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A B S T R A C T   

Strong trade-offs between agriculture and the environment occur in deforestation frontiers, particularly in the 
world's rapidly disappearing tropical and subtropical dry forests. Pathways to mitigate these trade-offs are often 
unclear, as well as how deforestation or different policies alter the option space of available pathways. Using a 
spatial optimization framework based on linear programming, we develop a landscape-scale possibility frontier 
describing trade-offs between agricultural profit, biodiversity, and carbon stock for the Argentinean Dry Chaco, a 
global deforestation hotspot. We use this framework to assess how current land-use zoning, as well as past and 
future land-use-trajectories, alter the option space to minimize trade-offs between biodiversity, carbon, and 
agriculture. Our analyses yield four major insights. First, we found substantial co-benefits between biodiversity 
and carbon, yet strong trade-offs of both with agriculture. Second, development according to the current zoning 
could lead to highly suboptimal socio-ecological outcomes; our analysis pinpoints how this zoning could be 
improved. Third, high landscape-scale multifunctionality can be achieved using different land-use strategies, but 
maintaining >40% of forest is essential in all of them, and silvopasture systems appear to be central for achieving 
high overall multifunctionality. Finally, our results suggest the window of opportunity is closing rapidly: recent 
land-use changes since 2000 have rapidly moved the Chaco within the option space, with forest extent declining 
towards critical thresholds for maintaining balanced, multifunctional landscapes. Our results emphasize that the 
time for sustainability planning in the Chaco is now. More broadly, we show how multi-criteria optimization can 
describe dynamic trade-offs between agriculture and the environment at landscape and regional scales. This can 
help to identify land-system tipping points that, once crossed, would inhibit more sustainable futures, and 
policies to avoid such potential traps.  
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1. Introduction 

Where agriculture expands and intensifies, environmental trade-offs 
are typically stark (Foley et al., 2011; Laurance et al., 2014). Such trade- 
offs, i.e. decisions involving conflicting or competing objectives, 
commonly posit agricultural production and development against 
biodiversity and carbon storage and sequestration. Moving to sustain
able agriculture with more positive environmental outcomes is therefore 
a central goal for stakeholders from local to global scales (IPBES, 2019; 
Leclère et al., 2020). This is particularly pressing in tropical and sub
tropical deforestation frontiers, where agricultural expansion leads to 
rapid and drastic environmental trade-offs, including widespread 
biodiversity loss (Laurance et al., 2014; Kehoe et al., 2017) and massive 
carbon emissions (Baccini et al., 2017; Pendrill et al., 2019). Given the 
decline in forests and surging demands for agricultural products, the 
urgency for policies to effectively mitigate agriculture-environment 
trade-offs has never been greater (Lawrence and Vandecar, 2015; Car
rasco et al., 2017; Law et al., 2017). 

To design evidence-based policy and mitigation measures, knowl
edge of agriculture-environment trade-offs is needed, and such knowl
edge is particularly sparse in the world's tropical and subtropical dry 
forests and savannas (hereafter: dry forests). Many dry forest regions 
include deforestation frontiers, particularly the South American Cer
rado, Chaco, and Chiquitania regions (Baumann et al., 2017; Strassburg 
et al., 2017; Romero-Muñoz et al., 2019). Given the escalating threats to 
the values of dry forest across the globe, these regions are in dire need of 
improved land-use and conservation planning (Miles et al., 2006; Parr 
et al., 2014). 

The dynamic nature of landscapes undergoing rapid land-use 
change, such as in deforestation frontiers, is an additional challenge to 
understanding trade-offs between agriculture and the environment 
(Carrasco et al., 2017; Barral et al., 2020; Macchi et al., 2020). Many 
types of land-use change are quasi-irreversible at the decadal time-scales 
that are arguably most relevant for sustainability planning, including 
the conversion of old-growth forests to agriculture (Watson et al., 2018). 
Major irreversible land-use changes can therefore drastically limit future 
options to achieve sustainability. However, despite increasing evidence 
for strong agriculture-environment trade-offs (Seppelt et al., 2013), our 
understanding of how land-use policies alter the option space for miti
gating trade-offs is weak. This is particularly so for those regions that are 
changing most rapidly, such as many tropical and subtropical dry 
forests. 

Attempts to analyze agriculture-environment trade-offs have often 
been local assessments or limited to patterns across a specific land-use 
intensity gradient. While this provides important insights into the rela
tionship of agricultural production and environmental outcomes 
(Newbold et al., 2015; Williams et al., 2017; Macchi et al., 2020), 
upscaling from local assessments to landscape and regional scales – 
scales that are most relevant for land-use and conservation planning – 
requires more than a simple extrapolation. Accepting localized negative 
impacts (e.g. from intensified agriculture) in some locations might 
lessen overall pressure on land at broader scales (Macchi et al., 2013; 
Butsic et al., 2020), and understanding the environmental impacts of 
specific systems (e.g. intensified agriculture, agroforestry) does not 
elucidate on which combinations of land uses are best to minimize 
agriculture-environment trade-offs in complex landscapes (Butsic and 
Kuemmerle, 2015). This is highly relevant because there is increasing 
evidence that landscapes that harbor a mix of land uses might mitigate 
trade-offs more than homogeneous landscapes (Law et al., 2015; Butsic 
et al., 2020). As most production landscapes fall somewhere on a 
multidimensional gradient between wild areas and fully intensified 
agriculture (Kremen and Merenlender, 2018; Kennedy et al., 2019), 
understanding the trade-offs between land-use outcomes in regions 
where a diversity of land uses co-occur is important. 

Optimizations of land use can reveal existing trade-offs between 
agricultural production and the environment, thereby helping to 

achieve multiple social, ecological and economic objectives (Polasky 
et al., 2008; Bryan et al., 2011; Moilanen et al., 2011). For example, 
land-use optimizations have helped to identify landscape configurations 
that would lessen agriculture-environment trade-offs in Oregon (Nelson 
et al., 2009), California (Chan et al., 2006), the Brazilian Cerrado 
(Kennedy et al., 2016) and Indonesia (Law et al., 2015). Possibility 
frontiers (also known as Pareto frontiers) are a powerful tool for such 
analyses, as they assess the dynamic trade-offs between two or more 
competing objectives (e.g., agricultural production and biodiversity) for 
entire regions (Polasky et al., 2008). Possibility frontiers identify the 
range of land-use outcomes that can be achieved (i.e. the option space), 
and allow exploration of the effects of alternative policies on this option 
space. Thus, the possibility frontier describes the fundamental trade-offs 
between the objectives and identifies feasible and optimal land- 
allocation solutions to mitigate these trade-offs (Law et al., 2017). 
This, in turn, helps to identify combinations of goals that can be aligned 
through planning, versus goal combinations that are simply impossible 
to achieve under the conditions assumed in the modeling (Watts et al., 
2009; Bryan et al., 2015). Likewise, past, current, and future landscapes 
can be traced inside the possibility frontier, and the potential effec
tiveness of policies (e.g., zoning plans) to achieve higher multi
functionality can be evaluated. In short, possibility frontiers are strong 
tools for aligning agricultural and environmental goals in regions un
dergoing deforestation, but have so far been rarely applied for that 
purpose. 

The Argentinean Dry Chaco is a particularly interesting region to 
explore agriculture-environment tradeoffs. The expansion of cattle 
ranching and soybean production destined for international markets 
have turned this region into a global deforestation hotspot (Baumann 
et al., 2017; Kuemmerle et al., 2017), with major impacts on biodiversity 
(Periago et al., 2015; Romero-Muñoz et al., 2020), and globally-relevant 
carbon emissions (Baumann et al., 2017). Previous work on agriculture- 
environment trade-offs has focused on local scales, yielding diverging 
results about what land-use strategy might mitigate these trade-offs best 
(Mastrangelo and Gavin, 2012; Macchi et al., 2013). Likewise, it remains 
unclear whether the regional land-use zoning (National Law 26331, 
known as the ‘Forest Law 2007’) has been effective in alleviating 
agriculture-environment trade-offs (Volante and Seghezzo, 2018) and 
how the current zoning policy constrains the possible option space for 
achieving multifunctionality (i.e. lower agriculture/environment trade- 
offs). Finally, there is an ongoing debate about the role of specific land 
uses in facilitating or inhibiting more sustainable and multifunctional 
landscapes, particularly related to the potential role of silvopasture 
systems and subsistence forest smallholders. 

Here, we use possibility frontiers to assess trade-offs between agri
cultural profits, biodiversity (relative abundance of birds and mam
mals), and aboveground carbon stocks across the northern Argentinean 
Dry Chaco. We analyze these frontiers to ask: 

1. What is the fundamental nature of the trade-offs between agricul
tural profit, biodiversity, and carbon stocks in the Argentinean Dry 
Chaco?  

2. How does the current land-use zoning plan affect the option space to 
mitigate these trade-offs?  

3. How are current, past, and possible future land-use allocations 
placed against the possibility frontier, and what adjustments to the 
current land-use zoning would foster higher landscape-scale 
multifunctionality? 

2. Methods 

2.1. Study region 

Our study region in the northern Argentinean Dry Chaco stretches 
across four provinces (174,197 km2, Fig. 1). Maximum temperature can 
reach 48 ◦C in the summer and annual precipitation ranges from 400 
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mm to 900 mm, 80% of which falls between November and March 
(Morello et al., 2012). Natural vegetation is composed of forests and 
grasslands. The Chaco region is rich in biodiversity, with >3400 plant 
species, >150 mammals, >500 birds, and many endemic animal and 
plant species (Bucher and Huszar, 1999; Banda-R et al., 2016; Nori et al., 
2016). 

Major land-use changes began in the early 20th century, with 
smallholders settling in the Chaco forests (hereafter: forest small
holders), practicing subsistence ranching with livestock grazing freely in 
the forests around homesteads. Together with firewood extraction, se
lective logging, and charcoal production, this has degraded forests 
substantially in many areas (Grau et al., 2008). Beginning in the 1980s, 
industrialized cattle ranching and cropping, mainly for soybean pro
duction, has resulted in degradation of over 80% of the Argentinean 
Chaco, driven by technological innovation, rising commodity prices, 
and the opening of regional land markets to international trade (Zak 
et al., 2008). This rendered the greater region a global deforestation 
hotspot in the early 21st century (Hansen et al., 2013), and the study 
region a frontier landscape likely to experience severe deforestation in 
the near future. 

In response, Argentina implemented a regional zoning plan (the 
‘Forest Law’, Ley 26.331 de Presupuestos Mínimos de Protección Ambiental 
de los Bosques Nativos) in 2007 to reduce deforestation rates and to 
mitigate its environmental trade-offs. The Forest Law subdivides the 
remaining forest in the region into a ‘red’ conservation, a ‘yellow’ sus
tainable use, and a ‘green’ development zone (Fig. 1). The exact defini
tion and implementation of these zones vary by province, but can be 

simplified as follows: conservation zones are primarily for environ
mental protection (8.2% of the study region); sustainable development 
zones allow low-impact uses such as sustainable forestry, tourism, and 
partial clearing of forest for silvopasture (47.5% of the study region); 
and development zones allow clearance of forest, pending conditions (e. 
g. provincial limits to deforestation, retaining forest strips, and 
acquiring permits; 26.0% of the study region, here combined with the 
26.4% of the region not zoned under the Forest Law). 

Forest smallholders and silvopastures have both recently received 
attention in the context of sustainable development in the Argentinean 
Chaco. Forest smallholder systems are currently widespread (more than 
2100 homesteads in our study region) and use surrounding forest areas 
for various purposes, including livestock grazing and timber extraction. 
In addition, forest smallholders exert considerable pressure on wildlife 
through hunting (Romero-Muñoz et al., 2020). Silvopastures, in 
contrast, are highlighted as a potentially low-impact, multifunctional 
land use and a potential future sustainable development pathway. Sil
vopastures ideally are managed both for meat and timber production, 
and are being promoted both in Argentina and internationally to 
manage environment-development trade-offs (Kremen and Meren
lender, 2018; Nunez-Regueiro et al., 2020; Mauricio et al., 2019). 
However, as of 2015 silvopastures remain scarce at 2.0% across the 
study region, typically do not appear to be managed for timber or tree 
regeneration, and retain only a minor portion of carbon and biodiversity 
of undisturbed forests (Fernández et al., 2020a; Macchi et al., 2020). The 
potential for these land uses to contribute to landscape-level efficiency 
and multifunctionality is unknown. 

Fig. 1. Major land systems (i.e. social-ecological system dominated by a specific land use) in the northern Argentinean Dry Chaco. (A) Location of the Gran Chaco 
(data: Olson et al. (2001)). (B) Study region in the northern Argentinean Dry Chaco, with the distribution of major land systems as of 2015, and color legend with 
illustrations on the right. Area shares of each land system are available in Supplementary Table A2. (C) Current land-use zoning in the study region (forest 
smallholders shown here with a 2 km radius around their homesteads). 
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Overall, the effects of the Forest Law zoning, in terms of mitigating 
agriculture/environment trade-offs, and thus to achieve higher multi
functionality at landscape and regional scales, are unknown. A provision 
to update the regional zoning plan provides an important window of 
opportunity for policy review and reform. 

2.2. Analysis framework 

Given the ramifications of rapid agricultural expansion on biodi
versity and carbon, we focused our analysis on these three dimensions 
(agricultural profit from soy and beef, a biodiversity metric representing 
aggregate relative abundance of 26 bird and 17 mammal species, and 
aboveground carbon stock) and analyzed the trade-offs between them 
under different potential future policies using a possibility frontier 

Fig. 2. Analytical framework for analyzing the trade-offs between agriculture, biodiversity, and carbon in the Argentinean Dry Chaco. We first mapped potential 
benefits per land system across the study region and developed alternative spatial policy scenarios regarding which transitions between land systems were allowed 
(see Table 1 for transition scenarios). Next, we used spatial optimization of land systems for the whole study region to yield a landscape-scale possibility frontier (here 
illustrated showing two dimensions, agricultural profit and biodiversity index, only). Points on the frontier are efficient (i.e. more biodiversity can only be achieved if 
agricultural profit goes down or vice versa). Points along the middle of the frontier are described here as configurations of land systems that efficiently achieve high 
landscape-level multifunctionality (i.e. a feasible balance of relatively good outcomes for all objectives). 
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analysis (Fig. 2). We defined the frontier as a spatial multi-objective 
optimization problem (Bryan et al., 2015; Law et al., 2017) across a 
landscape (i.e. our study region, defined as a heterogeneous region with 
multiple interacting socio-ecological systems). In short, our approach 
optimized a set of decision variables (i.e. variables determining which 
land system is allocated to each cell across the landscape), given a 
maximization objective, subject to constraints (described in brief below, 
and in full in Appendix A). 

Decision variables allocated cells into one of five alternative land 
systems (defined as a social-ecological system dominated by a specific 
land use). Specifically, for our study region, these are: cropland, pasture, 
silvopasture, forest smallholders, and forest (Fig. 1). Each of these land 
systems provides spatially-variable benefits for biodiversity, agricultural 
profit, and carbon stock, with values of each cell determined by their 
underlying biophysical capacity and past land use. A sixth land system 
collectively included areas that both contributed to biodiversity and 
carbon benefits (e.g. natural grasslands, protected areas), as well as 
areas that did not contribute to any benefits (i.e. waterbodies, built-up, 
bare ground), all of which were assumed to stay constant during the 
optimization (henceforth: ‘static’). 

The maximization objective and target constraints jointly describe the 
three dimensions of the frontier: We traced this 3D-frontier with the 
objective of maximizing our biodiversity metric for iteratively 
increasing targets for agriculture and carbon. Target constraints traced 
the possibility frontier across a gradient of agricultural profit and carbon 
stocks that must be achieved (from 0% to 100% of their respective 
maxima, in 2% intervals). Transition constraints determined which land 
systems were allowed to be allocated to a cell, based on different land- 
use policy scenarios and historical land-use trajectories. For example, 
we assumed that areas previously subject to extensive clearing (i.e., 
cropland, pasture, and silvopasture) would not be able to be restored 
back to forest over the time horizon relevant for planning (e.g. years to 
decades). We prepared all data in R (v3.5.2; R Core Team 2019), using 
prioritizr (Hanson et al., 2020) to facilitate development of the optimi
zation problem, which was solved using Gurobi v6.0 (Gurobi Optimi
zation, 2010). Further R-packages used in data development and 
processing are detailed in Appendix A. 

2.3. Land systems and their current and potential benefits 

We mapped land systems and the potential benefits per land system 
for each of the three dimensions: agricultural production, biodiversity, 
and carbon stocks. To map land systems, we selected the year 2015 as a 
baseline for our analyses. The land-systems map (Fig. 1) was based on a 
land-cover map derived from 30 m-resolution Landsat images (Baumann 
et al., 2017), aggregated to the dominant land system in 1 km cells (i.e. 
forest, cropland, pasture, natural grasslands, and other). Silvopasture 
systems were identified as pastures with 12–30% woody cover (Macchi 
et al., 2020). Forest smallholder homesteads were digitized from very- 
high-resolution imagery in Google Earth (Romero-Muñoz et al., 2020). 
We assumed a smallholder footprint radius of influence on surrounding 
forests of 1 km (carbon stocks) or 2 km (biodiversity and agricultural 
profit) around homesteads, representing an average estimate of the 
strongest effects on most species and forest structure (Baumann et al., 
2018; Vallejos et al., 2020a). As the spatial footprint of some activities 
by forest smallholders (e.g., livestock grazing, hunting) can be larger 
than 2 km, we also examined results for a smallholder footprint radius of 
5 km for biodiversity and agricultural profit. We assigned protected 
areas according to the World Database of Protected Areas (www. 
protectedplanet.net), including the recently designated national park El 
Impenetrable. For further details and discussion on land system mapping, 
including assumptions regarding smallholders and silvopasture, see 
Appendix A1. 

To define agricultural profits per land system, we focused on beef 
and soy, the two major commodities in the region. Functions deriving 
agricultural yield and gross profit (USD km− 2 yr− 1) for soy (from 

cropland) and beef (from pasture, silvopasture, and forest smallholders) 
(Murray et al. 2016), were spatially differentiated with reference to 
precipitation (ClimateSA v1.0; http://tinyurl.com/ClimateSA) and dis
tance to trade centers (Piquer-Rodríguez et al., 2018). Our biodiversity 
indicator represented the weighted sum of the relative abundances of a 
set of focal species (i.e. 26 birds and 17 mammals) for which data were 
available. We used potential distributions of these species (Torres et al., 
2014) to define potential presence. Within these distributions, we used 
the land system map and the relative abundance per land system 
(Macchi et al., 2013 & this study) to create an abundance index per 
species, per cell. We gave each species equal weighting in the optimi
zation by scaling species-wise indices by their respective landscape-scale 
maxima. For carbon stocks in forest, we used models of above-ground 
potential biomass in forest as a function of precipitation (Gasparri and 
Baldi, 2013), and we assumed 50% of the above-ground forest biomass 
to be carbon (Baumann et al., 2017). For cropland, pastures, and natural 
grasslands, we used above-ground carbon estimates from Baumann et al. 
(2017). For silvopastures, we used the average above-ground carbon 
stock mapped in silvopastures (Gasparri and Baldi, 2013). We 
acknowledge several assumptions and simplifications. For example, we 
did not consider interactions between land systems (such as de
pendencies between beef and soy production), carbon emissions from 
livestock, or the costs or benefits of transitioning between land-uses (e.g. 
developing crops on previously forested areas). For a detailed descrip
tion of the mapping of all three benefits, including input data and dis
cussion of caveats, see Appendix A2. 

2.4. Policy scenarios 

We defined four policy scenarios with regards to allowed transitions 
between land systems (Table 1; Appendix A3) to reflect different land- 
use planning agendas. S0 defines the ‘fundamental’ frontier (i.e. the 
frontier limited by biophysical and socioeconomic constraints, but no 
additional zoning restrictions). SFL reflects transition constraints 
imposed via the current Forest Law zoning. Given discussion 

Table 1 
Policy scenarios summarizing the constraints imposed on transitions allowed 
between land systems in the optimization process. Further details on transitions 
are given in Appendix A3.  

Scenario Description 

S0 - the ‘fundamental’ 
frontier 

Subject to biophysical constraints only, this scenario 
reflected a hypothetical, most flexible policy that 
describes an upper baseline of potential possibilities. All 
land systems could transition to all others except (1) 
cropland, pasture, and silvopastures, were assumed as 
unable to transition to forest, (2) forest smallholders 
could persist but not expand, and (3) the static zone 
remained constant. 

SFL - Forest Law scenario This scenario reflected a pragmatic interpretation of the 
Forest Law zoning (Fig. 1): The development zone 
allowed transitions among all zones as for S0. In addition 
to basic constraints, the sustainable-use zone required (1) 
any transitions from forest to be for silvopasture, (2) 
mandated the transition of existing cropland and pasture 
to silvopasture, and (3) allowed but did not mandate 
persistence of forest smallholders. The conservation zone 
maintained forest and mandated transitions of other land 
systems to the most biodiversity-friendly system possible 
(i.e. forest smallholders to forest, cropland and pasture to 
silvopasture). 

SSE - socioecological 
scenario 

This scenario reflects a perspective that forest 
smallholders are a culturally important and desired land 
system. Forest smallholders were therefore assumed to 
persist (i.e. held constant) in this scenario. All other 
transitions constraints were as in the S0 scenario. 

SNSP – no silvopasture 
scenario 

This scenario was developed to test the importance of the 
silvopasture land system. SNSP specified that 
silvopastures were not allowed to expand from 2015 
levels (2%), with all other transition constraints as in S0.  
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surrounding ‘sustainable-use’ options under the Forest Law, we devel
oped SSE, which tests the impact of supporting forest smallholders as a 
culturally important land system (i.e. a socio-ecological scenario), and a 
‘no silvopasture’ scenario, SNSP, to ascertain the importance of this land 
system. Further details, including justification of transition rules, are 
given in Appendix A3. 

In addition to these four transition scenarios, we assessed eight point 
scenarios representing past and future land-allocations. We located these 
point scenarios relative to the possibility frontiers and compared out
comes. Past point scenarios used the actual land-system configurations 
from 1985, 2000, and 2015. Future point scenarios included both 
optimized land-system allocations and projected future land allocations. 
For the former, we selected points from each transition scenario's pos
sibility frontier that gave efficient multifunctional outcomes at the 
landscape scale, defined here as the maximum biodiversity (and near 
maximal carbon) outcomes while achieving 50% of the maximum 
agricultural production possible for the study region. For the latter, we 
projected future land-system allocations as if the Forest Law zoning 
would be fully developed (i.e. all of the development zone transitions to 
cropland, all of the sustainable-use zone transitions to silvopasture, and 
all of the conservation zone transitions to the land system providing the 
highest biodiversity score possible at a given location). We stress that 
this explores the hypothetical endpoint of full development for a prag
matic interpretation of the current zoning: some provinces currently 
specify maximum conversion proportions, so our scenario explores the 
situation should these restrictions be relaxed (e.g. in case land for 
expansion becomes scarcer, or due to weak enforcement). Further de
tails on the point scenarios are given in Appendix A3. 

2.5. Frontier analyses 

To assess the trade-offs between agricultural profit, biodiversity, and 
carbon stocks, we first assessed the general shape of the fundamental 
possibility frontier under S0. Next, to assess the impact of the Forest Law 
policy, we compared the possibility frontiers developed for the policy 
scenarios S0 and SFL. Given that the Forest Law designates special 
importance on silvopasture and forest smallholders, we also assessed the 
impacts of these on the possibility frontier by comparing SSE and SNSP 
with S0. We then located the past and potential future point scenarios 
within the fundamental possibility frontier (S0) to understand trends in 
landscape change relative to this frontier. We also identified critical area 
thresholds for land-system allocations required for the future, optimized 
multifunctional point scenarios. Finally, we compared land-system al
locations at these points to propose safeguards or modifications to the 
Forest Law to improve the likelihood of achieving an efficient (i.e. on the 
possibility frontier) and multifunctional (i.e. balancing agricultural 
production, carbon storage and biodiversity) landscape in our study 
region. Results presented in the main text apply to the assumed radius of 
smallholder forest influence of 2 km; the alternative 5 km assumption is 
presented in Appendix B5. 

3. Results 

3.1. Fundamental trade-offs between agricultural profits, carbon stocks, 
and biodiversity 

The possibility frontier for S0 reveals the fundamental trade-offs 
between agricultural profit, carbon stocks, and biodiversity in the 
Argentinean Dry Chaco (Fig. 3). We found high compatibility of biodi
versity and carbon in the study region, with both dimensions changing 
largely in parallel. However, both carbon and biodiversity show a 
consistent trade-off with agriculture (Fig. 4). In other words, while there 
are strong synergies between the two environmental dimensions, both 
are diminished by increasing agricultural profit in the Argentinean 
Chaco. We provide a more detailed description of the fundamental 
possibility frontier in Appendix B (Fig. B1). 

Our scenario S0 shows the hypothetical endpoints of maximizing 
each of the three dimensions (although none of these endpoints are 
likely socially desirable or practically feasible). The maximum value of 
agricultural profit for the entire study region (i.e. maximum agricultural 
development) was about 2.76 billion USD per year. The maximum value 
for above-ground carbon stock of the region was about 730.1 PgC and 
the maximum value of biodiversity in S0 was 92.6% of the theoretical 
maximum (this is <100% due to trade-offs between species re
quirements, as some species prefer forest and others open habitats; 
Fig. B3). Our possibility frontier also highlights the magnitude of the 
trade-offs. For instance, at the endpoint with maximum agricultural 
profit (i.e. at 100%), only 14.2% and 19.6% of the possible maximum 
carbon and biodiversity was retained, respectively. Conversely, 100% of 
the potential carbon was retained for the maximum biodiversity 
endpoint, although only 14.4% of the agricultural-profit dimension is 
achieved at this point. 

At the maximum biodiversity endpoint of the S0 frontier, the land
scape was predominantly allocated to forest (72.4% of the study region; 
Fig. 4), while existing crop and pasture are allocated to silvopastures 
(19.0%), with the remaining 8.7% held static. When agricultural profit is 
maximized, virtually all available land is allocated to cropping (91.1%), 
except for small areas in the north where low rainfall results in a higher 
predicted profitability of pasture (<0.3%). Approximately a quarter of 
the region was allocated to silvopasture across all but the highest agri
cultural or biodiversity target values; and virtually no pasture is allo
cated (Fig. 4). 

3.2. Impacts of the current land-use zoning, forest smallholders, and 
silvopastures 

Optimizing land systems under the Forest Law (SFL) had little impact 
on the overall shape of the frontier below the 75% agriculture target. 
Agricultural profit targets higher than 78% become infeasible due to 
Forest Law zoning restrictions (second column Fig. 4, Appendix B2 
Fig. B2). This implies that environmental trade-offs beyond agricultural 
profit targets of 78% are likely too stark to be socially acceptable. Given 

Fig. 3. The 3D possibility frontier for the most flexible scenario, S0. (in color, 
with the corresponding 2D trade-offs shown in grey), showing the fundamental 
trade-offs (i.e. given only biophysical constraints, no policy constraints) be
tween agricultural profits (x-axis), carbon stocks (y-axis), and biodiversity (z- 
axis, and color gradient). A-E show land-system configurations for points across 
the possibility frontier, with A representing the maximum carbon and biodi
versity endpoint, E the maximum agriculture endpoint, and B, C, and D inter
mediate positions on the frontier. 
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this assumption (i.e. social irrelevance of the outcomes at agricultural 
targets past that feasible in SFL), a key outcome from comparing S0 and 
SFL is that the land-system configuration within the current zoning can 
be optimized to deliver outcomes equivalent to our most flexible base
line scenario. At the biodiversity and carbon endpoints, land-system 
allocations of SFL and S0 are similar. Towards the agricultural profit 
endpoint, silvopastures play a much stronger role in SFL (<58.8%) 
compared to S0, reflecting the constraints imposed by the Forest Law 
(Fig. 4). 

Forest smallholders, when a 2 km footprint is assumed, currently 
occupy 12.4% of our study region and 17.1% of the remaining forest 
outside protected areas (Fig. 5). Comparing the scenario where forest 
smallholder systems are maintained in the landscape (SSE) with the most 
flexible scenario (S0), showed that maintaining forest smallholders re
duces the maximum agricultural profit endpoint by 10%, as well as the 
maximum carbon and biodiversity endpoints by 2.0% and 5.5% 
respectively (third column in Fig. 4, and Fig. B2). When compared to the 
most flexible scenario, S0, the SSE scenario reduces biodiversity across 
the frontier by an average of 5.7 percentage points, and carbon by 1.8 
percentage points. Agriculture is reduced overall by an average of 3.0 
percentage points, despite increasing up to 4.7 percentage points at high 
carbon endpoints (Fig. 4, Fig. B2). Across the frontier slices of maximum 
carbon for set agricultural targets, the forest smallholder area increased, 
up to 8.9% in S0 (mean = 3.9%), and similar in the SFL and SNSP sce
narios, indicating that further use of forest smallholders than that 
indicated here may be near-optimal. 

If silvopastures were not allowed to expand, agricultural develop
ment would be restricted to the ‘green’ development zone (49.0% of the 
allocable area, of which a third is already developed), imposing severe 
constraints on total agricultural profits. Across much of the SNSP frontier, 
optimal solutions for maximizing biodiversity sometimes includes 

Fig. 4. Characteristics of optimized solutions: allocations of land systems (top row) and achievement for all three targets (agricultural profits, carbon stocks, 
biodiversity) relative to maximum (bottom row), for each transition scenario (columns). Bars represent values for point solutions that achieve maximum biodiversity 
(and near-maximum carbon) for each agricultural target (x-axis). Achievements for these are contingent on allocations as per the respective spatial optimizations. 
Missing bars represent infeasible solutions. Letters A–E in the first panel equate to solutions identified in Fig. 3. 

Fig. 5. Achievement in terms of agricultural profit, carbon stock, and biodi
versity for past, current and possible future point scenarios. Past land-system 
allocations are based on the mapping of land systems for that year. Point sce
narios (representing possible future land-system allocations) include both so
lutions that exist on the frontier (i.e. maximize biodiversity, then carbon) at a 
50% agricultural target (for each of the transition scenarios; suffix “_opt50”), 
and an allocation representing full development of the SFL scenario (suffix 
“_fulldev”). Achievements for these are contingent on allocations as per the 
respective spatial optimizations. Axes are defined by the maximum endpoints 
for each feature under the S0 frontier, in which constraints include the infea
sibility of full forest restoration from cropland, pasture, and silvopastures extant 
in the baseline year (2015). As such, past landscapes with more extant forests 
can achieve more than 100% carbon or biodiversity. 
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smaller shares of tree-less pasture, but comparing SNSP to the most 
flexible scenario S0 showed that without silvopastures, reduced agri
culture, carbon and biodiversity levels are achieved for equivalent target 
combinations (average decrease by 4.1, 11.3 and 8.3 percentage points, 
respectively; fourth column in Figs. 4, and B2). 

3.3. Past, current, and future land-system achievements 

The study area remains one of the least developed areas of the Gran 
Chaco, yet even here forest conversion has tripled from about 7300 km2 

between 1985 and 2000, to 23,100 km2 between 2000 and 2015, with 
crops and pasture rapidly expanding during this period (Fig. 5, 

Table B1). Assessing past land-system allocations against our possibility 
frontier reveals how past changes have increased agricultural profit at a 
major cost to carbon and biodiversity (Fig. 5, Table B2). With a cursory 
glance, our analysis seems to show that recent land-use changes are 
tracking the currently viable frontier, but frontiers constructed with past 
land system constraints would have been larger, as indicated by the 
>100% scores for biodiversity and carbon for past land system config
urations (Fig. B1). This suggests that land use change, if viewed relative 
to a past frontier, would likely show increasing inefficiency (distance 
from the frontier). 

All of the optimized, multifunctional point scenarios assessed here (i. 
e. solutions representing possible future land-system allocations that 

Fig. 6. Land-system allocations for the 2015 landscape and optimal point solutions (giving maximum biodiversity for 50% agriculture) for the Flexible (S0_opt50, i.e. 
unconstrained by zoning regulations) and Forest Law (SFL_opt50) scenarios (columns), with respect to the current Forest Law zones (rows). Land systems allowed under 
the different Forest Law zones are shown in the key (the exception being ‘static’ which includes both protected areas likely falling in the conservation zone, and other 
land systems potentially in any zone). Existing areas of cropland, pasture, and silvopasture are assumed as unable to transition to forest, and therefore in the SFL 
scenario conservation and sustainable use zones are forced to silvopasture. 
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maximize for biodiversity, then carbon, at the 50% agricultural target - 
which is 2.4 times the agricultural profit in 2015; Table B4) resulted in 
similar levels of achievement, albeit with different land-system alloca
tions, with the exception of reduced carbon if no silvopastures were 
allowed (Fig. 5; Table B3). These alternative point solutions showed that 
both land-sharing and land-sparing tendencies are possible: solutions 
either rely on silvopastures or on a mix of crop and forest to achieve 
landscape-scale multifunctionality. Yet, all of these solutions require 
large areas of forest cover. Across these point scenarios, the minimum 
forest cover (i.e. forest, smallholder forest livestock, and forest in pro
tected areas) was 42.7% under SFL and the highest was 51.4% under SNSP 
(with an area with intensive agriculture of 15.0% and 41.1%, respec
tively (Fig. 5: Appendix B). If forest smallholders are maintained under 
SSE this substitutes for cover in the ‘forest’ land system, resulting in a 3.6 
percentage point increase in total forest area required over S0. 

Full development of the landscape under the Forest Law (SFL) sce
nario would be highly suboptimal, particularly for biodiversity (Fig. 5, 
Appendix B). Forest cover, at 7.9%, is far below the 40%–50% critical 
thresholds identified in the optimal ‘multifunctional’ solutions. Further, 
cropland, at 41.4%, and silvopasture, at 44.7%, together cover 1.7 times 
the respective area in the SFL point solution (15.0%, 36.3% respectively). 
In other words, while the Forest Law in principle would allow for near- 
optimal, multifunctional outcomes, it does not seem to encourage this. 

Comparing the S0 and SFL point scenario allocations in different 
Forest Law zones, and at equivalent agricultural profit targets, indicates 
opportunities to improve efficiency of the Forest Law and landscape 
multifunctionality. Over 50% of the ‘yellow’ sustainable-use zone would 
be better allocated to remain as forest, along with almost a quarter of the 
‘green’ zone (Fig. 6). The sustainable use zone could also be extended 
over a further third of the existing ‘green’ development zone (Fig. 6). 

4. Discussion 

Transitioning to landscapes that balance human resource use, 
ecosystem service provisioning, and biodiversity conservation has 
become a central goal in the tropics and subtropics (Laurance et al., 
2014; Carrasco et al., 2017; Law et al., 2017). Designing such multi
functional landscapes critically rests on understanding what the avail
able option space for planners and policy makers to mitigate trade-offs 
is, and how policies and progressing deforestation alter that option 
space. This necessitates moving from local-scale to landscape-scale 
trade-off assessments (Polasky et al., 2008; Kennedy et al., 2016; But
sic et al., 2020). We here applied landscape-scale possibility frontiers to 
quantify trade-offs between agricultural production, biodiversity, and 
carbon stocks for the Argentinean Dry Chaco, one of the world's major 
deforestation hotspots. This allowed understanding how the current 
land-use zoning, as well as past and future land-use change, foster or 
inhibit multifunctionality. Collectively, our results demonstrate that 
there remain opportunities for transitioning to multifunctional land
scapes in the study region, but these are disappearing rapidly. The time 
for sustainability planning in the Chaco is now. 

Quantifying trade-offs at a landscape-scale across the north Argen
tinean Dry Chaco revealed substantial co-benefits between biodiversity 
and carbon stocks, yet also strong trade-offs of both with agricultural 
profits. Substantial synergies between protecting carbon stocks and 
biodiversity have been suggested for tropical moist forests, in South 
America and elsewhere (Strassburg et al., 2010; Deere et al., 2018; Soto- 
Navarro et al., 2020). Here we show that such synergies also exist for 
tropical and subtropical dry forests. The strong, positive relationship 
between carbon stocks and biodiversity that we find is encouraging, 
because it suggests considerable potential for carbon funding to leverage 
biodiversity co-benefits, as envisioned in REDD+ or similar initiatives. 
Spatially-detailed biodiversity data is scarce in the Chaco and other 
tropical dry forests (Blackie et al., 2014; Periago et al., 2015; Romero- 
Muñoz et al., 2020). Yet possibilities for monitoring carbon stocks and 
changes therein are increasing thanks to rapid advancement of remote- 

sensing technologies (Joshi et al., 2016; Qi et al., 2019). Our results 
suggest this can deliver useful spatial proxies for sustainability planning 
in tropical and subtropical dry forests. 

Our analyses show that agricultural profit in the Chaco trades off 
strongly with the environment, as in other deforestation frontiers 
(Laurance et al., 2014). This underlines that agricultural expansion and 
no-net-loss in tropical biodiversity might simply not be feasible and 
some level of trade-off needs to be accepted (Phalan et al., 2013; Kehoe 
et al., 2017). Importantly, our possibility frontiers (Figs. 3, B1), show 
consistent regional-scale agriculture-environment trade-offs across the 
fundamental possibility frontier, despite highly non-linear relationships 
at local scales (Mastrangelo and Gavin, 2012; Macchi et al., 2013; 
Macchi et al., 2020). On one hand, this could be interpreted as a rela
tively low risk of regional-scale tipping points, however we caution that 
our analysis did not include spatial and temporal dependencies which 
may reveal these phenomena. On the other hand, our results also suggest 
that further large-scale agricultural expansion is likely to (continue to) 
cause major losses in biodiversity and carbon stocks. With potential 
environmental assets spread fairly homogeneously throughout the re
gion, the Chaco is clearly at risk of a ‘death by 1000 cuts’, a situation that 
is likely emblematic for many regions where modern commodity fron
tiers expand (Phalan et al., 2013; Laurance et al., 2014; Elsa et al., 
2017). 

Smart landscape design can help to transition towards more sus
tainable land systems, and zoning is a key instrument in this context 
(Turner II et al., 2013; Torrella et al., 2018). Our analyses of the current 
zoning of the Argentinean Chaco suggest considerable unused potential 
for managing agriculture-environment trade-offs. While the zoning, as 
currently implemented, would allow for landscapes that near-optimally 
manage trade-offs at the regional scale, it does neither mandate nor 
encourage these. Our analyses also showed that full land-use develop
ment according to the current zoning would lead to highly suboptimal 
outcomes, with substantial (and likely irreversible) losses of remaining 
biodiversity and carbon stocks (Fig. 4). Adjusting the zoning so that it 
encourages and ensures higher socio-ecological outcomes (i.e. closer to 
the mid-point of the possibility frontier) is therefore urgently needed. 
Landscapes that better align agriculture and the environment are 
possible, and our analyses showed a wide range of land-use strategies 
that can foster them in the study region (Fig. 5). Yet, a critical compo
nent for all these strategies is to maintain at least 40%, and preferably 
closer to 50%, of remaining forests, in line with recommendations from 
local-scale studies from the Chaco and elsewhere (Semper-Pascual et al., 
2019; Daskalova et al., 2020; Macchi et al., 2020). More generally, our 
analyses underline the key importance of maintaining substantial areas 
of natural habitat (Di Marco et al., 2019). 

A central finding from our work is that agricultural systems that 
retain woody cover, such as silvopastures, can mitigate agriculture- 
biodiversity trade-offs at the regional scale in the Dry Chaco. The po
tential biodiversity value of wildlife-friendly production systems has 
been previously identified for the Chaco (Mastrangelo and Gavin, 2012) 
and elsewhere (Mauricio et al., 2019). Yet, whether silvopastures can 
mitigate trade-offs at broader scales has been questioned, as more 
intensified ranching could potentially spare more forest from conversion 
(Macchi et al., 2013). Silvopastures featured prominently in most of our 
optimal solutions that most efficiently balance agriculture and biodi
versity (Fig. 5), reflecting the considerable potential of this land system 
in the region. However, very different land-system configurations had 
relatively similar environmental benefits, provided at least 40–50% of 
the forest area was retained (Fig. 4). Importantly, our optimal solutions 
did not fall into the categories of pure land sparing and land sharing, but 
consisted of a mix of land systems (Fig. 5), providing further evidence 
that mixed and regionally adapted strategies require careful consider
ation and mainstreaming (Law et al., 2017; Butsic et al., 2020). We 
caution that these recommendations include the caveat that extinction 
in fragmented and degraded forests can occur with a time delay (Sem
per-Pascual et al., 2018); these reflect non-linear dependencies that 
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were not included in our model. 
Some uncertainty surrounding the role of silvopastures remains. On 

one hand, silvopastures are not yet widely adopted in the Chaco, and, as 
currently implemented are often poor in carbon and biodiversity 
retained (Fernández et al., 2020a; Macchi et al., 2020). For example, 
bird communities collapse below woody thresholds of around 40% 
(Macchi et al., 2019), and most silvopastures in the Chaco have much 
lower levels of woody cover (<15%; Appendix A). Our estimates of the 
potential value of silvopastures are therefore likely conservative, in this 
regard, and their importance for multifunctionally would increase if 
more biodiversity-friendly and carbon-rich silvopastoral practices were 
adopted. On the other hand, there is considerable doubt if silvopasture 
systems, as currently practiced, will maintain environmental values in 
the long-term; with evidence that they rapidly loose trees and carbon 
(Fernández et al., 2020a). Likewise, biodiversity found in silvopastures 
might heavily depend on nearby forests (Macchi et al., 2020), and sil
vopastures might constitute sink habitat as hunting pressure on them 
can be high (Romero-Muñoz et al., 2020). Similarly, silvopastures 
should not replace existing natural grasslands, but could be a useful tool 
to expand and restore these threatened systems (Fernández et al., 
2020b). All this cautions against a widespread expansion of silvopasture 
into remaining forests and natural grasslands (as encouraged by the 
current zoning), and our results suggest rather that areas currently under 
intense agricultural land systems are converted to silvopasture. It also 
highlights the need for more empirical data on how the environmental 
benefits of silvopastures vary across different levels of woody cover and 
over time. 

Many dry forest regions harbor indigenous people and other tradi
tional communities who critically depend on forests for their livelihoods 
(Blackie et al., 2014; Newton et al., 2016). Expanding commodity 
agriculture increasingly leads to hidden or open conflicts with such 
forest-dependent communities, and the Chaco is no exception to this 
(Vallejos et al., 2020b). Yet forest smallholders also cause considerable 
local forest degradation and defaunation (Altrichter, 2006; Grau et al., 
2008; Romero-Muñoz et al., 2020), and it has therefore been questioned 
whether smallholder systems can be aligned with regional-scale con
servation goals (Grau et al., 2008). Here, we show that this is indeed 
possible: maintaining forest smallholders in the landscape (our scenario 
SSE), was largely able to balance agriculture-environment trade-offs in 
our case (Figs. 4, 5). This demonstrates that promoting or protecting 
traditional livelihoods does not have to conflict with reasonable con
servation or agricultural production goals. This does not mean that local 
environmental degradation by forest smallholders should be accepted. 
Rather, decreasing their environmental impacts (e.g. adopting more 
sustainable silvopasture systems, or shifting to sustainable forest use and 
hunting) provides considerable potential for fostering increased sus
tainability at local and regional scales. Importantly, we note that there 
are also important pull factors at play leading to the outmigration of 
forest smallholders from the Chaco (e.g. better income opportunities, 
civil services, and infrastructure in cities) and that maintaining the 
status quo of many forest smallholders (e.g. high tenure insecurity, 
extreme poverty, low access to health care) is likely socially undesirable. 
Rather, allowing for the development of forest smallholders in a way 
that maintains and strengthens the ties between people and environment 
should be a goal (Fischer et al., 2012). 

Our perhaps most central finding is that the window of opportunity 
for achieving more multifunctional landscapes in the Chaco is closing 
rapidly. Recent land-use changes have moved the north Argentinean Dry 
Chaco rapidly along the possibility frontier, and potential future land- 
use change will continue to do so (Fig. 5). Two land-use changes 
chiefly drive this development. First, commercial agriculture (cropland 
and pastures) currently continues to expand into areas that our opti
mizations often allocated to silvopastures. Second, forest continues to be 
lost, and our analyses clearly suggest that reducing forest cover below 
40–50% should be avoided (Fig. 5). This threshold broadly converges 
with empirically and theoretically identified critical thresholds in 

woody cover of about 40%, in the Chaco and elsewhere (Macchi et al., 
2019; Arroyo-Rodríguez et al., 2020), and recent high-level calls for 
providing more space for nature (Ellis, 2019). It is important to highlight 
that our study region still contains sizeable forest areas (Fig. 1), but 
other areas in the greater Chaco (e.g. the southern Argentinean Chaco, 
the Paraguayan Chaco) have been deforested much more (Baumann 
et al., 2017). Unfortunately, the zoning in the current Forest Law leaves 
a door open to agricultural development, and if current land-use trends 
continue, our study region would rapidly fall below the 50% forest 
threshold, sliding into suboptimal biodiversity and carbon outcomes. It 
cannot be overemphasized that the time for sustainability planning in 
the Chaco is now. Our analyses show that such planning is urgently 
needed to avoid stark environmental trade-offs, as in other South 
American tropical dry forest and savanna regions (Strassburg et al., 
2017). The now overdue revision and reform of the Argentine Forest 
Law, originally scheduled for 2014–16, provides a clear policy mandate 
and opportunity in this regard. 

Restoration has recently become a focus of land-use and conserva
tion policy and planning, with the current UN Decade on Ecosystem 
Restoration (www.decadeonrestoration.org). Our analyses allow for the 
succession from smallholder systems to forest, but we did not allow full 
forest restoration in areas already cleared for agriculture. Abandonment 
and post-agricultural succession are currently very rare in the Chaco 
(Baumann et al., 2017), and, while it is unclear to what extent natural 
forests can recover on former agricultural land, full recovery is highly 
unlikely over the time scale we considered here (approximately 30 
years; Cotroneo et al., 2018; Hoyos et al., 2018; Basualdo et al., 2019; 
Lipoma et al., 2021). Nevertheless, abandoned agricultural areas can 
attain some values relatively quickly (Cáceres et al., 2015), and 
exploring the potential of such partial restoration would be an inter
esting extension of our work. Similarly, other ‘successional’ land sys
tems, such shrublands, can have substantial environmental and social 
value (Cáceres et al., 2015; Hoyos et al., 2018). While these are not 
common within our study region, they may be important to consider, for 
example, in the very dry Chaco to the south of the study region (Bau
mann et al., 2018). We note that our analyses puts emphasis the main
tenance of forests over restoration, fully in line with the UN mission's 
aim to “prevent, halt and reverse” ecosystem declines (www.decadeonr 
estoration.org). 

Several concrete recommendations for land-use planning derive 
from our work. First, as outlined above, protecting the majority of 
remaining forests and ensuring forest cover remains above 40–50% is 
pivotal. Second, the transition from pastures to silvopastures, especially 
silvopastures with high woody cover, should be a priority. This is 
important to foster better outcomes of the current land-use zoning but 
should not come at the expense of regional forest cover. Third, an 
adjustment of the current zoning can encourage higher landscape-level 
multifunctionality and lower trade-offs in the long run. This should 
include (a) protecting remaining larger forest patches (e.g. in the El 
Impenetrable) from conversion, even to silvopastures, (b) ensuring con
nectivity between areas of natural habitat (Piquer-Rodríguez et al., 
2015; Torrella et al., 2018), (c) fostering the establishment of carbon- 
and biodiversity-rich silvopastures, including in areas where that is 
currently not required (i.e. in ‘green’ development zones), and (d) 
supporting forest smallholders to transition to more sustainable modes 
of forest and wildlife use, in order to increase the overall environmental 
benefits of forest smallholder systems. As we show here, forest small
holders should not be seen as a barrier for achieving regional-scale 
multifunctionality, and lowering their local environmental impact en
tails major opportunities. Notably, these positive contributions of forest 
smallholders (and silvopastures) occur even without consideration of 
other benefits from forests, such as charcoal, timber, and other socio- 
cultural values, products and services. Finally, our analyses provide 
both a pathway and a petition to leave the binary, polarized view of land 
sparing vs. land sharing behind. Optimal landscapes that mitigate trade- 
offs at the regional scale typically entail elements of both (e.g. 
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intensified agriculture, protected forests, and more wildlife-friendly 
production systems). 

More generally, our approach based on spatial multi-criteria opti
mization and efficiency frontiers highlights how regional-scale trade- 
offs can be quantified, and how such knowledge can help to strike a 
better balance between agriculture and various environmental out
comes. This is a central policy goal for many regions in the Global South, 
particularly for deforestation frontiers (Turner II et al., 2013; Laurance 
et al., 2014; Leclère et al., 2020). The approach we showcase here can be 
powerful for that purpose by quantifying multi-dimensional trade-offs, 
identifying land-system configurations that would most efficiently 
manage such trade-offs, detecting critical, regional-scale thresholds, and 
by identifying policy levers to set landscapes onto pathways towards 
more sustainable futures. There are few regions in the world where this 
is more urgently needed than in tropical dry forests and savannas, many 
of which are under high and rising pressure from agricultural expansion 
and intensification (Blackie et al., 2014; Parr et al., 2014; Strassburg 
et al., 2017). Our approach provides a powerful framework for adaptive 
sustainability planning that can monitor trade-offs as land-use change 
progresses and new data becomes available, and a testbed for assessing 
the potential efficacy of land-use plans, polices, and land systems that 
seek both social and ecological outcomes. 
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Fernández, P.D., YLP, de Waroux, Jobbágy, E.G., Loto, D.E., Gasparri, N.I., 2020a. 
A hard-to-keep promise: vegetation use and aboveground carbon storage in 
silvopastures of the Dry Chaco. Agric. Ecosyst. Environ. 303, 107117. 

Fernández, P., Baumann, M., Baldi, G., Banegas, N.R., Bravo, S., Gasparri, N.I., 
Lucherini, M., Marinaro Fuentes, M.S., Nanni, A.S., Nasca, J.A., Tessi, T., 2020b. 
Grasslands and open savannas of the dry chaco. In: Encyclopedia of the World’s 
Biomes, pp. 562–576. 

Fischer, J., Hartel, T., Kuemmerle, T., 2012. Conservation policy in traditional farming 
landscapes. Conserv. Lett. 5, 167–175. 

Foley, J.A., Ramankutty, N., Brauman, K.A., et al., 2011. Solutions for a cultivated 
planet. Nature 478, 337–342. 

E.A. Law et al.                                                                                                                                                                                                                                   

http://10.17605/OSF.IO/5EJCQ
http://10.17605/OSF.IO/5EJCQ
https://doi.org/10.1016/j.biocon.2021.109310
https://doi.org/10.1016/j.biocon.2021.109310
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0005
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0005
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0010
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0010
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0015
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0015
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0015
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0020
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0020
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0025
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0025
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0025
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0030
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0030
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0030
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0035
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0035
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0035
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0040
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0040
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0040
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0045
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0045
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0045
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0050
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0050
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0050
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0055
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0055
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0060
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0060
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0060
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0065
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0065
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0065
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0070
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0070
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0070
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0075
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0075
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0080
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0080
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0085
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0085
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0090
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0090
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0090
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0095
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0095
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0095
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0100
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0100
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0105
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0105
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0110
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0110
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0115
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0115
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0120
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0120
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0120
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0125
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0125
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0125
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0125
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0130
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0130
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0135
http://refhub.elsevier.com/S0006-3207(21)00362-1/rf0135


Biological Conservation 262 (2021) 109310

12

Gasparri, N.I., Baldi, G., 2013. Regional patterns and controls of biomass in semiarid 
woodlands: lessons from the Northern Argentina Dry Chaco. Reg. Environ. Chang. 
13, 1131–1144. 

Grau, H.R., Gasparri, N.I., Aide, T.M., 2008. Balancing food production and nature 
conservation in the Neotropical dry forests of northern Argentina. Glob. Chang. Biol. 
14, 985–997. 

Gurobi Optimization, 2010. Gurobi Optimizer Reference Manual Version 3.0. Gurobi 
Optimization Inc, Houston, USA.  

Hansen, M.C., Potapov, P.V., Moore, R., et al., 2013. High-resolution global maps of 21st- 
century forest cover change. Science 342, 850–853. 

Hanson, J., Schuster, R., Morrell, N., et al., 2020. prioritizr: Systematic Conservation 
Prioritization in R (version 5.0.2). Available from: https://CRAN.R-project.org 
/package=prioritizr. 

Hoyos, L.E., Cabido, M.R., Cingolani, A.M., 2018. A multivariate approach to study 
drivers of land-cover changes through remote sensing in the Dry Chaco of Argentina. 
ISPRS Int. J. Geo Inf. 7, 170. 

IPBES, 2019. Summary for Policymakers of the Global Assessment Report on Biodiversity 
and Ecosystem Services of the Intergovernmental Science-Policy Platform on 
Biodiversity and Ecosystem Services. IPBES Secretariat, Bonn, Germany, p. 39. 

Joshi, N., Baumann, M., Ehammer, A., et al., 2016. A review of the application of optical 
and radar remote sensing data fusion to land use mapping and monitoring. Remote 
Sens. 8. 

Kehoe, L., Romero-Muñoz, A., Polaina, E., Estes, L., Kreft, H., Kuemmerle, T., 2017. 
Biodiversity at risk under future cropland expansion and intensification. Nat. Ecol. 
Evol. 1, 1129–1135. 

Kennedy, C.M., Hawthorne, P.L., Miteva, D.A., et al., 2016. Optimizing land use decision- 
making to sustain Brazilian agricultural profits, biodiversity and ecosystem services. 
Biol. Conserv. 204, 221–230. 

Kennedy, C.M., Oakleaf, J.R., Theobald, D.M., Baruch-Mordo, S., Kiesecker, J., 2019. 
Managing the middle: a shift in conservation priorities based on the global human 
modification gradient. Glob. Chang. Biol. 25, 811–826. 

Kremen, C., Merenlender, A.M., 2018. Landscapes that work for biodiversity and people. 
Science 362, eaau6020. 

Kuemmerle, T., Altrichter, M., Baldi, G., et al., 2017. Forest conservation: remember 
Gran Chaco. Science 355, 465. 

Laurance, W.F., Sayer, J., Cassman, K.G., 2014. Agricultural expansion and its impacts on 
tropical nature. Trends Ecol. Evol. 29, 107–116. 

Law, E.A., Meijaard, E., Bryan, B.A., Mallawaarachchi, T., Koh, L.P., Wilson, K.A., 2015. 
Better land-use allocation outperforms land sparing and land sharing approaches to 
conservation in Central Kalimantan, Indonesia. Biol. Conserv. 186, 276–286. 

Law, E.A., Bryan, B.A., Meijaard, E., Mallawaarachchi, T., Struebig, M.J., Watts, M.E., 
Wilson, K.A., 2017. Mixed policies give more options in multifunctional tropical 
forest landscapes. J. Appl. Ecol. 54, 51–60. 

Lawrence, D., Vandecar, K., 2015. Effects of tropical deforestation on climate and 
agriculture. Nat. Clim. Chang. 5, 27–36. 

Leclère, D., Obersteiner, M., Barrett, M., et al., 2020. Bending the curve of terrestrial 
biodiversity needs an integrated strategy. Nature 585, 551–556. https://doi.org/ 
10.1038/s41586-020-2705-y. 

Lipoma, M.L., Cabrol, D.A., Cuchietti, A., et al., 2021. Low resilience at the early stages of 
recovery of the semi-arid Chaco forest—evidence from a field experiment. J. Ecol. 57 
(10), 2054–2063. https://doi.org/10.1111/1365-2745.13622. 

Macchi, L., Grau, H.R., Zelaya, P.V., Marinaro, S., 2013. Trade-offs between land use 
intensity and avian biodiversity in the dry Chaco of Argentina: a tale of two 
gradients. Agric. Ecosyst. Environ. 174, 11–20. 

Macchi, L., Baumann, M., Bluhm, H., Baker, M., Levers, C., Grau, H.R., Kuemmerle, T., 
2019. Thresholds in forest bird communities along woody vegetation gradients in the 
South American Dry Chaco. J. Appl. Ecol. 56, 629–639. 

Macchi, L., Decarre, J., Goijman, A.P., et al., 2020. Trade-offs between biodiversity and 
agriculture are moving targets in dynamic landscapes. J. Appl. Ecol. n/a.  

Mastrangelo, M.E., Gavin, M.C., 2012. Trade-offs between cattle production and bird 
conservation in an agricultural frontier of the Gran Chaco of Argentina. Conserv. 
Biol. 26, 1040–1051. 

Mauricio, R.M., Ribeiro, R.S., Paciullo, D.S.C., Cangussú, M.A., Murgueitio, E., Chará, J., 
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