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ARTICLE INFO ABSTRACT

Keywords: Ensuring food production while enhancing environmental sustainability is a critical challenge in the 21st cen-
Environmental indicators tury. Quantitative descriptions of environmental performance at the farm level are essential for evaluating
Sustainability

agricultural production, aligning with climate and biodiversity goals, and facilitating sustainable transitions.
However, many existing indicators and proxies rely on costly field-collected data with limited spatial
generalization.

In this study, we assessed the environmental performance of Uruguayan farms larger than 5 ha using seven
synoptic indicators derived from remote sensing. These indicators included the proportion of natural habitats
(NatHab), diversity of Ecosystem Functional Types (dEFT), supply of regulating and supporting Ecosystem
Services (ESSI), their temporal trends (tESSI), Energy Available for Trophic Network (EATN; 1- Human Appro-
priation of Net Primary Production), Hydrological Yield (HY), and Soil Conservation (SC).

We categorized rural cadastral units from different geomorphological regions into Cropland, Mixed, and
Livestock production types. Results showed variations in environmental performance among production systems
and regions, with livestock farms generally outperforming and exhibiting less variability. However, cropland
farms displayed potential for comparable environmental performance to less intensified areas.

Regional disparities were evident, with the Basaltic region demonstrating higher overall performance. In-
dicators such as NatHabs, dEFT, and EATN exhibited significant variation, reflecting land-use and management
practices. HY also showcased notable regional and land-use differences, influenced by soil characteristics and
landscape features. SC varied mainly between geomorphological regions. Interestingly, regional patterns differed
among indicators, suggesting low redundancy.

This study provides valuable insights into environmental performance and its spatial dynamics in the Uru-
guayan agricultural sector, informing land management and policy decisions. Future studies should engage
diverse social actors to develop an environmental performance index for agricultural production, enhancing the
sustainability of food production systems.

Remote sensing
Food production systems

1. Introduction

Maintaining or increasing food production while improving envi-
ronmental performance is one of humanity’s most significant challenges
of this century (UN, 2023). In a scenario of increasing food demand,
decision-makers, NGOs and Academia suggest that production systems
should be transformed towards uses that reduce external inputs and the

impact on ecosystems without compromising food security (Foley et al.,
2011; Kremen et al., 2012). In this context, the quantitative description
of environmental performance plays a critical role in assessing the sus-
tainability of agricultural socio-ecological systems (Pacini et al., 2003;
Hayati et al., 2011; Rasmussen et al., 2017; Lynch et al., 2018; Bergez
et al., 2022). Environmental evaluations are essential to meet national
climate and biodiversity goals and to assess sustainable or
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agroecological transitions at the farm level. From a more operational
perspective, local and global markets demand information on the envi-
ronmental performance for generating certifications or differentiating
products. Actually, environmental impacts are a major issue in debating
trade agreements among regional blocks (i.e., EU-Mercosur; Kehoe
et al., 2020) or become a barrier for some products (e.g. soybean pro-
duced in areas deforested after 2020).

The idea of environmental performance seeks to characterize the
environmental dimension of the sustainability of agricultural systems.
This characterization is not absolute but relative to a reference situation
in space (i.e., other areas) or in time (i.e., areas in the past or the future)
(Paruelo and Sierra, 2022). Changes in the supply of Ecosystem Services
(ES) can be interpreted as a change in the environmental dimension of
the sustainability of a given system:

A Environmental Dimension of the Sustainability = A ES supply

The capacity to provide services has been linked to the idea of
ecosystem health. The concept of ecosystem health is closely related to
sustainability (Diaz et al., 2015). A healthy ecosystem has to be stable
and sustainable, maintain its organization and autonomy over time, and
show resilience to disturbances or factors that generate some degree of
stress (Costanza et al., 1992).

The “cascade” model of ES generation (de Groot et al., 2010; Haines-
Young and Potschin, 2010), links ecosystem structure and functioning
with human well-being. In this scheme, Intermediate ES (Fisher et al.,
2009) includes the structural and functional aspects of ecosystems (i.e.
primary production, GHG emissions, different taxa biodiversity, runoff,
N and P exports) that, in turn, determine the supply of Final ES from
which Society derive benefits from a given land unit (de Groot et al.,
2010; Haines-Young and Potschin, 2010).

Various ES supply proxies or indicators have been proposed
(Stephens et al., 2015). Such proxies and indicators are the building
blocks of an environmental characterization of a land unit. Indicators
are variables (either modeled, observed, measured, or calculated from
other data) that reflect a quantitative or qualitative characteristic of the
system under study that are more difficult to assess. Also, they must be
sensitive to perturbations, such as land use change. They provide key
information to know the current and/or past state of the system and,
frequently, to make a decision (Donnelly et al., 2007; Dillon et al.,
2016). Such indicators are diagnostic elements and not an end in
themselves (Dale and Beyeler, 2001).

Indicators should be connected to specific ES, either intermediate or
final, to conduct effective environmental assessments. In such a way,
indicators are often integrated into the “production functions™ (Daily
and Matson, 2008) of ES. For example, the Normalized Difference
Vegetation Index (NDVI) is a spectral index derived from remote sensing
that allows the calculation of Net Primary Production (NPP), a key
ecosystem functional attribute (McNaughton et al., 1989). NPP is an
Intermediate ES that determines the supply of several Final services
(Richmond et al., 2007), such as meat production or carbon sequestra-
tion (provision and regulation ecosystem services, respectively; MEA,
2005). Indicators should also complement each other to offer a systemic
and integrative description. Focusing solely on a single dimension, such
as the carbon balance, may overlook other significant environmental
impacts. In such a way, indicators of C dynamics should be evaluated
together with those reflecting water dynamics, nutrient cycling, and
biodiversity to have a comprehensive characterization of the environ-
mental performance of a land unit.

Over the last decades and across the Globe a myriad of methods to
evaluate environmental performance and agricultural sustainability
have been proposed (see Jorgensen et al., 2005; Lattrufe et al., 2016; Gil
et al., 2019). Indicators based on field-collected data (i.e. soil samples
for soil Carbon stocks, water quality, or biodiversity of specific taxa) are
expensive and have a limited potential for spatial generalization. On the
other hand, several protocols have been developed to generalize in space
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ES supply at the plot level using land cover maps (i.e. Burkhard et al.,
2012). Some of the most common protocols (e.g. InVEST, ARIES,
ECOSER) use a look-up table with fixed parameters for each land cover
type to estimate the supply of specific ES (Nelson et al., 2009; Nelson
and Daily, 2010; Laterra et al., 2012). Although such models represented
a major step in describing and generating scenarios of ES supply, they
failed to properly discriminate environmental performance within areas
with the same land cover type. This is a key aspect in the environmental
assessments of food systems because different agricultural managements
might have very contrasting impacts despite being applied on the same
cover (Baldassini et al., 2023).

Remotely sensed data not only enable the description of spatial and
temporal land cover patterns but also allow for a direct estimation of
ecosystem processes (Cabello et al., 2012; Pettorelli et al., 2017), e.g.
multiple processes associated with the exchanges of matter and energy
between the Earth’s surface, the biota and the atmosphere. Remote
sensed data on surface reflectance and/or emission allow for estimating
the temporal dynamics of surface temperature, albedo, radiation ab-
sorption, and radiation use efficiency, among other biophysics variables
(Prata et al., 1995; Liang 2000; Pettorelli et al., 2016). Moreover, this
information can be integrated into biophysical models to estimate crit-
ical ecosystem processes or intermediate services (i.e. evapotranspira-
tion, Moran and Jackson, 1991; or primary production, Potter et al.,
1993; Ruimy et al., 1994). Such indicators provide a synoptic view of the
system and a full spatial coverage of the territory. They also allow for the
environmental performance comparison between land covers using a
common observation protocol (Paruelo, 2008).

In countries where most of the land is privately-owned, sustainable
management alternatives, policies and socioeconomic instruments
operate at the farm/ranch level. In such a way, it is critical to have a
description of environmental performance at this jurisdictional resolu-
tion. Moreover, the evaluation of policies and management plans at the
farm level must be able to track changes through time. Indicators based
on field data are often impractical due to logistic restrictions.

The agricultural sector of Uruguay has a central economic and social
importance. Agricultural products represent more than 80 % of the total
exports (Uruguay XXI, 2022). Concerns on the sustainability of the
production systems come from both outside (i.e. Kehoe et al., 2020) and
inside the country. Internal concerns led the Uruguayan parliament to
pass an act aimed to promote agroecological systems (Law N° 19.717/
2017) and the government to build the Environmental Footprint of the
livestock systems (MA, 2022).

In this article, we provide an assessment of the environmental per-
formance of farms larger than, aprox., 15 ha. We focused on published
and already locally tested synoptic indicators and regional products of
national coverage: the proportion of natural habitats, the diversity of
Ecosystem Functional Types, the supply of regulating and supporting
Ecosystem Services and its temporal trend, Energy Available at Trophic
Network (1- Human Appropriation of Net Primary Production), the
Hydrological Yield, and Soil Conservation. The first 5 indicators listed
were incorporated by the Uruguayan government as some of the metrics
that define the Environmental Footprint of the livestock systems (MA,
2022). We also studied the correlation among indicators to identify
redundancy and complementarities. Our analyses present a within-
country evaluation in relative terms. We did not assess the sustainabil-
ity of farms against a normative framework.

2. Materials and methods

We quantified the seven indicators listed above at the level of rural
cadastral wunits (called “padrones”, http://www.catastro.gub.uy),
although an actual farm may include more than one cadastral unit.
Among the 250.321 rural units of Uruguay, we selected those that
completely included at least one pixel of the MODIS satellite images
(~5.3 ha), the coarsest spatial resolution product used in this work. This
selection resulted in 99.990 units, which were used for calculating the
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proportion of different land uses based on the land cover map generated
by the MapBiomas Pampa initiative (Baeza et al., 2022) for the year
2020 (available at https://pampa.mapbiomas.org/) (Figure S1). This
map was made using Landsat images, which have a spatial resolution of
30 m. The vegetation land use and land cover classes of MapBiomas
Pampa included: native grasslands, wetlands, native woodlands, tree
plantations and agricultural areas (annual crops and sowed pastures). To
differentiate croplands from sowed perennial pastures, the agricultural
class was combined with a land cover map from Baeza and Paruelo
(2020), which identifies a “perennial forage resources” class (native
grasslands + sowed pastures). Therefore, the category “sowed pasture”
was assigned to the coinciding areas between the MapBiomas
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“agricultural” class and the perennial forage resources class, and the
class “agricultural” to the agricultural area that does not coincide with
the perennial forage class of Baeza and Paruelo (2020).

We discarded cadastral units dominated by urban and forests classes
(less than 70 % of croplands + native grasslands + sowed pastures), so
the final subset included 77.608 cadastral units (median: 71.2 ha, p25 =
36.7 ha, and p75 = 163.8 ha), which were categorized into “Cropland
Farms” (>= 70 % of the area devoted to annual crops), “Mixed Farms”
(annual crops cover between 30 and 70 % of the unit) and “Livestock
Farms” (native grasslands and sowed pastures cover >=70 % of the
unit). These thresholds were defined based on the descriptive statistics
of livestock farms in Uruguay as presented by Modernel et al. (2018). We
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Fig. 1. Remote sensed indicators evaluated. dEFT: diversity of Ecosystem Functional Types; HABNAT: Proportion of Natural Habitats; ESSI: Ecosystem Services
Supply Index; tESSI: temporal trend in the Ecosystem Services Supply Index; EATN: Energy Available to Trophic Network (1-Human Appropriation of Net Primary
Production); HY: Hydrological Yield; SC: Soil Conservation (1 — scaled RUSLE). While for certain indicators, like RUSLE, the HANPP or the diversity of Ecosystem
Functional Types, a formal evaluation at broad scale are not feasible, the other indicators derived from remote sensing used have undergone local testing. For the
Ecosystem Services Supply Index (and its temporal trend) such evaluation is reported in Paruelo et al (2016) & Staiano et al (2021). In the case of the proportion of
Natural Habitats, Baeza et al. (2022) performed an formal evaluation of the land cover classification. Gallego et al (2023b) analyzed the performance of the pro-

cedure used to calculate hydrological yield for two watersheds.


https://pampa.mapbiomas.org/

J.M. Paruelo et al.

also utilized a map of the geomorphological regions of Uruguay (Panario
et al., 2014) to determine the region in which each cadastral unit is
located. The “Santa Lucia graben’’ region was included into the ”Crys-
talline shield“ due to its size and characteristics. We ended up with 6
regions: Western sediment basin, Crystalline shield, Basaltic region,
Gondwanic Sediment basin, Eastern hills, and Lagoon Merin graben.

2.1. Indicators evaluated

We calculated the proportion of natural habitats, the diversity of
Ecosystem Functional Types, the supply of regulating and supporting
Ecosystem Services and its temporal trend, the Energy Available to the
Trophic Network, the hydrological yield, and soil conservation for each
cadastral unit of the processed cadastre described above (Fig. 1). These
indicators were selected based on the following aspects: a. supporting
scientific evidence and local evaluation (see Volante et al., 2012; Par-
uelo et al, 2016, Staiano et al., 2021, Veron et al., 2018, Baeza and
Paruelo, 2018, Baldassini et al., 2023, Storkes et al., 2024), b. estima-
tion/calculation protocol including data requirements, d. environmental
processes evaluated (i.e. biodiversity, ecosystem services supply, C dy-
namics), e. expected limitations for its generalization over the study
regions, f. level of legitimization by different stakeholders. The last point
was evaluated based on the list of synoptic indicators included into
Environmental Footprint of the Livestock Sector (Huella Ambiental de la
Ganaderia in Uy, https://www.gub.uy/ministerio-ambiente
/comunicacion/noticias/huella-ambiental-ganaderia-uruguay). Five
out of seven indicators were part of the set defined by this panel. Soil
Conservation was based on the same model used by the uruguayan
government to evaluate Agricultural Management Plans (https://www.
gub.uy/ministerio-ganaderia-agricultura-pesca/politicas-y-gestion
/planes-uso-manejo-suelos). The only indicator that is not part of an
official list yet is the hydrological yield.

2.1.1. Proportion of natural habitats (HABNAT)

The proportion of natural habitats was calculated as the sum of the
area covered by native grasslands, wetlands and woodlands (native
forests) divided by the area of the cadastral unit. Land use/land cover
data were derived from the MapBiomas Pampa initiative (Baeza et al.,
2022, MapBiomas Pampa, 2023). MapBiomas land cover maps were
formally tested based on ground truth (Baeza et al., 2022).

2.1.2. Diversity of Ecosystem Functional Types (dEFT)

Ecosystem Functional Types (EFT) are groups of ecosystems or
patches of the land surface that share similar dynamics of matter and
energy exchanges between the biota and the physical environment
(Paruelo et al., 2001; Alcaraz-Segura, 2006, Baeza et al., 2006; Cazorla
et al., 2021, Bagnato et al., 2024). EFTs result from the combination of
three attributes of the annual dynamics of a spectral index: the annual
mean, the intra-annual coefficient of variation and the month in which
the highest EVI value occurs. Specifically we based calculations on the
Enhanced Vegetation Index (EVI) average of the analyzed period
(derived from MODIS sensor images, MOD13Q1 product with a spatial
resolution of 230 m and a temporal resolution of 16 days). The diversity
of ecosystem functional types (EFT) evaluates the functional biodiver-
sity of the territory in terms of the seasonal dynamics of carbon gains
(described by the Shannon index, Alcaraz-Segura et al., 2013; Gallego
et al.,, 2023a). In our case, EFT diversity was computed for the area
occupied by croplands and pastures and, then, it is a measure of the
multifunctionality of the non-natural portion of the agricultural land-
scapes (Staiano et al., 2022). Greater diversity and spatial heterogeneity
is associated with a greater supply of habitats (Fahrig et al., 2011;
Tscharntke et al., 2012; Bommarco et al., 2013). Thus, a more diverse
and heterogeneous non-natural system would present greater resilience
and a more efficient use of resources (Davis et al., 2012; Gaudin et al.,
2015; Gurr et al., 2016).

Since EFT diversity depends on cadastral unit size, the residuals of a
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model that relates EFT diversity with the unit size were estimated to
obtain an estimate of this indicator that was independent of the plot size
(see the supplementary material for more details). The Michaelis-
Menten model was used to describe a saturation curve where EFT di-
versity (y-axis) increases with the area of the farm until reaching a
plateau. From this model, residuals were obtained as the difference
between the observed values and those estimated by the model. The
residuals were scaled to have a range of variation between 0 and 1. The
scaled residuals of the EFT diversity ratio as a function of land area are
the indicator of diversity used.

2.1.3. Supply of regulating and supporting Ecosystem Services (ESSI)

We computed the Ecosystem Service Supply Index (ESSI) (Paruelo
et al., 2016). This index is positively associated with specific regulating
and supporting services related to carbon and water dynamics (Staiano
et al., 2021; Baldassini et al., 2023; Gallego et al., 2023a). Particularly
important is the linear relationship of the ESSI with soil carbon stocks
(Staiano et al., 2021; Baldassini et al., 2023). The ESSI combines two
attributes of the seasonal dynamics of the Normalized Difference
Vegetation Index (NDVI), its annual mean (NDVIm), and its coefficient
of seasonal variation (NDVIcv): ESSI=NDVIm * (1 — NDVIcv).

NDVI was obtained from the MOD13Q1 MODIS product, which has a
spatial resolution of 230 m and a temporal resolution of 16 days. The
annual mean NDVI is an estimator of total carbon gains, while the NDVI
coefficient of variation indicates the temporal stability or seasonality of
those gains. High values of ESSI are associated with covers with high and
stable productivity during the growing season, while low values corre-
spond to covers with lower productivity and/or more variability. The
average ESSI per cadastral unit was calculated for the 2017-2018 and
2018-2019 growing seasons (each period taken from July to June).

2.1.4. Temporal trends of supply of regulating and supporting Ecosystem
Services (tESSI)

The temporal trends of the ESSI (tESSI) (Paruelo et al., 2016) were
calculated for each MODIS pixel, obtaining the slope of the regression of
the ESSI over the 2000-2019 period. The information at the cadastral
unit was summarized as the proportion of negative, positive, and neutral
(i.e. statistically non-significant) temporal trends of the index. We used
the sum of the proportion of pixels with neutral and positive ESSI trends
as the environmental performance indicator for this dimension.

2.1.5. Human Appropriation of Net Primary Production and Energy
Available to the Trophic Network (HANPP and EATN)

This indicator reports the human impact on ecosystems and it is an
estimator of land use intensity (Haberl et al., 2004, 2007). Human
appropriation of net primary production (HANPP) results from the dif-
ference between the net primary production (NPP) in the absence of
human influence (NPP of potential vegetation: NPPj) and the NPP of
current vegetation remaining after harvest (NPPrgy). NPPgrgy is calcu-
lated as the NPP of current vegetation (NPPpcr) minus the NPP har-
vested (NPPyag), directly appropriated by humans as agricultural
products (grain, wood, meat, etc.) or destroyed during harvesting. NPP,
was assumed equal to NPP of native grassland, the original vegetation
type of most of Uruguayan territory (see Baeza and Paruelo, 2018 for
details). Although grasslands in Uruguay are grazed by domestic live-
stock, there is no consistent effect of grazing on NPP productivity in this
region (Oesterheld et al., 1999; Rusch and Oesterheld, 1997; Altesor
et al., 2005). The approximation used takes into account regional vari-
ations in NPPy, a value of NPP, was obtained for each geomorphological
region, taking the 95th percentile of the NPP of all remaining grasslands,
calculated according to Monteith’s model (1972). We have made this
decision under the assumption that NPP, should resemble, as closely as
possible, that of the best conserved and most productive grasslands.

HANPP was estimated for the 2017-2018 and 2018-2019 growing
seasons for each cadastral unit by combining land cover maps, crop yield
estimates, forage production derived from remote sensing data, and
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correlative models based on Baeza and Paruelo (2018). The values ob-
tained for each growing season were then averaged. We reported the
complement of the HANPP, which quantifies the energy available to the
trophic network (EATN=1-HANPP).

2.1.6. Hydrological yield (HY)

We calculated the annual hydrological yield at the cadastral unit
level for the 2017-2018 and 2018-2019 growing seasons. This indicator
is related to the water production (Salemi et al., 2012) that supports
wildlife, stream functioning, agricultural irrigation, drinking water
supply, and other ecosystem services. The hydrological yield estimation
considered soil water content (AS), precipitation (PPT) obtained from
the Climate Hazards Group InfraRed Precipitation with Station product
(CHIRPS, Funk et al., 2015), actual evapotranspiration derived from the
MOD16A2 MODIS product (ETR), and the field water capacity up to 1-
meter (FWC) derived from the Hengl and Gupta (2019) product:
HY=AS+PPT - ETR - FWC. The hydrological yield was estimated daily
using a function that iterates the calculation, taking into account the soil
water content from the previous day. Annual values of this indicator
were averaged (see Gallego et al., 2023b for more details).

2.1.7. Soil conservation (SC)

Soil conservation was estimated based on the revised version of the
“Universal Soil Loss Equation” (RUSLE, Renard, 1997). The estimation
of the RUSLE involves multiplying the precipitation erosivity (R), soil
erodibility (K), topographic (T, associated with slope length and
gradient), land cover (C), and conservation practice (P) factors:
RUSLE=R x K x T x C x P. Higher RUSLE values indicate more soil
erosion or less soil conservation. Elnashar et al. (2021) developed a
framework for estimating the RUSLE with remote sensing data in the
Google Earth Engine cloud platform (Gorelick et al., 2017). In this
framework, each factor of the RUSLE is estimated with a combination of
available satellite data, spatially explicit information, and biophysical
models. We adapted this procedure to estimate the RUSLE of cropland
pixels of Uruguay. The R factor of the RUSLE was calculated from the
model proposed by Renard and Freimund (1994) which is appropriate
for regions with annual precipitation over 850 mm (see equation 12 in
Renard and Freimund, 1994). This model is empirical and it only needs
the mean annual precipitation data for a climatic series (at least 30
years), so we used the Climate Hazards Group InfraRed Precipitation
with Station data (CHIRPS; Funk et al., 2015) which provides daily
rainfall data from the combination of satellite and in situ station data.
We estimated the annual mean precipitation for a 30-year series from
1990 to 20109.

The K factor was estimated for the upper 30 cm of the soil profile
using the Soil Erodibility Nomograph (Wishmeier & Smith 1978;
Renard, 1997), which estimates the soil sensitivity to erosion as a
function of the soil’s structure, permeability, and texture. For this, we
used the Soil Erodibility Nomograph equation (see equation 4 in Elna-
shar et al., 2021) and followed the procedure from Elnashar et al. (2021)
for assigning soil structure and permeability values (see Table 1 in
Elnashar et al., 2021) from soil texture and soil organic carbon data. We
used the Soil Texture Class, Soil Clay Fraction, Soil Sand Fraction, and
Soil Organic Carbon from the Open Land Map database (Hengl and
Wheeler, 2018; Hengl, 2018). For estimating the % of very fine sand, we
followed the assumptions from Elnashar et al. (2021) who estimated this
fraction as 20 % of the sand fraction. The soil silt content was estimated
as 100 — %clay + %sand. The Organic Matter (OM) content was esti-
mated as the soil organic carbon (SOC) content multiplied by 1.724
which assumes that 58 % of the OM is composed of SOC (Van Bemmelen,
1891; Tabatabai, 1996). We set 70 % as the upper limit of silt plus very
fine sand contents and 4 % for OM content as defined by Elnashar et al.
(2021) to prevent the underestimation of K values.

The topography factor (T) was estimated following the procedure
from Elnashar et al. (2021), who used a set of equations to estimate the
slope length and steepness (see equations 5 to 7.3 in Elnashar et al.,
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2021) from the NASA SRTM Digital Elevation Model data. We adapted
this procedure using the Multi-Error-Removed Improved-Terrain DEM
(Yamazaki et al., 2017), an enhanced Digital Elevation Model (DEM)
produced by eliminating the error components of the most used DEM’s
(NASA SRTM and JAXA AW3D among others). The land cover factor (C
factor) was estimated from the equation used by Almagro et al. (2019)
and Sone et al. (2019) who used a calibration model of the Normalized
Difference Vegetation Index (NDVI) and C factor values derived from
soil erosion experimental plots developed in the Southern East of Brazil
(see equation 2 in Almagro et al., 2019). We used the NDVI for the
2017-2018 and 2018-2019 growing seasons and then averaged for
calculating the C factor. The factor P, associated with conservation
practices such as the construction of crop terraces or the conservation of
uncultivated edges, was not estimated in this study (was taken as 1) due
to the impossibility of detecting such practices at the scale of the anal-
ysis. Furthermore, there are no reports of the widespread use of this kind
of practices in Uruguay (Carrasco-Letelier and Beretta, 2017). Finally,
the RUSLE was calculated by multiplying each described factor at the
pixel level and then averaged to obtain a single estimation for each
cadastral unit.

2.2. Comparative analysis and visualization

To ensure comparability among environmental performance in-
dicators, they were scaled within a range of values from O to 1. This
scaling process involved calculating the difference between each value
of a cadastral unit and the minimum value for each indicator, which was
then divided by the range (the difference between the maximum and
minimum values). The 5th (p5) and 95th (p95) percentiles of each in-
dicator along all cadastral units were considered as the minimum and
maximum values, respectively. For a better interpretation of the results,
we considered that the highest scaled values of the indicators represent
the best environmental performance. Thus, to obtain the EATN, we
calculated the complement of the HANPP and to obtain SC the com-
plement of the scaled RUSLE equation. For facilitating comparative
analysis of environmental performance across different uses and re-
gions, we computed the median value for each indicator based on the
productive system type (i.e. Cropland Farms, Mixed Farms, and Live-
stock Farms) and region (6 in total). We determined the median for each
type of productive system type to compare the environmental perfor-
mance. To represent the variability around the median for each com-
bination of productive system and region we calculated the 25th (p25)
and 75th (p75) percentiles. To visualize the environmental performance
among regions and productive system types, we generated “flower
plots”. In these plots, each petal represents the performance of a specific
environmental indicator. As the analysis involved the entire set of
cadastral units (a census, not a sample), no statistical tests were con-
ducted. A flowchart including in the Supplementary Material (Figure S2)
summarizes the processes performed to characterize the environmental
performance at the cadastral unit level.

Finally, we performed a Pearson’s correlation analysis for assessing
the level of complementation among the indicators calculated at the
cadastral unit level. We performed the analysis for the whole data set (n
= 77.608 cadastral units) and for a subset where we took into account
spatial correlation. To consider the spatial correlation among cadastral
units, semi-variograms for each indicator were made in order to find a
threshold distance where correlations among farms diminished. For five
out of seven indicators, a plateau in semi-variance values was reached at
a distance of 25 km (see Supplementary Material, Figure S3).

3. Results and discussion

Across the whole country, it was possible to identify spatial patterns
for each indicator of environmental performance considered (Fig. 2).
Such patterns showed a partial correspondence with the geomorpho-
logical units defined by Panario et al. (2014). The boundaries among
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Fig. 2. Maps showing the spatial patterns of the scaled values (0-1) of the 7 indicators studied: dEFT: diversity of Ecosystem Functional Types; HABNAT: Proportion
of Natural Habitats; ESSI: Ecosystem Services Supply Index; tESSI: temporal trend in the Ecosystem Services Supply Index; EATN: Energy Available to Trophic
Network (1-Human Appropriation of Net Primary Production); HY: hydrological yield; SC: Soil Conservation. Inset showed the distribution of the 6 geomorphological
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Merin graben (LMG). White areas correspond to cadastral units with no data due to the proportion of tree plantations and/or non-agricultural soils (for the

SC indicator).

some of the regions were particularly evident (i.e. for natural habitats
between the Basaltic region and the Western Sediment Basin and
Gondwanic Sediment Basin or between this last unit and the Lagoon
Merin Graben). White areas in the maps corresponded to cadastral units
dominated by tree plantations or, in the case of Soil Conservation, to
non-agricultural soils (Fig. 2).

Interestingly, the regional patterns differ among indicators suggest-
ing a low redundancy. The low redundancy was evident when the spatial
correlation between indicators was analyzed (Fig. 3). The highest cor-
relation among indicators observed (HABNAT vs HY) was 0.62, indi-
cating that only 38 % of the variance of one of the indicators was
associated with the other. When the correlation among indicators was
analyzed for each geomorphological region, the pattern was similar to
that observed for the whole country. Only in three regions (Basaltic
Region, Crystalline Shield, and Western Sediment Basin) correlation
coefficients higher than 0,50 were observed (between HABNAT vs tESSI,
ESSI vs tESSI, HY vs HABNAT and HABNAT vs ESSI) (Figure S4, Sup-
plementary material). We performed an analysis on a subset of the data
to avoid potential effects of spatial correlation and the results showed
basically the same patterns (Figure S5, Supplementary material).

For each region and type of farm, it is possible to define the median
environmental performance (Fig. 4). Each farm had also an individual
environmental “signature” (data not shown). The p25 and p75 percen-
tile bars of each petal in Fig. 4 exhibited significant variability across all
the dimensions considered. Such differences are mainly associated with
the dominant land use (cropping vs livestock production) (Fig. 4, see
table in Supplementary material with the non-scaled values of the in-
dicators). Livestock farms showed the best performance and also the
lowest variability for most indicators (Fig. 4). Though cropland farms
presented lower median values than livestock farms, the widest
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variability range displayed for, particularly ESSI, tESSI, EATN, and dEFT
indicates that such cadastral units have the potential of reaching similar
environmental performances than less intensified (Livestock and Mixed
farms) areas. The performance of the different types of farms was similar
among geomorphological regions, except for the Cropland Farms of the
Lagoon Merin graben where the dominance of irrigated rice fields and a
flat landscape determined important differences with the rainfed agri-
culture that dominated the rest of the country (Fig. 4). When all the
cadastral units within a region are considered, the Basaltic Region, the
area of the country with the highest proportion of natural grassland
(Baeza et al., 2022) and the lowest level of habitat fragmentation (Mello
et al., 2023), showed the best performance (Fig. 4), mainly due to the
high proportion of “livestock farms” (LF) on it (96 % of the cadastral
units were classified as LF). The region where croplands were dominant,
the Western Sedimentary Basin, showed the lowest performance in
environmental terms due, mainly, to the lowest proportion of natural
habitats and the low values of the ESSI.

In absolute terms, the proportion of Natural Habitats (HABNAT)
varied between 9.2 (p5) and 99.8 % (p95). The median value for Live-
stock farms was 86 %, substantially higher than the median of Cropland
Farms (15.4 %) and Mixed farms (33.1 %). As expected, the diversity of
Ecosystem Functional Types (dEFT) augmented with the size of the
cadastral unit and reached a plateau around 2500 ha (Figure S6, Sup-
plementary Material). A Michaelis Menten function was able to capture
62 % of the variability. Livestock and mixed farms showed similar dEFT
values, being mixed farms more diverse for units lower than 500 ha and
livestock farms more diverse in farms above this size. On the other hand,
cropland farms showed lower dEFT values for all farm sizes (Figures S6
and S7). The dispersion around these models provides a relative measure
of the functional diversity of a cadastral unit. Units above the fitted
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Fig. 3. Pearson coefficient of correlation between indicators considering the whole cadastral units. ESSI: Ecosystem Services Supply Index; EATN: Energy Available
to Trophic Network; HY: Hydrological yield; HABNAT: proportion of natural habitats; dEFT: Diversity of Ecosystem Functional Types; tESSI: temporal trend in the

Ecosystem Services Supply Index; SC: Soil conservation.
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curve were more diverse than the mean for a given size. For units be-
tween 400 and 500 ha, only 2 % of the farms above the mean dEFT value
were Cropland farms (Figure S7).

ESSI varied in absolute values between 0.55 and 0.78 (p5 and p95,
respectively). The highest values, again, correspond to Livestock farms.
However, Cropland Farms may reach high values of this indicator
mainly in areas with double cropping systems, service (cover) crops or a
high proportion of sowed pastures. tESSI were also lower in Cropland
Farms than in Livestock farms, probably because during the period
analyzed an important land cover change (grasslands transformed into
croplands and/or reduction of the proportion of sowed pastures) took
place across the country (Baeza and Paruelo, 2020; Baeza et al., 2022).
However, the dispersion of tESSI values (p75-p25) in Cropland Farms
was particularly high, meaning that some cropland farms experienced
positive changes in ES supply. A survey of the management actions taken
in the Cropland farms with higher ES supply would guide sustainability
transitions for the agricultural sector.

The Energy Available for the trophic network (EATN), the comple-
ment of the widely used HANPP, presents interesting patterns. It varied
from 52 (p5) to 90 % (p95) for the whole data set. In general, the higher
proportion of crops in the cadastral units was associated with a lower
EATN (Cropland < Mixed < Livestock Farms), due to the appropriation
of part of the PPN as harvest. In some cases, due to management (mainly
fertilization and irrigation), the actual NPP in cropland areas may be
greater than the potential NPP. Consequently the remaining biomass in
the system, even with a high harvest index, can be large.

The Hydrological Yield showed large differences among regions, due
mainly to differences in soil depth and slopes. Median absolute values
for the Basaltic region were 32 % and 22 % for the Western Sedimentary
region. Within each region, land use also generates differences with
higher median values of HY for Livestock farms than for Cropland farms
(ranging from 32-28 % for the Basaltic region and 24-19 % for the
Western Sedimentary region, respectively).

Finally, the Soil Conservation indicator for cropland areas (Cropland
and mixed farms) showed more variation between geomorphological
regions than among productive uses. It had the highest values (least soil
loss) in the Lagoon Merin, followed by Eastern Hills and Crystalline
Shield. On the other hand, the SC values were lower in the Gondwanic
Sediment Basin, followed by the Western Sediment Basin and the
Basaltic region, with the lowest values (Fig. 4). In absolute terms, the
soil loss estimations from the RUSLE calculation ranged from 0 to 16.7
(tn/ha.year), with a median value of 1.4 (tn/ha.year). In the region
where croplands are dominant, the Western Sediment Basin, the median
soil loss rate was 1.9 (tn/ha/year) and ranged from 1.25 (p25) to 3 (p75)
(tn/ha.year) in cropland farms (n = 2693). For the Gondwanic Sediment
Basin, the median soil loss rate in cropland farms (n = 149) was 1.74
(tn/ha.year) and ranged from 0.84 (p25) to 2.8 (p75) (tn/ha.year).
Despite not having many cropland farms (n = 136), the Basaltic Region
had the highest soil loss rate in these fields, with a median soil loss rate
of 2.5 (tn/ha.year) ranging from 1.8 (p25) to 3.7 (p75) (Table S1),
mainly due to the combination of shallow soils and high slopes which
make the soils more susceptible to erosion.

4. Applications and limitations

Describing the environmental performance at the farm level based on
synoptic indicators may represent a major step in assessing the sus-
tainability of the agricultural sector. Some innovative aspects of our
study include: a. the extension of the analysis (the entire country), b. the
resolution of both the environmental description and the summary of
the information (a Landsat or MODIS pixel and the cadastral unit), c. the
multidimensional characterization of environmental performance (by
including biodiversity, C and water dynamics, and ecosystem services
supply), d. the quantification of the complementary/redundancy of the
indicators evaluated at the resolution of management units, e) the dy-
namic nature of the indicators and their sensitivity to human
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interventions (can be calculated every growing seasons and can track
changes in land uses/management) and f) the comprehensive charac-
teristic of the study that allow to use the same protocols to calculate the
indicators across regions and production systems. Several of the in-
dicators proposed in the literature to measure sustainability are not
scalable (it is impossible to spatially cover the whole territory), depend
on secondary information (e.g. amount of products and applied dose) or
are difficult to monitor over time (Robling et al., 2023). Our results
presented spatially explicit indicators, that are independent of second-
ary information and are updatable over time. Moreover, they are clearly
linked to ecological features that determine environmental sustainabil-
ity (Storkey et al., 2024).

Obviously the approach we took to describe the environmental
performance has limitations. Such limitations are, primarily associated
to the resolution (both spatial and conceptual) of the remote sensing
products, to the correspondence between the cadastral unit and actual
farms and with the conceptual models used to derive the indicators. The
spatial resolution of those products derived from MODIS images deter-
mined that small cadastral units (smaller than aprox. 15 ha) were not
considered in the characterization. This may generate biases associated
to, for example, the particular types of farmers included due to a po-
tential underrepresentation of the smallholders. Moreover, the cadastral
unit does not necessarily represent a farm (a management and com-
mercial unit). Some farms may include more than one cadastral unit or
“padro6n”, but the information on which cadastral unit defines a farm is
not available because it is protected by the Statistical Secrecy Law (Law
No. 16.616). The conceptual resolution of some of the indicators may
also represent a limitation. The product used to derive the percentage of
natural habitat (MapBiomas) do not discriminate between types of
woodlands or native grassland communities (Lezama et al., 2019). The
present study relied only on one descriptor of the temporal changes
(tESSI). Some of the trends of other indicators (for example HabNat or
EATN) are reflected in changes in the Ecosystem Services Supply Index.
However, to include a description of the temporal trends for the whole
set of indicators may provide a more comprehensive description of the
environmental performance.

We emphasize the importance of describing sustainability in relative
terms. The indicators proposed permit the comparison of a farm with its
surroundings and rank its performance within a given administrative
unit or groups of farms. Moreover, it is possible to track the changes of
the different dimensions on a single farm to evaluate the impacts of
practices and climatic events or trends. We are not proposing at this
stage normative categories, such as the evaluative (good, bad, better,
and so on) and the deontic (required, permitted, forbidden, and so on).
Defining such categories would require identifying reference situations
and a characterization of their temporal and spatial variability. More-
over, actual boundaries or thresholds are a social construction and
require a political discussion. It requires the construction of agreements
that must incorporate technical aspects, international commitments, the
intergenerational perspective, and the vision of social actors with
diverse values and interests, among other aspects.

Relative analyses, though, can substantially improve decision-
making. We list three potential applications of the indicators pre-
sented that are currently in the process of being implemented in
Uruguay:

a) Native Grasslands conservation and land use planning. Two Law
projects are under discussion at the Representative Chamber of the
Uruguayan Parliament. Both are aimed to reduce the transformation,
to control and reverse degradation, and to restore native grasslands;
the most widespread biome of the Country. HabNat is a critical piece
of information to identify native grassland areas, to track temporal
changes and to identify critical patches to preserve the connectivity.
The ESSI temporal trends (tESSI) become essential to monitor
changes in the conservation status and to identify degradation spots.
These two indices have been used with high weightings in an exercise
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aimed to define the conservation status of grasslands in a subregion
particularly threatened by land use changes (Staiano et al., 2022).
The functional diversity (dEFT) of the grassland surroundings was
also used, although with the least weight in the final value.
b) Agroecological Transitions. Uruguay issued in 2017 the Agroeco-
logical Act (No. 19.717, https://www.impo.com.uy/bases/leyes/
19717-2018). The objective of the norm is to promote agroecologi-
cal systems of production, distribution and consumption. A critical
issue is to identify effective agroecological transition and to devise
indicators to monitor them. This is particularly critical for extensive
production systems (croplands, livestock, and dairy production).
Garcia-Inza et al. (2023) proposed to identify transitions based on
changes on 14 dimensions that include, among other, natural habi-
tats conservation, ecosystem services supply, biodiversity conserva-
tion, soil conservation and GHG emissions. As a related initiative, a
joint effort of the Ministries of Agriculture and Environment, set a
working group including the public sector and the academia to
define a set of indicators to characterize the Environmental Footprint
of the Livestock sector (MA, 2022). This group included in the
definition of the Environmental Footprint 5 out of the 7 indicators
presented here. A program on Agroecological Transitions in different
production systems instrumented by the Ministry of Agriculture and
funded by the World Bank (“Sendas Agroecoldgicas”, https://www.
gub.uy/ministerio-ganaderia-agricultura-pesca/comunicacion/co
nvocatorias/senda-agroecologica) also incorporate 5 of the in-
dicators proposed here to characterize the environmental baseline
(2023) and, later, the magnitude of the changes (2026) on the 146
farms selected.
Product typification: The environmental performance of a territorial
unit (i.e. a farm or group of farms), evaluated in its multiple di-
mensions, can be linked to the production generated in that unit
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(Fig. 5). The combination of the description of environmental per-
formance with the traceability systems in operation in Uruguay in
the livestock industry makes it possible to typify products from the
point of view of their environmental sustainability. Product typifi-
cation allows an effective and explicit connection with consumption
and, therefore, with the possibility of modifying patterns by differ-
entiating products based on their environmental and social
performance.

The use of indicators requires a complex process to legitimize them.
A first step is the academic evaluation through the peer review processes
and publication in peer-reviewed scientific journals. A second step in-
volves the evaluation of the indicators as technological developments.
Such evaluation requires a multidimensional and situated approach. The
National Institute of Agricultural Research (INIA by its Spanish
acronym) in Uruguay stated a program to evaluate and certify tech-
nologies for the agricultural sector (Vasen et al., 2021; (https://www.
inia.uy/productos-y-servicios/Productos/Certificacion-de-tecnologias).
The process involves the opinion of a panel of stakeholders linked to the
academia, the public and private sectors and the users. Five of the in-
dicators presented here have been already certified by INIA (Sierra et al.,
2023). However, a critical step in building legitimacy is related to final
users’ opinion and adoption, an ongoing process in this case.
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