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Abstract

1. Where agriculture expands into tropical and subtropical forests, social-ecological

impacts are typically strong. However, where and how frontier development im-
pacts on ecosystem functioning and services is often unclear, including which ser-
vices trade-off against agricultural production. This constitutes a major barrier

towards planning for more sustainable outcomes in deforestation frontiers.

. Here we assessed spatiotemporal change in multiple ecosystem services in the

Argentine Chaco, a global deforestation hotspot. We modelled and mapped five
ecosystem functions (i.e. carbon storage in biomass, carbon storage in soil, erosion
control, excess rainfall retention by vegetation and soil fertility) which together
provide three ecosystem services (i.e. agricultural suitability, climate regulation
and flood regulation) for 1985, 2000 and 2013. We then employed this infor-
mation to identify and map: (a) main trade-offs between ecosystem services and
agricultural production, and (b) bundles of changes in ecosystem services through

the use of Self-Organizing Maps.

. Our results highlight that land-use changes since 1985 have led to widespread and

drastic declines in ecosystem functions and services across the Argentine Chaco.
Mean losses of ecosystem services ranged between 6% and 10% for flood regula-
tion, climate regulation and agricultural suitability. The largest losses occurred in
the Dry Chaco subregion between 2000 and 2013.

. We find two main types of trade-offs between regulating ecosystem services and

agricultural production. Increases in crop and pasture production occurred along
with large and moderate losses, respectively, in flood regulation and climate regu-

lation over 20% of the region.

. Our mapping of bundles identified five common patterns of change in ecosystem

services, delineating areas of stable or degrading ecosystem service supply. This

provides a powerful template for adaptive spatial planning.

. Synthesis and applications. Using the Argentinean Chaco as an example, we demon-

strate how combining fine-scale land-use maps with biophysical models provides
deep insights into the spatiotemporal patterns of changes in ecosystem services,
and their trade-offs with agricultural production. The periodic updating of maps
of trade-offs and bundles of change in ecosystem services provides key inputs for
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1 | INTRODUCTION

Agricultural expansion can increase the provisioning of food, fibre
and biomass, but also entails stark environmental impacts (Garrett
et al., 2018; Tilman, Balzer, Hill, & Befort, 2011). These impacts,
however, are increasingly distributed unevenly across the globe, with
the most rapid and extensive agricultural frontiers found in tropi-
cal and subtropical regions (Hansen et al., 2013; Laurance, Sayer, &
Cassman, 2014). These regions contain some of the last remaining
land reserves (Lambin et al., 2013), but are also rich in unique bio-
diversity and store vast amounts of carbon, both of which typically
suffer as agriculture expands (Parr, Lehmann, Bond, Hoffmann, &
Andersen, 2014; Pendrill et al., 2019). Understanding how agricul-
tural frontiers advance in the tropics, and which environmental im-
pacts co-occur with them, is therefore important.

Advancing agricultural frontiers are the result of land manag-
ers’ individual decisions aimed at increasing the production of food,
animal feed, fibre or fuel (Mastrangelo, Gavin, Laterra, Linklater, &
Milfont, 2014). This alters key ecosystem functions, in turn creating
or amplifying trade-offs among ecosystem services (Mastrangelo &
Laterra, 2015). For example, the expansion of monocultures to pro-
duce agricultural commodities (e.g. soybean, oil palm) into tropical
and subtropical forests reduces the multifunctionality of these eco-
systems (Mastrangelo, Weyland, et al., 2014) and their supply of ser-
vices related to climate regulation (Quintas-Soriano, Castro, Castro,
& Garcia-Llorente, 2016), flood regulation (Rogger et al., 2017), pol-
lination (Potts et al., 2016) or water regulation (Villarino, Studdert, &
Laterra, 2019). Importantly, there are critical feedbacks among these
changes, as agricultural production itself depends on regulating ser-
vices (Bennett & Balvanera, 2007; Bommarco, Vico, & Hallin, 2018).
Mitigating trade-offs, avoiding unwanted outcomes and more gener-
ally steering agricultural frontiers towards sustainable futures, thus
depends on tracing the links between land-use change, ecosystem
functions and ecosystem service supply.

Despite considerable advances in mapping agricultural ex-
pansion on the one hand (e.g. Baumann, Gasparri, et al., 2017,
Graesser, Aide, Grau, & Ramankutty, 2015; Song et al., 2018), and
ecosystem functioning and services on the other (Laterra, Barral,
Carmona, & Nahuelhual, 2016; Raudsepp-Hearne, Peterson, &
Bennett, 2010; Schulp, Van Teeffelen, Tucker, & Verburg, 2016),
spatially explicit, fine-resolution assessments of the relationships
among both remain rare (Stirck et al., 2016). This is particularly
so for tropical and subtropical forest regions, which harbour the

world's most dynamic agricultural frontiers (Garrett et al.,, 2018).

the adaptive management of highly dynamic and threatened landscapes, such as

those in tropical and subtropical deforestation frontiers.

commodity frontiers, deforestation, ecosystem service modelling, environmental impacts,

multifunctionality, spatial trade-offs

The few existing assessments in such regions typically rely on
coarse proxies of ecosystem services (Carrasco, Webb, Symes, Koh,
& Sodhi, 2017; Leh, Matlock, Cummings, & Nalley, 2013; Locatelli,
Imbach, & Wunder, 2014; Rukundo et al., 2018), which are often
opaque to the ecosystem functions underlying specific ecosystem
services. This, in turn, has led to calls for more biophysical realism
in ecosystem service assessments through modelling surfaces of re-
gionalized primary data (Eigenbrod et al., 2010; Lavorel et al., 2017;
Seppelt, Dormann, Eppink, Lautenbach, & Schmidt, 2011). Linking
such efforts to land-use change maps would allow us to reveal how
land-use change impacts ecosystem functions, and how these im-
pacts translate into change in ecosystem services (Boerema, Esler,
Meire, Rebelo, & Bodi, 2016). Unfortunately, such assessments are
rare (Rieb et al., 2017) and typically local, thus not covering the most
relevant, broader scales for policymaking and spatial planning.

Promising avenues for assessing links between land use, eco-
system functions and services across broader scales are the con-
cepts of bundles and archetypical change. Ecosystem functions or
services often change in similar ways in response to a certain type
and magnitude of land-use change (Grace, Vestergaard, Bacher,
Dalgaard, & Svenning, 2014). Thus, sets of bundles of ecosystem
functions or services that covary across time and space can be
identified and mapped (Queiroz et al., 2015; Raudsepp-Hearne
et al., 2010; Renard, Rhemtulla, & Bennett, 2015). This provides
a powerful means to understand spatial variation in trade-offs
in data-scarce regions (Baré, Gémez-Baggethun, & Haase, 2017,
Berry, Turkelboom, Verheyden, & Martin-Lépez, 2015). Likewise,
these bundles can be traced in time, providing insight into how
trade-offs and synergies evolve as land-use change progresses
(Renard et al., 2015). However, we know of only two studies that
have done so, one for Europe (Mouchet et al., 2017) and one for
Canada (Raudsepp-Hearne et al., 2010), where landscapes have
been comparatively stable. No such assessment has, to the best
of our knowledge, been carried out in any agricultural frontier in
the tropics or subtropics, where trade-offs can be expected to be
very stark.

South America's dry forest and savannas are currently experi-
encing the highest rates of agricultural expansion globally (Garrett
et al., 2018) including in the Cerrado, the Chiquitania and the
Chaco ecosystems (Baumann, Israel, et al., 2017; Piquer-Rodriguez,
Baumann, et al., 2018). The Chaco in particular has recently emerged
as a global deforestation hotspot, with about 21% (15.8 million ha)
of its woodlands transformed between 1980 and 2012 (Vallejos

et al., 2015). How these transformations have impacted bundles of
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ecosystem functions and services, however, remains unknown. This
is problematic because, as in many tropical and subtropical defor-
estation frontiers, such information is urgently needed to inform re-
gional land-use planning (Aguiar et al., 2018).

Chaco ecosystems support many benefits, such as buffering
from climatic extremes, reducing flood risk and maintaining land
agricultural productivity. Yet all of these benefits can be compro-
mised as agricultural production expands into natural ecosystems.
Land-use planners and policymakers seeking to lessen such trade-
offs urgently require better knowledge of how and where land-use
changes impact the delivery of these benefits. Here we map three
ecosystem services and five ecosystem functions that underpin
these services using the ECOSER protocol (ECOSER, 2020). This pro-
tocol has recently been designed and implemented in South America
(Barral, Laterra, & Maceira, 2019; Laterra et al., 2016; Portalanza
et al., 2019), and allows for (a) modelling ecosystem functions based
on ecosystem properties (e.g. land-cover, soil, climate, topography)
and (b) quantifying and mapping ecosystem services based on the
multiple ecosystem functions that underpin them. We then used Self
Organizing Maps to identify typical bundles of ecosystem services
and their changes. Specifically, we address the following research

questions:

1. How did ecosystem functions and services change across the
Argentine Chaco between 1985 and 2013?

tﬁ

FIGURE 1 Location of the Chaco
ecoregion in South America (a), climatic
subregions of the Chaco (b), and land
cover in 1985 (c), 2000 (d) and 2013

(e; based on Baumann, Gasparri, et al.,
2017)

2. What are the main trade-offs between agricultural produc-
tion and ecosystem services in the region, and where are these
located?

3. What are typical bundles of changes in ecosystem services across

the region, and how are these spatially distributed?

2 | MATERIALS AND METHODS
2.1 | Study area

The Argentine Chaco encompasses 60% (around 700,000 km?) of the
South American Chaco, a tropical and subtropical region covered by
a mosaic of dry and humid forests, savannas, grasslands, shrublands
and croplands (Figure 1). Annual precipitation ranges from 1,200 mm
in the Wet Chaco to 450 mm in the Dry Chaco, concentrated from
November to April followed by a long dry season from May to
September (Bucher, 1982). Mean annual temperature is 22°C, with
high temperature in spring and summer determining evapotranspira-
tion exceeding precipitation (Bianchi & Cravero, 2010). Most abun-
dant soil types are Mollisols and Entisols, with loam-silty and loam
textures (Villarino et al., 2017). The Argentine Chaco contains three
subregions. In the east, and the Wet Chaco is a large plain covered
by savannas interspersed with marshes and forests on riverbanks and
higher lands. The Dry Chaco expands from the Andean foothills to the

(b)
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Wet Chaco, covered by xerophilous forests dominated by quebrachos
(Schinopsis balansae, Schinopsis lorentzii and Aspidosperma quebracho)
and algarrobos (Prosopis spp.). In the south, the Very Dry Chaco has
less rainfall and a hillier terrain, and natural vegetation is dominated
by shrubs (Morello, Mateucci, Rodriguez, & Silva, 2012). Deforestation
in this region started in the 1970s and accelerated in the 1990s, stimu-
lated by new technologies (i.e. GM soybeans) and favourable policies
(le Polain de Waroux et al., 2018). Deforestation rates surged particu-
larly in the 2000s, with input intensive and large-scale monoculture
soybean systems and pasture expansion pushing agricultural frontiers

deep into the forest towards the semi-arid core of the Chaco.

2.2 | Assessment of ecosystem functions
and services

To quantify and map ecosystem services supply, we applied the
ECOSER protocol (ECOSER, 2020; Laterra et al., 2016). This proto-
col builds on the conceptual framework of the ecosystem service
cascade (Haines-Young & Potschin, 2010), in which the biophysi-
cal structure of ecosystems supports ecosystem functions (Fisher,
Turner, & Morling, 2009), which in turn supply ecosystem services
that are of direct benefit to society. Several conceptual frameworks
and classification schemes exist in ecosystem services research
(Braat & Groot, 2012), each of them with their own strengths and
weaknesses. All of them can be useful for organizing ecosystem ser-
vice assessments, as long as they are flexible enough to be adjusted
to specific research objectives and the social-ecological character-
istics of study cases.

Most procedures for quantifying and mapping ecosystem ser-
vices do not require regionalized data, and many rely on proxy

Excess rainfall
retention by vegetation

Proportion of precipitation
that does not runoff
and remains in the ecosystem

EF1

Climate regulation

Mitigation of global temperature rise,
extreme climatic events and
changes in precipitation regimes

Carbon storage
in soil
Quantity of C in
soil organic matter

EF2

Erosion control Flood regulation

Reduction of soil sediments
by protection of
vegetation cover

Reduction in the extent, length and
frequency of floods resulting from

excess precipitation and/or
overflow of water bodies

EF3

Soil fertility

Capacity of the soil to provide
plants the necessary nutrients
for their growth
and development

EF4

Agricultural suitability

Potential production for most
common crops in the region

Carbon storage
in biomass
Quantity of C in trees,

shrubs and herbaceous, and

leaf litter on the ground

EF5

Ecosystem
services

Ecosystem
functions

indicators or generalized ‘ecological production functions’, which
can produce a considerable mismatch between maps and reality
(Eigenbrod et al., 2010). More popular or well-known ecosystem
service assessment protocols (i.e. InVest, ARIES) are based on the
Millennium Ecosystem Assessment framework, and thus do not
make a clear distinction between ecosystem functions and services.
Unlike these, ECOSER quantifies and maps ecosystem functions and
services separately, using primary data from within the region. This
allows better capturing of the spatial heterogeneity of ecosystem
functions that together produce the supply of ecosystem services.
In ECOSER, the relative contribution of ecosystem functions to
particular services varies depending on the ecological and regional
context (Weyland, Barral, & Laterra, 2017; Figure 2). This clear dis-
tinction between ecosystem functions and services is useful as each
ecosystem function can contribute to multiple ecosystem services,
and each ecosystem service can be the result of multiple functions.
ECOSER is provided online (ECOSER, 2020) and the modelling tools
can be integrated into ArcGlIS or QGIS.

We assessed three ecosystem services that are particularly
important for the Argentine Chaco (Caceres, Tapella, Quétier, &
Diaz, 2015; Mastrangelo, 2018) and the five ecosystem functions
that underpin them (Figure 2). We read the cascade from right to
left (from benefits to structures) to select ecosystem functions
and services, as ecosystem services are the targets of planning ac-
tions and the boundary object that facilitates the science-policy
dialogue (Potschin-Young et al., 2018; Spangenberg, von Haaren,
& Settele, 2014). For example, reducing flooded areas (benefit) re-
quires flood regulation (ES2, Figure 2), an ecosystem service sup-
ported by multiple ecosystem functions, among them the retention
of excess rainfall (EF1) and the retention of soil sediments (EF3) by
vegetation. At the same time, the capacity to control soil erosion

ES1

Relative contribution
of each ecosystem

ES2 function to each

ecosystem services
— 0.1-04
— 04-0.7
— 0.7-1.0

ES3 FIGURE 2 Linkages between the

ecosystem functions (EF) and services (ES)
assessed for the Argentine Chaco. Line
thickness is proportional to the relative
contribution of ecosystem functions to
specific services (obtained from Weyland
etal., 2017)
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(EF3) and the storage of carbon in soils (EF2) contribute to maintain
the suitability of land for agricultural use (ES3). Land-use changes,
such as the conversion of forests to cropland, modify and often
reduce these ecosystem functions (Villarino et al., 2017), creating
trade-offs between agricultural production and ecosystem services
such as climate regulation (ES1).

We first quantified and mapped the five ecosystem functions
across the study region for the years 1985, 2000 and 2013 at a res-
olution of 30 m, using models based on soil properties, topography,
land cover and other biophysical variables (see Table 1; for detail
on input data and preprocessing see Supporting Information). Since
ecosystem function maps had different measurement units, we nor-
malized them to range between 0 and 100 (min-max normalization).

We then generated ecosystem service maps according to:

n
ESS; = )b, X EF;, (1)
i=1

where the supply of ecosystem service i (ESS)) is obtained from the
linear combination of j ecosystem functions (EFI.), weighted by the
relative contribution of each j function to that service (bi}.). The rel-
ative contributions of ecosystem functions to ecosystem services
were based on an expert-knowledge elicitation study (Figure 2;
Table S5; Weyland et al., 2017).

2.3 | Regional change and trade-off analyses

To assess regional changes in ecosystem functions and services be-

tween 1985 and 2013 (research question 1, Figure 3), we calculated

the relative differences in each function (except for soil fertility,
which depended only on soil properties that were assumed to be
constant over our time period, see Supporting Information) and
service for three time periods (2000-1985, 2013-2000 and 2013-
1985) and averaged the relative differences at the regional and sub-
regional levels.

To evaluate trade-offs between ecosystem services and agri-
cultural production in the region (research question 2, Figure 3), we
classified gridcells according to (a) the magnitude of ecosystem ser-
vice losses and (b) the type of land-use conversion as an indicator
of the magnitude of changes in agricultural production. For (a), we
classified gridcells according to the magnitude of losses from 1985 to
2013 in each ecosystem service into: small losses, moderate losses
and large losses, defined as the lower, middle and upper third of the
distribution of values. For (b), we classified gridcells according to the
land use change from 1985 to 2013 into three categories (no conver-
sion, conversion to crop, conversion to pasture). To assess relation-
ships between ecosystem service losses and land-use conversions,
we ran a correspondence analysis (Queen, Quinn, & Keough, 2002).
Finally, we mapped areas where land-use conversions led to large
losses of ecosystem services (i.e. trade-off areas) according to the

correspondence analysis.

2.4 | Mapping bundles of ecosystem services

We used Self-Organizing Maps to map typical bundles of change
in ecosystem services across the region (research question 3,
Figure 3). Self-Organizing Maps are an automated clustering

technique using an unsupervised competitive learning algorithm

TABLE 1 Models used for quantifying and mapping each ecosystem function assessed (for a detailed description of the procedures see

Supporting Information)

Ecosystem function Model description

Excess rainfall retention by
vegetation

The model employs the Curve Number methods to calculate
the run-off as the result of the interaction between

Main references

Barral et al. (2019); Fu, Wang, Xu, and
Yan (2013); NRCS (1986)

vegetation and soil type. Then, the amount of floodwater
retained by vegetation is calculated by subtracting

run-off from precipitation

Carbon stored in soil

The amount of carbon stored in soil organic matter is

IPCC (2006); Villarino et al. (2018)

calculated considering the initial soil organic carbon stock
(under reference condition, pristine or semi-pristine
condition) and stock change factor (according to the

vegetation cover)

Carbon stored in biomass

vegetation cover

Erosion control

Values of carbon storage in biomass (carbon in trees, shrubs,
herbaceous vegetation and leaf litter on the ground) for each

The model employs the Revised Universal Soil Loss Equation
(RUSLE) to calculate sediment loss rates for two conditions:

Baumann, Gasparri, et al. (2017);
IPCC (2006)

Renard, Foster, Weesies, and
Porter 1991

bare soil and different types of vegetation covers. Then,

these values are subtracted

Soil fertility

This index establishes a numerical value of the production

INTA (1990); Riquier et al. (1970)

capacity of soils (assuming that the productive capacity of
the soil depends on its intrinsic properties)
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FIGURE 3 Overall workflow to map five ecosystem functions and three ecosystem services, which then served as inputs to identify

trade-offs and map bundles of ecosystem services over time

(Kohonen, 2001). They are well-suited to analyse and visualize
high-dimensional data, reduce data complexity by grouping ob-
servations based on their similarity in feature space, and preserve
the topology of the input data (Ripley, 1996), rendering them a
useful tool to investigate major patterns in human-environment
systems (Levers et al., 2018; Vaclavik, Lautenbach, Kuemmerle, &
Seppelt, 2013).

To reduce computational load we aggregated the ecosystem ser-
vices layers from their native 30-m resolution to a 1-km resolution,
by calculating averages per gridcell. We calculated the absolute dif-
ference between 1985 and 2013. All input layers used in our cluster
analyses were scaled to zero mean and unit standard deviation (z-
scores) to make cluster results comparable (i.e. how strongly the level
of ecosystem service change at a given location deviates from the
regional average change). As our results are relative to the respective
average change across the region, mean and standard deviation val-
ues for each indicator were reported to allow for a meaningful inter-
pretation of our cluster results (Table S6; Supporting Information).

Self-Organizing Maps require a priori definition of the number
of clusters. To identify the appropriate number of clusters, we per-
formed a sensitivity analysis with different cluster numbers ranging
from 1 to 25. We determined the final number of clusters by search-
ing for the natural break point in the mean Euclidean distance of the
samples to their cluster centroid (Maulik & Bandyopadhyay, 2002)
and by the Davies-Bouldin cluster validity index (Davies &
Bouldin, 1979), which relates intra- to inter-cluster variability (see
Figure S1 in the Supporting Information). These metrics are com-
monly used to identify the optimal cluster number (Chaimontree,
Atkinson, & Coenen, 2010).

We ran the cluster analysis with ecosystem service data for
1985 plus absolute differences between 1985 and 2013 (six input
layers, five clusters). Including the 1985 baseline situation is import-
ant for the correct interpretation of observed changes. We used
the koHoNeN (Wehrens & Buydens, 2007) and cLusTerSiM (Walesiak
& Dudek, 2014) packages in r to perform all analyses. Once clusters
were defined, we mapped cluster memberships for all gridcells. We
named these bundles after the observed trend in ecosystem services
change (stable or degrading). For bundles with a stable trend, we
named them after the baseline level in 1985 (low, moderate or high).
For bundles with a degrading trend, we named them after the mag-
nitude of degradation between 1985 and 2013 (moderate or high).

3 | RESULTS
3.1 | Changes in ecosystem functions and services
between 1985 and 2013

All ecosystem functions and services we assessed declined from
1985 to 2013 in the Argentine Chaco (Figure 4). At regional level, the
functions that experienced the largest average losses were carbon
storage in biomass and excess rainfall retention (overall loss of 15%
and 6%, respectively, Figure 4a), with local losses of up to 95% and
50% respectively. In terms of ecosystem services, mean losses were
8% for climate regulation, 7% for flood regulation and 6% for agricul-
tural suitability (Figure 4b).

Ecosystem functions declined more strongly after 2000

(Figure 4a), with average losses doubling for carbon storage in
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biomass (5%-10%) and excess rainfall retention (2%-4%) and tripling
for carbon storage in soil and erosion control (1%-3%) compared to
pre-2000 levels. A similar acceleration occurred for ecosystem ser-
vices, with climate regulation decreasing by 2% and 6% and flood
regulation by 2% and 5% for 1985-2000 and 2000-2013, respec-
tively (Figure 4b). Declines varied among subregions, with highest
average losses in the Dry Chaco subregion. Carbon storage in bio-
mass experienced the highest average losses in this subregion as
well (19%), followed by excess rainfall retention (7%). Thirteen per
cent of this subregion experienced losses above 60% in carbon
storage in biomass while for excess rainfall retention, 11% of this
subregion suffered losses of 25%-50%. We observed a similar trend
for the three ecosystem services, for which average losses ranged
between 8% and 10%.

3.2 | Trade-offs between agricultural
production and ecosystem services

The magnitude of losses in ecosystem services depended on the
type of land-use changes occurring from 1985 to 2013. Large losses
in flood regulation and climate regulation were positively associated
with conversion to cropland, while moderate losses in these ecosys-
tem services were positively associated with conversion to pasture
(Figure 5b). Therefore, regulating ecosystem services had stronger
trade-offs with crop rather than with pasture production.

Areas with these major types of trade-offs between agricultural
production and ecosystem services were spatially segregated across
the study region, due to the environmental gradient and the hetero-
geneity in agricultural frontier expansion. Areas with strong trade-
offs between crop production and regulating ecosystem services
(green areas, 9% of the region, Figure 5a) were mainly located in the
sub-humid fringes of the Dry Chaco subregion, coinciding with older
agricultural frontier expansion. Areas with moderate trade-offs be-
tween pasture production and regulating ecosystem services (or-
ange areas, 11% of the region, Figure 5a) were mainly located in the
driest parts of the Chaco, where there has been more recent agricul-
tural frontier expansion. In sum, the expansion of crop and pasture
production has compromised key regulating ecosystem services in
over 20% of the region and 27% of the Dry Chaco subregion.

3.3 | Bundles of change in ecosystem services

Combining baseline (1985) maps of ecosystem service levels with
maps of changes in these services (AES between 1985 and 2013)
resulted in five bundles (Figure 6).

AES bundle 1—'Stable low ecosystem service supply’ (17% of the
area): areas of pre-1985 conversions. Here 1985 levels of all three
ecosystem services were lower than 1985 regional averages, while
1985-2013 changes were lower than 1985-2013 regional average

changes, resulting in minor losses (between 0.03% and 1.73%).
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AES bundle 2—'Stable high ecosystem service supply’ (29% of the
area): areas of stable remnant dry and humid natural vegetation
cover. Here 1985 levels of all three ecosystem services were higher
than 1985 regional averages. Changes between 1985 and 2013 were
lower than regional averages (less than one standard deviation). This
corresponded, as in AES bundle 1, to minor losses in all ecosystem
services.

AES bundle 3—'High degradation of ecosystem services’ (9% of the
area): areas of recent conversion of natural vegetation into crop-
land and pastures. Here 1985 levels of all three ecosystem services
were higher than 1985 regional averages, as in AES bundle 2, but
1985-2013 changes were almost three standard deviations lower
than 1985-2013 regional average changes. All ecosystem services
decreased by 28%-44% between 1985 and 2013.

AES bundle 4—'Stable moderate ecosystem service supply’ (32% of
the area): agriculturally marginal areas, such as areas of excessive
dryness or wetness. Here 1985 levels of all three ecosystem services
were close to 1985 regional averages. Changes in all ecosystem ser-
vices in 1985-2013 were slightly lower than regional averages, with
minor losses of 0.4% (agricultural suitability), 1.5% (flood regulation)
and 1.8% (climate regulation).

AES bundle 5—'Moderate degradation of ecosystem services’ (13%
of the area): areas of high fragmentation of natural vegetation. Here
1985 levels of all three ecosystem services were higher than aver-
age levels, similar to AES bundles 2 and 3. Declines between 1985
and 2013 in all three ecosystem services were higher than regional
average changes (i.e. 15% for agricultural suitability, 22% for flood

regulation and 24% for climate regulation).

4 | DISCUSSION

Expanding agriculture contributes to raising global agricultural
production, yet typically goes along with major environmental
impacts (Power, 2010). Nowhere are these trade-offs stronger
than in the world's tropical and subtropical dry forests and sa-
vannas, which are rich in biodiversity and carbon (Semper-Pascual
et al., 2018; Solbrig, 1996), yet where agriculture has expanded
drastically in recent decades (Laurance et al., 2014). This typically
occurs against a background of sparse protected area networks,
weakly developed conservation policies and limited knowledge of
how trade-offs are distributed in space. A major research chal-
lenge in such situations, characterized by data scarcity and dy-
namically changing landscapes, is how to generate knowledge
useful for planners and policymakers seeking to mitigate trade-
offs between agriculture and the environment (Rau, von Wehrden,
& Abson, 2018).

Focusing on the Argentine Chaco, a global deforestation and
biodiversity hotspot, we combine high-resolution land-cover maps
with biophysical models to assess changes in ecosystem services
from 1985 to 2013, a period of marked agricultural expansion. Our
analyses lead to three key insights. First, all ecosystem functions and

services we assessed showed major and widespread declines during

the 28 years studied, with substantial variation among periods and
subregions. Second, 20% of the region showed moderate and strong
trade-offs between agricultural production and key regulating ser-
vices over the study period. Third, five areas showed similar patterns
of ecosystem service change in response to land-use dynamics,
configuring bundles that provide a powerful template for land-use
planning. Based on these insights, we provide explicit suggestions
for adaptive management and policymaking in active agricultural
frontiers.

We find major and widespread losses in all ecosystem func-
tions and services, across the Chaco region and for both time
periods we assessed. The largest average losses, observed in the
Dry Chaco in between 2000 and 2013, coincided with the area
and timing of highest deforestation rates in the region (Vallejos
et al., 2015). Notably, active agricultural frontiers covering 30% of
the Dry Chaco experienced losses above 60% in carbon storage
in biomass. This is in line with Volante, Alcaraz-Segura, Mosciaro,
Viglizzo, and Paruelo (2012) and Paruelo et al., (2016) who found
lower and more seasonal carbon gains in areas with more dras-
tic conversion of native vegetation to agriculture. Our results, in
addition to covering a much longer time frame at resolutions an
order of magnitude higher, go beyond these findings by demon-
strating that those areas also experienced the largest declines in
rainfall retention and erosion control, thereby reducing flood and
climate regulation and land suitability for agriculture. This adds
to the mounting evidence that the current agricultural expansion
model undermines the long-term sustainability of the region,
as evidenced by rising of saline water tables (Amdan, Aragon,
Jobbagy, Volante, & Paruelo, 2013; Giménez, Mercau, Nosetto,
Paez, & Jobbagy, 2016), increasing wind speed and dust storms
(Sacchi, Powell, Gasparri, & Grau, 2017), increasing severity and
frequency of floods (Murgida, Gonzalez, & Tiessen, 2014) and de-
creasing soil functionality (Villarino et al., 2019). Taken together,
this underlines the high vulnerability of the region to continued
agricultural expansion and deforestation.

We find two main types of trade-offs between agricultural pro-
duction and ecosystem services. On the sub-humid fringes of the Dry
Chaco, where agriculture expanded earlier, increases in crop produc-
tion at the expense of native forests occurred along with—and prob-
ably brought about—the largest losses in flood and climate regulation
in the region during the study period. In turn, these key regulating
services showed comparatively lower losses in response to increases
in pasture area for cattle production towards the drier core of the
region, where agriculture expanded more recently. This spatiotem-
poral pattern of crop and pasture expansion is similar in neighbour-
ing commodity frontiers, such as in the Amazon (e.g. DeFries, Foley,
& Asner, 2004; O'Connell et al., 2018) and the Cerrado (Kennedy
et al., 2016; Strassburg et al., 2017). Knowing whether trade-offs
in areas of pasture expansion can be lessened by land-use planning,
or are just part of a transition towards stronger trade-offs, requires
periodic updating of multi-year analyses on the links between land-
use and ecosystem service change, because trade-offs are dynamic

in space and time (Macchi et al., 2020). In addition, monitoring of
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trade-offs is critical to identify potential negative feedbacks be-
tween actual agricultural production and agricultural suitability (Rieb
et al., 2017).

We find five bundles of changes in ecosystem services across
the region, each of them associated with particular land-use dy-
namics over the study period. Ecosystem service supply was more
stable (bundles 2 and 4) where native vegetation cover was main-
tained until 2013, mainly due to strong environmental constraints
for agricultural expansion. In contrast, moderate to high levels of
ecosystem service degradation (bundles 3 and 5) occurred where
aridity and wetness are not too strong and agricultural suitabil-
ity was high in 1985. Bundles of changes in ecosystem services
represent an advancement over static bundles based on snapshot
assessments, as they allow the identification of ecosystem service
trajectories or ‘syndromes’, and are a starting point for capturing
temporal change in ecosystem services (e.g. Jaligot, Chenal, &
Bosch, 2019; Rau et al., 2018; Renard et al., 2015). Furthermore,
dynamic bundles can be used to target land-use planning actions,
tailored to the changing relationships between land-use and eco-
system service change.

As for all model and data-driven approaches, there are some lim-
itations. First, bundle identification is sensitive to the selection of
ecosystem functions and services, as well as the input data used to
map them (Bagstad, Cohen, Ancona, McNulty, & Sun, 2018). Adding
more functions and services would be advantageous and would
likely further increase the value of our bundles for spatial planning.
Second, models to map ecosystem services are notoriously diffi-
cult to validate and calibrate with primary data representative of
the study area, especially across large regions (Palomo et al., 2018),
such as in our case. Third, more explicit consideration of the role of
landscape configuration in driving ecosystem service supply would
increase the biophysical realism of our approach (Chaplin-Kramer
et al., 2015).

Our analyses provide a number of concrete suggestions for
land-use planning in the Argentine Chaco. The fate of social—eco-
logical systems in this region is not determined by local demands
because the food produced regionally could feed 30 times its
population (Mastrangelo & Aguiar, 2019), and the vast majority of
this produce is exported. Given this, it can be questioned whether
accepting the drastic trade-offs in terms of ecosystem services
we uncovered here is justified, a situation similar to other South
American agricultural frontiers (e.g. Chaplin-Kramer et al., 2015).
Halting deforestation would drastically reduce trade-offs and
make major contributions to lowering carbon emissions (Baumann,
Gasparri, et al., 2017), while not necessarily limiting income oppor-
tunities for agribusinesses (Piquer-Rodriguez, Butsic, et al., 2018).
If expansion into remaining natural vegetation is unavoidable,
mitigating the impacts of land-use change on ecosystem services
through improved land-use planning and more environmentally
friendly production systems is key.

Our findings support three concrete and connected sug-
gestions for policymaking and spatial planning. First, bundles of

stable ecosystem service supply (2 and 4) should be the focus of

conservation efforts, for example, by increasing their conservation
status in upcoming revisions of the provincial zoning plans man-
dated by the Argentinean Forest Law (Aguiar et al., 2018). Second,
conservation of ecosystem services at the forest-agriculture in-
terface (i.e. the interface between bundle 2 and bundles 3 and
5) will require targeted actions to lessen trade-offs, given the in-
creasing fragmentation of native vegetation and potential spillover
of environmental impacts from agriculture- to forest-dominated
landscapes. This can be achieved through integrating elements of
native vegetation into cattle production systems, such as retaining
a significant part of the canopy in silvopastures, using diverse grass
species or maintaining forest strips, all of which can retain some of
the ecosystem functions otherwise lost (Barral, Rey Benayas, Meli,
& Maceira, 2015). Third, bundles of declining or already low eco-
system service supply (1, 3 and 5) should be the target of actions
to restore ecosystem functions such as carbon storage in biomass
(Basualdo, Huykman, Volante, Paruelo, & Pifieiro, 2019), which
yield positive cascading effects on flood and climate regulation
and agricultural suitability.

Solutions to avoid and mitigate trade-offs between agricultural
expansion and the environment remains one of the most pressing re-
search issues for sustainability science (Mastrangelo, Sun, Seghezzo,
& Muller, 2019). Using the Argentinean Chaco, a global deforestation
hotspot (Hansen et al., 2013), as an example, we demonstrate how
combining fine-scale land-use maps with biophysical models can
provide deep insights into the spatiotemporal patterns of changes
in ecosystem functions and services, and the trade-offs with agri-
cultural production. The periodic updating of maps of trade-offs and
bundles of change in ecosystem services provides key inputs for the
adaptive management of highly dynamic and threatened landscapes,
such as those in tropical and subtropical agricultural frontier regions.
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