). The support for using ESSI as a proxy of ES supply was originally based on its positive relationship with four ES estimated from empirical data or mechanistic models: groundwater recharge and avian richness in Dry Chaco forests and soil organic carbon (SOC) in the RPG (Paruelo et al. 2016). Two additional studies provided additional support to the use of ESSI (Weyland et al. 2019; Staiano et al. 2021). The index has been used in a variety of systems to evaluate spatial and temporal patterns of the environmental footprint of agricultural activities (Verón et al. 2018; Staiano et al. 2021; Gallego et al. 2020; Jullian et al. 2021; Camba-Sans et al. 2021).

The ESSI showed a clear regional pattern (Fig. 5). The heterogeneity in mean ESSI (2000–2021) is associated to both environmental gradients and land-cover transformation. ESSI values showed a NE-SW gradient clearly associated to the precipitation and temperature gradient, the major controls of C gains and its seasonality (Paruelo & Lauenroth, 1998; Guerschman et al. 2003). However, it is possible to identify areas with low ESSI values associated to agricultural foci (see Fig. 2; MapBiomas Pampa Collection 1, 2021). Paruelo et al. (2022) analysed the ESSI of the natural habitats of the RPG. They found that ES supply in grasslands, shrublands and savannas was higher than the values of transformed land-cover (approx. a 15% higher). The exceptions are tree plantations which present the highest values.

In addition to the mean ESSI values, the temporal trends provide a more informative context involving temporal dynamics. Therefore, we analysed the temporal trend of the ESSI for the 2000-2021 period using the Mann-Kendall test. The results are presented in a grid with a resolution of 10 x 10 km (Fig. 5). Positive trends occupied 11% of the RPG and were observed almost exclusively on afforested areas. On the other hand, negative trends covered 14% of the study area and were associated to cropland areas. Non-significant trends occupied the largest proportion (75%) of the RPG and were mostly associated with natural ecosystems. Again, clear regional patterns emerge. However, in this case, the observed differences are more strongly associated with the land-use and land-cover patterns than with environmental factors. Over the past two decades, approximately 25% of the non-grassland area (mainly croplands) of the Río de la Plata Grasslands region experienced a reduction in the supply of ecosystem services. Additionally, less than 4% of the grassland area showed a significant decrease in ecosystem service supply between 2001 and 2021.
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Fig. 5. Left: Mean Ecosystem Service Supply Index value (2000-2021), and Right: percentage of negative significant trends (over a 10x10 km grid) in the Ecosystem Service Supply Index over the period 2001-2021 for the Río de la Plata Grasslands. Letters denotes different sub-regions of Río de la Plata Grasslands: (A) Rolling Pampa. (B1) Flat Inland Pampa, (B2) West Inland Pampa, (C) Austral Pampa, (D) Flooding Pampa, (E) Mesopotamic Pampa, (F) Southern Campos, (G) Northern Campos.

Human Appropriation of Net Primary Production

The Human Appropriation of Net Primary Production (HANPP) quantifies the portion of ecosystems NPP used directly or indirectly by humans (Vitousek et al. 1986), and it reflects the changes in available energy for the trophic web (Field, 2001). HANPP incorporates two aspects of agricultural intensification described above, increases in cultivated area, and increases in crop yield.  Several works have shown the relationship between HANPP and biodiversity (Wright, 1990; Haberl, 1997; Haberl et al. 2004), changes in atmospheric composition (DeFries et al. 1999; Schimel, 2000) water cycles (Gerten et al. 2005), or the provision of ecosystem services (Daily, 1997; Millennium Ecosystem Assessment, 2005). The central role on energy flow and its linkage with other ecosystem processes make HANPP a comprehensive indicator of human impact on ecosystems.

Haberl et al. (1997) defined HANPP as the sum of the harvested Net Primary Production (NPP) and the differences in NPP due to land use changes. HANPP result from the difference between the NPP in the absence of human influence (NPP of potential vegetation: NPP0) and the NPP of the actual vegetation remaining after harvest (NPPREM). NPPREM was calculated as the NPP of the current vegetation (NPPACT) minus the harvested NPP (NPPH), directly appropriated by humans as agricultural products (grain, wood, meat, etc.) or destroyed during harvest (Fig 6, Eq 1).

HANPP = NPP0−NPPREM = NPP0−(NPPACT−NPPH)                                                              (1)
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Fig 6: Components involved in Human Appropriation of Net Primary Productivity (HANPP) calculation. NPP0: NPP of potential vegetation (Pot Veg); NPPACT: NPP of the current vegetation; NPPREM: NPP of current vegetation remaining after harvest; NPPH: harvested NPP; NPPH-U: harvested NPP used by humans as agricultural products (grain, wood, meat, etc.); NPPH-N: harvested NPP not used (Crop residues, underground biomass); HANPPLUC: HANPP due to land-use changes.

The difference between NPP0 and NPPACT represents HANPP due to land-use changes (HANPPLUC), so HANPP can also be formulated as (Eq. 2):

HANPP = NPPH + HANPPLUC                                                                                                     (2)

Baeza & Paruelo (2018) used medium resolution land-use and land-cover maps and NPP estimates from sub-national level agricultural statistics, and remotely sensed data modelling to calculate the HANPP for the entire Río de la Plata Grasslands in two periods that encompass a strong agricultural intensification process, 2001-2002 and 2012-2013. They found that more than 40% of RPG region NPP is appropriated every year (and used directly or indirectly) by humans, a percentage much higher than that found in other regions of the world (see for example: Vitousek et al. 1986; Rojstaczer et al. 2001; Haberl et al. 2007). HANPP increased from 42% of potential NPP on 2001-2001 to 46.5 % on 2012-2013 due to the strong process of agricultural intensification that took place in the RPG region. HANPP was highest in agricultural and forestry foci where it may exceed 70–80% and it was mainly associated with increases in harvested NPP due to both the expansion of the cultivated area and the crop yields (Fig. 7). 
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Fig 7: Human Appropriation of Net Primary Productivity (HANPP) in the Río de la Plata Grasslands region, expressed as a percentage of Net Primary Productivity of potential vegetation for 2001-2002 and 2012-2013. Letters denotes different sub-regions of Río de la Plata Grasslands: (A) Rolling Pampa. (B1) Flat Inland Pampa, (B2) West Inland Pampa, (C) Austral Pampa, (D) Flooding Pampa, (E) Mesopotamic Pampa, (F) Southern Campos, (G) Northern Campos.


Maximum HANPP average values for the different RPG sub-regions occurred in the Rolling Pampa, reaching 8.338 and 8.291 kgDM ha−1 year−1 for 2001-2002 and 2012-2013 respectively. Minimum average values occurred in Southern Campos during 2001-2002 (4.070 kgDM ha−1 year−1) and in Flooding Pampa during 2012-2013 (4.199 kgDM ha−1 year−1). The largest increases occurred on both sides of the Uruguay River (Mesopotamic Pampa, West of Southern Campos and southwest of Northern Campos), the North-western half of the Rolling Pampa, east of the Southern Pampa, north of the Northern Campos, some sectors of the Inland Pampa (Flat and West) and northwest of the Northern Campos (the Brazilian side of the Argentina-Brazil border) (Fig. 7). 

[bookmark: _Hlk131627732]EXPECTED LAND-USE AND LAND-COVER CHANGES

Using the MapBiomas Pampa land-use and land-cover maps, we described the transition probabilities pi->j between land-use and land-cover types considering two study periods (2000-2010 and 2010-2019, Fig. 8). This allows us to estimate the annual rates of change and at which land-use and land-cover types expense the changes occurred. We overlapped the two period’s maps to obtain the transitions between land-use and land-cover types. We analysed the main transformations that occurred in the RPG over the last decades: a) grassland to cropland (G->Cr) and b) grassland to afforestation (G->Af) (Baldi & Paruelo, 2008; Baeza & Paruelo, 2018; Baeza et al. 2022). We then intersected these transition maps with a 10 × 10 km grid to calculate the transition probabilities as (Eq. 3):

							(3)
where Ai is the initial (at t = 0) area occupied by land-use and land-cover type i, Ai->j is the area of transition class i->j during 𝛥t (the time period in years), and k is a grid cell.

In average, for the whole region, transition probabilities from grassland to cropland were 0.047 and 0.033 for the 2000-2010 and 2010-2019 periods, respectively. The transition probability from grassland to afforestation were 0.001 and 0.0012, for the 2000-2010 and 2010-2019 periods, respectively. 

At RPG sub-regions level, the transition probabilities were different according to the land-use and land-cover types and the period of study. For the 2000-2010 period, the Argentine Pampa showed the highest annual probability of changing to cropland (average pG->Cr = 0.055), particularly, the Mesopotamic Pampa, Rolling Pampa, and West and Flat Inland Pampa (Table 2). On the other hand, for the 2010-2019 period, only the Austral Pampa, the Mesopotamic Pampa, and the Flooding Pampa showed high probabilities of change (Table 2). The rest of the sub-regions showed low transition probabilities (average pG->Cr = 0.024).

Grassland showed the highest annual probability of changing to afforestation in the Southern Campos and Northern Campos for both, the 2000-2010 and 2010-2019 periods (Table 2). The rest of the sub-regions showed very low values for both periods (average 2000-2010, pG->Af = 0.0003; average 2010-2019, pG->Cr = 0.0004).
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Fig. 8. Transition probabilities for grassland to cropland (pG->Cr, blue) and grassland to afforestation (pG->Af, orange) in the RPG for 2000-2010 and 2010-2019. Letters denotes different sub-regions of the RPG: (A) Rolling Pampa. (B1) Flat Inland Pampa, (B2) West Inland Pampa, (C) Austral Pampa, (D) Flooding Pampa, (E) Mesopotamic Pampa, (F) Southern Campos, (G) Northern Campos

Table 2: Transition probabilities from grassland to afforestation (pG->Af) and grassland to cropland (pG->Cr) for each RPG sub-region and for the two periods under study (2000-2010 and 2010-2019).

	Sub-Region
	2000-2010
	2010-2019

	
	pG->Af
	pG->Cr
	pG->Af
	pG->Cr

	Northern Campos 
	0,00234
	0,01626
	0,00209
	0,02416

	Southern Campos 
	0,00340
	0,02740
	0,00535
	0,03639

	Austral Pampa 
	0,00122
	0,05023
	0,00138
	0,04187

	West Inland Pampa
	0,00001
	0,05692
	0,00007
	0,03045

	Flat Inland Pampa
	0,00010
	0,05632
	0,00014
	0,02408

	Flooding Pampa
	0,00003
	0,04860
	0,00006
	0,03827

	Mesopotamic Pampa
	0,00058
	0,06118
	0,00061
	0,04078

	Rolling Pampa
	0,00007
	0,05684
	0,00006
	0,03111



Considering the observed trends in relation to the transition probability, an increase in afforestation area is expected, particularly in the Northern and Southern Campos, and a neutral or even retracting trend in the transition from grassland to croplands, particularly in the Argentinean pampa regions where most of natural grasslands have been transformed already. 

Final considerations
More than 50% of the RPGs were already transformed. Natural habitats and grasslands were reduced to small relicts in many of the subregions (i.e., the Rolling Pampa). The Northern and Southern Campos in Uruguay and Brazil concentrate most of the remaining temperate grasslands in South America. The probability of an area of grassland being replaced by annual crops is more than twice as high as that of being replaced by tree plantations. Both the area covered by grasslands and the probability of being replaced differed markedly among subregions indicating that aside from environmental controls, land-use and land-cover distribution is strongly influenced by social, economic, and technological factors, which in turn are affected by national policies.

The functional diversity at the landscape level, the Ecosystem Service Supply Index and the Human Appropriation of Net Primary Productivity clearly and objectively showed the consequences of the replacement of grassland by cropland and afforestation. The replacement of grasslands with croplands generates a homogenization of Ecosystem Functioning and a loss of functional diversity. The supply of ES sharply decreased in those areas transformed into croplands. The absence of temporal trends in ES supply was associated to the preservation of natural habitats. Finally, Human Appropriation of Net Primary Productivity increased 4.5% over the entire region between 2001-2002 and 2012-2013. Appropriation surpassed the 70–80% of the Net Primary Productivity of potential vegetation (NPP0) in agricultural and afforested areas. On average the HANPP on the grasslands areas is less than 11%, values substantially lower than the regional average (42%).
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Fig. S1: Ecosystem Functional Attributes (“phenometrics”): NDVIMEAN, NDVICV and NDVIfMax representing the Productivity, Seasonality and Phenology of Río de la Plata Grasslands. fMax values expressed are the month in which the maximum value of NDVI was registered.
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