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ABSTRACT. Agricultural expansion threatens biodiversity due to habitat loss and fragmentation. In the Gran Chaco, a global
deforestation hotspot, rampant cropland and pasture expansion raise concerns about the sustainability of these land-use changes.
Zoning policies were recently enacted in the Argentine Chaco to balance agriculture and conservation, yet the environmental outcomes
of implementing these policies remain unclear. Here, we focused on the province of Formosa (Argentina) to evaluate how fully
implementing zoning there would affect forest loss and connectivity, and how multiscale landscape planning could enhance
environmental outcomes. Specifically, we simulated potential future forest cover for different spatial planning scenarios to assess the
effect of (a) implementing regional corridors and (b) enacting additional policies to minimize forest fragmentation at the plot level,
under both high and low deforestation rates. We then quantified forest connectivity and fragmentation using morphological image
segmentation and landscape indices. Our results show that implementing regional corridors reduced the extent of potential deforestation
by 650,000 ha (43%), and this alone strongly increased forest connectivity compared with scenarios without corridors. However, how
deforestation would be carried out at the plot level was critically important. Plot-level spatial planning could have a strong and positive
effect on mitigating fragmentation and on maintaining connectivity, even in scenarios with high deforestation rates (i.e., reducing the
number of forest fragments by up to 35%, increasing the core forest by up to 6%). Moreover, under high deforestation rates, implementing
regional corridors and plot-level design had a strong complementary effect on mitigating forest fragmentation (17% less forest fragments
than when implementing either of the two strategies alone). Our analyses clearly highlight the opportunities of multiscale spatial
planning and the need to complement broad-scale zoning with plot-level landscape design in order to mitigate the negative impacts of
deforestation in the Chaco and other active agricultural frontiers.
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INTRODUCTION
The loss and fragmentation of forest habitat due to agricultural
expansion is a major threat to biodiversity globally (Foley et al.
2005, Lindenmayer and Fischer 2006, Maxwell et al. 2016).
Agricultural expansion into natural forests has various direct and
indirect effects on biodiversity, including habitat loss and
fragmentation, reduced habitat quality via edge effects in
remaining forest fragments, and increased isolation between these
fragments (Lindenmayer and Fischer 2006). Forest fragmentation
also interacts with other human pressures (e.g., logging, hunting,
or fire), often increasing their negative impact on biodiversity
(Laurance et al. 2011). Thus, avoiding forest fragmentation and
maintaining connectivity are conservation priorities to protect
forest biodiversity and associated livelihoods (Vos et al. 2008,
Lindenmayer et al. 2012).
An important planning tool to avoid unwanted outcomes from
land-use change is zoning (Lambin et al. 2014, Laurance et al.
2014). The most restrictive zoning is the total exclusion of land
use (e.g., through strictly protected areas), whereas less restrictive
zoning might prohibit some land-use changes (e.g., agricultural
expansion into forests) or land-use practices (e.g., logging), but
allow others (e.g., firewood collection). The question of how
conservation and agricultural land use should be aligned is also
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at the heart of the recent debate about land sparing vs. land
sharing (Green et al. 2005). The former assumes that intensive
agriculture combined with large conservation areas minimizes
trade-offs between biodiversity and agriculture best, whereas the
latter, land sharing, assumes that multiuse landscapes combined
with less extensive protected areas are better (Fischer et al. 2011,
Phalan et al. 2011, Tscharntke et al. 2012, Bustic and Kuemmerle
2015).
Although protected areas, whether strict or multiuse, are
important for halting deforestation and biodiversity loss in
agricultural expansion frontiers (Bruner et al. 2001), they tend to
become isolated over time, which may undermine their
effectiveness in the long run (Newmark 2008, Matteucci and
Camino 2012, Melo et al. 2013). A central goal of conservation
and land-use planning is therefore to maintain connectivity,
ideally at different spatial scales (Poiani et al. 2000). For example,
regional-scale corridors that connect large habitat complexes can
promote movement and exchange among large mammal
populations and allow species to migrate and adapt to
environmental change (e.g., Rabinowitz and Zeller 2010,
Martinez Pardo et al. 2017). Local-scale spatial planning (i.e., at
the plot level) oriented to maintain larger habitat blocks and to
maximize connectivity at this scale can help prevent edge effects
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and facilitate dispersal (Mabry and Barret 2002). Considering
connectivity at different spatial scales is therefore important
(Fahrig 2002, Pardini et al. 2010, Villard and Metzger 2014), but
is rarely considered when zoning plans are designed and
implemented. Likewise, discussions about the advantages and
disadvantages of land sparing and land sharing strategies (e.g.,
for well-being or biodiversity conservation) often disregard that
the spatial scale at which these strategies are implemented is
crucial (Grau et al. 2013, Fischer et al. 2014) and that strategies
targeting multiple spatial scales could be particularly beneficial
(Ekroos et al. 2016).
Simulating alternative land-use scenarios allows exploration of
the potential outcomes of different management policies or
actions. Thus, such simulations provide a powerful means to
evaluate the impact and effectiveness of alternative landscape
design strategies a priori (Piquer-Rodríguez et al. 2015), yet landuse simulations are rarely used for this purpose.
The tropical dry forests and savannas of South America, such as
the Chaco, Cerrado, or Llanos, are understudied global hotspots
of agricultural expansion (Hansen et al. 2013, Parr et al. 2014).
Especially in the Chaco, agriculture (croplands and cultivated
pastures) has expanded rapidly in the last decades. For example,
by 2013, about 18% of all Chaco forest present in 1985 had been
converted to agriculture (Baumann et al. 2016), and land-use
change continues unabated. In the Argentine Chaco, agricultural
expansion resulted in the loss of almost 6 million hectares (Mha)
of forest between 1977 and 2010 (Piquer-Rodriguez et al. 2015),
and an additional 1 Mha between 2012 and 2016 (Unidad de
Manejo del Sistema de Evaluación Forestal (UMSEF) 2017).
Deforestation substantially affected the spatial configuration of
remaining forests, generally by increasing fragmentation and
decreasing connectivity (Gasparri and Grau 2009, Carranza el al.
2015, Piquer-Rodríguez et al. 2015). Changes in forest area and
configuration have strong negative impacts on a wide range of
taxa, including fungi, birds, mammals, and plants (Grilli et al.
2012, Torres et al. 2014, Nuñez-Regueiro et al. 2015, Torrella et
al. 2015), as well as on carbon storage (Baumann et al. 2016,
Villarino et al. 2017), air quality (Sacchi et al. 2017), and crop
pollination (Monasterolo et al. 2015). Clearly, there is an urgent
need to implement conservation and land-use planning in the
Chaco to lessen these negative externalities (Kuemmerle et al.
2017).
Recognizing this need, the Argentinean Parliament enacted
National Law #26.331 (“Ley de Presupuestos Mínimos de
Protección Ambiental de los Bosques Nativos,” hereafter referred
to as the “Forest Law”) in 2007. The main objectives of this law
are (1) to promote forest conservation through land-use planning,
(2) to limit deforestation, and (3) to improve and maintain forest
functioning and the cultural value of forest. The Forest Law
mandates provinces to zone all remaining forests according to
their conservation value: category 1 (red) comprises forest areas
with “high conservation value” where any productive land use is
forbidden. Category 2 (yellow) comprises forest areas with
“intermediate conservation value” where deforestation is
forbidden, but “sustainable uses” (i.e., some forms of ranching
and selective logging, although this differs among provinces) are
allowed. Category 3 (green) comprises forest areas in which
deforestation (partial or full), cattle ranching, and selective
logging are allowed.

The Forest Law, however, remains hotly debated. Controversies
are, among others, the result of inconsistent categorization of
forest areas between neighboring provinces (García Collazo et al.
2013), power inequalities among different stakeholders (Seghezzo
et al. 2011, Silvetti et al. 2013), inefficient funding (Schmidt 2015,
Aguiar et al. 2018), forest categorization according to agricultural
potential rather than conservation value (Adámoli et al. 2011,
Nolte et al. 2017), and ineffectiveness of the current zoning in
preventing forest fragmentation (Piquer-Rodríguez et al. 2015).
In particular, it is unknown whether the current zoning is effective
in preventing, or at least mitigating, unwanted outcomes in terms
of forest fragmentation and forest connectivity.
The province of Formosa, in northern Argentina, implemented
the Forest Law somewhat differently than other provinces. In
addition to the regulations imposed by the national-scale law,
Formosa established broadscale corridors, in which deforestation
is highly restricted, to link larger forest complexes, and jointly
focused on forest and other natural vegetation formations
(Formosa Law 1552/10, Piquer-Rodríguez et al. 2015). This
provides an excellent opportunity to test the effect of multiscale
landscape planning, specifically the relative importance and
possible complementarity of broadscale corridors and local-scale
spatial planning. Our overarching aim was to use spatial
simulations to assess the potential value of the already designated
broadscale corridors for maintaining future forest connectivity.
Also, we wanted to evaluate whether possible, additional, plotlevel spatial planning could further mitigate fragmentation and
improve the connectivity of remaining forest. Specifically, our
research questions were:
1. What are the likely effects of the existing regional corridors
on the future extent, fragmentation, and connectivity of
forest in Formosa province?
2. What are the possible effects of local-scale spatial planning
(i.e., at the plot level) on forest fragmentation and
connectivity?
3. What are the relative gains of multiscale spatial planning,
vs. single-scale, for preventing forest fragmentation and
maximizing forest connectivity?
METHODS
Study area
The province of Formosa occupies 7.5 Mha in northern Argentina
(Fig. 1). Annual precipitation ranges from >1,400 mm in the east
to 550 mm in the west, and mean annual temperature is ~23°C
(Bianchi and Cravero 2010, Unidad Provincial Coordinadora del
Agua (UPCA) 2017). The entire province is within the Chaco
ecoregion, with natural vegetation communities including
different types of forests, as well as savannas, wetlands, and
natural grasslands. The two main forest types, according to species
composition and physiognomy, are: “tall forest” (bosques altos)
and “low forest” (bosques bajos) (see Appendix 1 for a more
detailed description of forest types). The extent of agriculture
(including both cropland and managed pastures) increased from
250,000 ha in 2001 to 780,000 ha in 2015, about half of which
occurred at the expense of forest (Arriaga Velasco-Aceves 2017).
Despite widespread deforestation, Formosa still has 3.2 Mha of
remaining forest, which represents about 85% of the original
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forest cover (Arriaga Velasco-Aceves 2017). The proportion of
remaining natural areas is thus higher in Formosa than in other
Chaco provinces (Vallejos et al. 2015, Baumann et al. 2016).
Fig. 1. Forest cover and land-use zonation in Formosa province
(about 7.5 million hectares) in Northern Argentina. Colors
designate zoning categories according to the national Forest Law
(in white, nonforest areas). The “Corridor zone” has stricter
restrictions on land use, according to the provincial zoning
Formosa Law. Inset: location of Formosa Province (black) and
the Gran Chaco ecoregion (gray).

In terms of zoning, and in addition to the general rules of the Forest
Law, Formosa enacted its own land-use planning law in 2010 (#1052,
hereafter referred to as the “Formosa Law”) to further regulate
forest conversion at the level of cadaster plots depending on (1) the
plot area, and (2) the share of forest types (i.e., tall or low forest)
inside plots (Fig. 1). The Formosa Law divided the province into (1)
corridor and (2) noncorridor (i.e., Central and Oriental) zones, with
important differences in the allowance of deforestation quotas.
Corridors covered nearly 50% of the province and were designed to
include and connect protected areas and other conservation priority
areas such as important bird areas (Formosa Provincial Law
#1552/10) (Fig. 1). Land conversions cannot exceed 20% of the total
cadaster plot area in the corridor zone, and 60% in the noncorridor
zone (Fig. 2).
Data sets used
We used a forest-type map (i.e., tall/low canopy forest) for the year
2015 (Arriaga Velasco-Aceves 2017), which is the most up-to-date
and fine-scale forest type map available. The spatial resolution (i.e.,
pixel size) of this forest-type map was 300 m (see Appendix 1 for
details). We used the cadastral map of Formosa that contains plots
with clear land tenure for about 59% of the province territory. The
remaining 41% of Formosa’s territory is not yet parceled and is often
occupied legally by people with unclear tenure (e.g., criollos

families). As we simulated deforestation at the plot level, for the
sake of consistency, we grouped these nonparceled areas into
virtual cadastral plots comparable in size to the current land plots
(see Appendix 1 for details). By overlaying the maps of forest
types, the plot boundaries, and the Formosa Law zoning, we
calculated the maximum area allowed for deforestation in each
plot, according to the regulations of the Formosa Law.
Fig. 2. Hypothetical example of two cadaster plots in Formosa,
(a) inside and (b) outside the “Corridor zone”. Each cell
represents 1 ha. In the Corridor zone, land conversions cannot
exceed 20% of the total cadaster plot area. Likewise, not more
than 10% of the area covered by tall forest can be deforested
and not more than 60% of the low forests in each cadaster plot
can be deforested. Plot (a) with a total of 100 ha contains 50 ha
of tall forest and 50 ha of nonforest natural cover (e.g.,
wetlands or grassland). A landowner can then convert a
maximum of 20 ha, of which only 5 ha (i.e., 10% of 50 ha) can
be tall forest. In the “Noncorridor zone”, total conversion
cannot exceed 60% of the plot area, with maximum total
deforestation of 60% for both forest types. Thus, in plot (b) up
to 60 ha could be converted to agriculture, but only 30 ha of
tall forest can be deforested.

Scenarios and spatial simulations
We simulated spatial-planning scenarios at two spatial scales, the
regional and the plot level. At the regional level, we simulated
scenarios with and without corridors to assess the effect of
corridor zones as defined by the Formosa Law. For scenarios with
corridors, we allowed deforestation per plot as described in Fig.
2 (i.e., less deforestation inside corridors than outside). For
scenarios without corridors, we allowed deforestation following
the rules specified for the noncorridor zones in the entire study
area.
At the plot level, we assessed two modes of how deforestation
could be allocated until the maximum deforestation area allowed
per plot was reached: (1) randomly or (2) with spatial design to
minimize forest fragmentation. For allocation mode 1 (random),
we randomly selected the starting location (i.e., pixel) for
deforestation within a plot. For allocation mode 2 (design), we
first checked if agriculture was already present in the plot. If this
was the case, we set deforestation to start from the forest pixel
closest to agriculture, in order to minimize forest fragmentation.
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Table 1. Deforestation scenarios simulated for the province of Formosa in the Argentine Chaco

Spatial planning regional level
Spatial planning plot level

Low deforestation rate
With corridors
Without corridors
Design
Random
Design
Random

High deforestation rate
With corridors
Without corridors
Design
Random
Design
Random

Scenario code

L-C-D

H-C-D

L-C-R

L-NC-D

If agriculture was absent in the plot, we set deforestation to start
from the center of the cadaster plot in order to minimize
connectivity loss between plots and the wider landscape. For both
modes, we expanded the deforested area within a plot in a
concentric fashion by selecting neighboring forest pixels away
from the starting locations, based on distance. In cases where
several forest pixels had the same distance to the current
deforestation frontier, one of them was selected randomly. For
allocation mode 1, we used more than one deforestation cluster
per plot if plots were large. Agricultural plots with more than one
cluster occur often in Formosa (authors’ observations). We
limited the size of the deforestation cluster to 50 ha (for plots up
to 500 ha), 200 ha (for plots up to 3,000 ha), and 500 ha (for plots
>3,000 ha). Once the maximum size per deforestation cluster was
reached, an additional deforestation cluster was created, again
starting from a randomly selected location. For allocation mode
2, deforestation progressed either from the forest–agriculture
frontier or the center of the cadaster plot in a single deforestation
cluster. For both allocation modes (random and design), we
assumed tall forest to be deforested first because they are generally
located on better soils (Prado 1993). Only once a plot reached the
deforestation quota for tall forest, was low forest then converted.
Overall, our multiscale landscape design setup included four
scenarios (i.e., with vs. without corridors plus random vs. design
modes), which we simulated for two deforestation rates: high
(when the maximum per-plot deforestation allowed by the
Formosa Law took place) and low (when only 50% of the
maximum deforestation allowed by the Formosa Law took place).
For the latter case, we stratified the province into six strata
according to precipitation and land planning zones. Deforestation
area was allocated assuming deforestation will continue at current
rates (2010–2015), which is reasonable because deforestation has
only recently begun in Formosa and much forest can still be
converted (for details see Appendix 2). We then selected plots
within these strata using stratified random sampling until the
deforestation quota at the province level (i.e., 50% of the
maximum deforestation allowed in the Formosa Law) was
reached. This resulted in a total of eight scenarios (Table 1). To
ensure the robustness of our simulations, we repeated each
scenario 50 times to include the effects of random variability
within the parameters of each scenario. To implement our
deforestation scenarios, we developed an allocation routine in R
(R Core Development Team 2016).
Forest fragmentation and connectivity
To assess structural forest fragmentation, we used Morphological
Spatial Pattern Analysis (MSPA), as implemented in the software
GUIDOS 2.5 (Soille and Vogt 2009). MSPA reclassifies forest vs.
nonforest maps into seven fragmentation classes: core, edge, islet,
perforation, bridge, loop, and branch forest. We set the edge width
to one pixel (i.e., 300 m), which is a conservative value according

L-NC-R

H-C-R

H-NC-D

H-NC-R

to existing empirical work on edge effects in the Chaco (López de
Casenave et al. 1995; R. Ginzburg and S. Torrella, unpublished
data). For our study, we merged all classes that are connecting
landscape elements (bridge, branch, and loop) into a single class.
Additionally, we calculated the mean number of forest patches
and the mean patch size for each scenario using FRAGSTATS
4.2.1 (McGarigal et al. 2012).
Connectivity is a species-specific concept (Saura et al. 2014), yet
can be approximated based on landscape structure (Ernst 2014).
Our analysis combined indices of structural connectivity (i.e.,
spatial configuration of forest patches) and functional
connectivity (i.e., species focused), using three complementary
indicators. First, we used the CONNECT index, which calculates
the proportion of connected patches in the entire landscape given
a species-specific threshold dispersal radius. CONNECT is zero
when none of the forest patches are connected and 100 when all
patches are connected (McGarigal et al. 2012). Second, we used
the CLUMPY index (McGarigal et al. 2012), which measures the
level of aggregation of forest patches independently of the total
forest area (Cushman et al. 2012). CLUMPY ranges from -1
(maximally disaggregated) to 1 (maximally aggregated).
CLUMPY and CONNECT were calculated using FRAGSTATS
4.2.1 (McGarigal et al. 2012). Lastly, we used the Equivalent
Connected Area (ECA) index, which is network based and defined
as the size of a single forest patch that would provide the same
value of connectivity as the actual forest pattern in the landscape
(Saura et al. 2011). The ECA thus considers the total connected
forest area, dispersal flux between forest patches, and the
contribution of stepping stones to connectivity (Saura and Rubio
2010). We calculated ECA using CONEFOR 2.6 (Saura and
Torné 2009). For CONNECT and ECA, we used a threshold
distance of 2 km, according to the home range sizes of
intermediate dispersers (e.g., Giant anteater, Myrmecophaga
tridactyla) in the Argentine Chaco (Canevari and Vaccaro 2007)
because these species would benefit the most from regional
connectivity (Piquer-Rodriguez et al. 2015).
Within each scenario, we calculated the standard deviation of
each index to assess variability across our replicate runs. Scenarios
with high deforestation rates and plot-level design (i.e., H-C-D
and H-NC-D, Table 1), in which the location of deforestation was
fixed, did not vary and only one simulation was carried out. We
tested for the significance of differences between scenarios for
each index using t and Mann-Whitney tests (see Appendix 3 for
details).
RESULTS
By definition, our scenarios with corridors and low deforestation
rates had less deforestation compared with scenarios without
corridors and high deforestation rates. If all deforestation allowed
under the current zoning were to be implemented, 850,000 ha of
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Table 2. Deforested area across scenarios (in Mha) and percentage of remaining forest compared with forest extent in 2015. Scenarios
differ in deforestation rate (L: low, H: high), spatial planning at the regional level (C: with corridors, NC: without corridors), and spatial
planning at the plot level (D: design, R: random)
Scenario code

L-C-D

L-C-R

L-NC-D

L-NC-R

H-C-D

H-C-R

H-NC-D

H-NC-R

Mean deforested area
Deforested area SD
Remaining forest (%)

0.41
(0.002)
87.4

0.42
(0.025)
87.2

0.41
(0.003)
87.5

0.41
(0.003)
87.2

0.85

0.87
(0.00001)
73.3

1.49

1.52
(0.00001)
53.2

73.7

54.0

Fig. 3. Forest cover (in green) in Formosa under four scenarios of spatial planning at regional and plot level, and for two deforestation rates. Where
replicate runs were carried out, scenarios are exemplified by showing one of these replicate runs.

forests would be cleared in Formosa (26% of all forest in 2015),
which would leave a forest cover of 31% at the province level (Table
2). Without the stricter regulations inside corridor zones, an
additional 650,000 ha of forest would be lost (Table 2).
Scenarios also differed markedly in terms of deforestation
patterns (Fig. 3). High deforestation rates without corridors
resulted in small and very dispersed patches of remaining forest,
with larger forest patches only preserved in the yellow and red
Forest Law categories (Fig. 3). Conversely, scenarios with low
deforestation rates and corridors resulted in larger and more
continuous forest patches, especially in the west of Formosa
province (Fig. 3).
Comparing our scenarios in terms of fragmentation showed
varying effects of the regional-level corridors. For low
deforestation rates, scenarios with corridors did not differ
noticeably from scenarios without corridors; for example in terms
of the proportion of core forest (Fig. 4) or patch number (Fig. 5,

Appendix 3), differences were lower than 3%. This contrasted with
results for high deforestation rates, where corridors had a positive
and strong effect in reducing fragmentation. For example, when
simulating random deforestation at plot level, scenarios with
corridors had a higher proportion of core forest (40%), lower edge
forest (27%, Fig. 4), and less forest patches (37%, Fig. 5).
The way in which deforestation was allocated at the plot level also
had pronounced effects on forest fragmentation (Fig. 4). In our
design scenarios, higher proportions of core forest were
maintained, and edge and islet forest proportions were reduced
compared with the random modes. Interestingly, there were no
notable effects on the share of bridge elements. Design at the plot
level also resulted in fewer patches (Fig. 5). Differences in
fragmentation indices between allocation modes were greater in
scenarios with high deforestation rates than in those with low
deforestation rates (Fig. 4).
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Fig. 4. Mean (min/max) share of forest area in different fragmentation classes (Bars, left axis) and deforested
area (dots, right axis) among the scenarios. Scenarios differ in deforestation rates (L: low, H: high), spatial
planning at the regional level (C: with corridors, NC: without corridors), and spatial planning at the plot level
(D: design, R: random). Core = interior forest; Edge =outer edge of core forest (300 m in our case); Perforation
= edge inside core forest patches; Bridge: forest linking forest patches; Islet: small forest patches without core
forest.

Fig. 5. Mean (min/max) number of patches in simulated
scenarios. Scenarios differ in deforestation rate (L: low, H:
high), spatial planning at the regional level (C: with corridors,
NC: without corridors) and spatial planning at the plot level
(D: design, R: random). Different letters inside the panel
represent significant differences (p < 0.05, see Appendix 3).

resulted in <2,500 patches (i.e., 26% reduction in patch numbers;
Fig. 5). The effect of plot-level design in reducing fragmentation
depended more on the rate of deforestation than on regional-level
corridors (Fig. 5). If the deforestation rate was high, the effect of
regional-level corridors was greater than that of plot-level design
in reducing fragmentation (Fig. 4), whereas the effect of plot-level
design was greater than that of regional corridors if the
deforestation rate was low. Patch size statistics for each scenario
are provided in Appendix 3.
Corridors enhanced connectivity markedly and consistently, for
all indices when deforestation rates were high. For low
deforestation rates, implementing corridors did not have a strong
effect on connectivity, as measured by our indices (Fig. 6a, c), and
sometimes even suggested decreasing levels of connectivity (Fig.
6b). Plot-level planning also had a strong effect on connectivity.
Scenarios with plot-level design consistently showed higher
connectivity compared with scenarios with random deforestation
allocation across all indices (Fig. 6, Appendix 3).

In scenarios with high deforestation rates, the combined effect of
planning at both scales (i.e., regional corridors and plot-level
design) resulted in less fragmentation than in scenarios for which
planning focused on only one of the two scales. For example, in
scenarios without corridors and without spatial planning at the
plot level, deforestation resulted in >5,300 forest patches.
Implementing either plot-level design or regional corridors
reduced this to about 3,400 patches, but implementing both

Comparing the effect of spatial planning at regional and plot
levels suggested that plot-level measures had a stronger positive
effect on connectivity than regional corridors in scenarios with
low deforestation rate (Fig. 6b, c). In high deforestation scenarios,
the effect of plot-level design was substantially greater when there
were no corridors implemented at the regional level. For example,
ECA rose by 46% when applying spatial design at the plot level
if there were no corridors implemented, but only by 2% when
regional corridors were implemented (Fig. 6c). Under high
deforestation rates, notable complementary effects occurred
among spatial scales, with markedly higher connectivity values
than when implementing planning at one spatial scale only.
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Fig. 6. Mean (min/max) values for forest connectivity indices in
Formosa for 2015 and simulated deforestation scenarios.
Scenarios differ in deforestation rates (L: low, H: high), spatial
planning at the regional level (C: with corridors, NC: without
corridors) and spatial planning at the plot level (D: design, R:
random). Different letters inside the panel represent significant
differences (p < 0.05, see Appendix 3). CONNECT indicates
the proportion of distances between patches below a certain
threshold (2 km in our case); CLUMPY measures the
aggregation of forest patches in the landscape; ECA is the size
that a single forest patch should have in order to provide the
same amount of reachable forest as the mosaic of forest
patches in a given landscape. See text for a complete description
of each index.

DISCUSSION
Protecting tropical and subtropical forests and maintaining
connectivity among remaining patches is a key conservation goal,
yet challenging to achieve in active deforestation frontiers
(Lindenmayer et al. 2012, Laurance et al. 2014). Focusing on the
Argentine Chaco, a global deforestation hotspot, we assessed how
spatial planning at the regional and plot levels may impact forest
extent, fragmentation, and connectivity. Our simulations of
future forest cover for Formosa province highlight a number of
key insights. First, spatial planning at either of the two scales can
substantially lessen forest fragmentation and connectivity loss,
especially under high deforestation rates. Second, regional and
local-level planning had complementary effects. Spatial planning
that includes both scales had higher positive effects on forest
connectivity than planning at any spatial scale alone, highlighting
the benefits of multiscale planning in active deforestation
frontiers. Third, the possible effect of planning increased with the
rate of deforestation, which is important considering the currently
high and increasing deforestation pressures in other parts of the
Chaco (e.g., Paraguay) (Baumman et al. 2016) and elsewhere in
South America (e.g., the Cerrado) (Noojipady et al. 2017). Finally,
plot-level spatial design has a pronounced positive effect in terms
of lessening fragmentation and connectivity loss, even under low
deforestation rates, suggesting that appropriate policies to foster
such plot-level planning should be implemented. Collectively, our
analyses clearly highlight the opportunities of multiscale
planning to mitigate the impacts of deforestation in the Chaco
and other active agricultural frontiers.
Effects of spatial planning on forest fragmentation and
connectivity in the Chaco
Both regional-level and plot-level measures would mitigate forest
fragmentation and connectivity loss in the Chaco. Our results
show that implementing corridors as foreseen in the Formosa Law
would not only result in the conservation of 64% more forest than
without corridors, but would also lead to a more desirable spatial
configuration of remaining forests. This highlights the
importance of the Formosa Law in addition to the rather general
Argentine Forest Law (e.g., García Collazo et al. 2013, Nolte et
al. 2017). Plot-level planning, so far not implemented in
Argentina, has the potential to mitigate forest fragmentation and
connectivity loss substantially, as highlighted by the strong
differences in spatial configuration of forest in scenarios with
similar deforested area (e.g., scenarios H-C-D vs H-C-R; Fig. 5).
This shows that spatial planning can provide opportunities for
aligning conservation and production goals.
In low-deforestation scenarios, corridors did not necessarily
improve forest connectivity, and some scenarios without corridors
had higher forest connectivity than scenarios with corridors. This
surprising result can be explained by the fact that less
deforestation inside corridors is allowed at the plot level than
outside corridors. As a consequence, to reach the same area of
deforestation in both scenarios (with or without corridors), the
spatial simulation requires deforestation in more plots in scenarios
with corridors. This translates into a more patchy forest pattern,
and thus slightly higher fragmentation, in corridor scenarios and
more compact forest patches, and thus slightly less fragmented,
in noncorridor scenarios. Yet, these differences were small for all
indices we tested.
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Combining planning measures at both spatial scales resulted in
more connected and less fragmented forest than when applying
either option in isolation. This was particularly the case in our
high deforestation scenarios, as shown by all indices, except ECA
(e.g., scenarios H-C-D vs. H-NC-D or H-C-R; Fig. 6). This result
is interesting because other outcomes of this multiscale
experiment are possible (e.g., the two strategies could have been
redundant). This highlights the benefits that multiscale
approaches could provide to land-use planning in active
agriculture frontiers. Particularly, in the Argentine Chaco,
multiple biodiversity benefits are likely. For example, reducing the
proportion of edge forest would lessen structural changes in forest
canopies (López de Casenave et al. 1995) and community turnover
in birds (López de Casenave et al. 1998). Also, maintaining
connectivity at a regional level is crucial for the viability of
mammals (Quiroga et al. 2014, Periago et al. 2015), and the spatial
configuration of forest is an important determinant of mammal
habitat (Nuñez-Regueiro et al. 2015).
The mitigating and complementary effects of planning at both
spatial scales were stronger for scenarios with high deforestation
rates than for those with lower deforestation rates. Formosa
province still has relatively high forest cover, and even under high
deforestation, remaining forest cover would amount to 31%. This
underlines that spatial planning could have stronger effects in
zones where intermediate levels of forest remain compared with
areas with higher forest cover, where connectivity is already high.
This finding seems important for many regions in the Chaco,
where deforestation has substantially reduced forest cover
recently (Vallejos et al. 2015, Baumann et al. 2016). The impact
of planning for connectivity could be similarly large in other
ecoregions of South America, where agriculture expansion is
causing major forest losses, such as the Cerrado (Noojipady et al.
2017), the Llanos, and the Atlantic forest (Ribeiro et al. 2009).
Yet, our results do not imply that corridors have no effects on
connectivity until the maximum deforestation levels are reached,
which could lead to an oversimplification of the landscape (van
der Hoek et al. 2015). It would be necessary to test intermediate
deforestation levels to assess when corridors start to be relevant.
Plot-level planning had a strong effect on lessening fragmentation
and connectivity loss, even in low deforestation scenarios, where
it was greater than the effect of corridors. This effect increased as
forest area decreased, showing that the importance of
connectivity is highest in landscapes with intermediate amounts
of habitat (Pardini et al. 2010, Villard and Metzger 2014). Thus,
our findings also suggest that planning implemented at the plot
level can influence the connectivity of the forest at broader scales.
Such planning is already done in the Brazilian Amazon (Forest
Code) and to some extent in the Paraguayan Chaco, where
minimum shares of forest per property have to remain. Even the
Argentinean Forest Law foresees similar planning tools, as there
are some spatial deforestation restrictions (e.g., on steeper slopes
in Chaco and Salta, according to distance to rivers or forest type
in Formosa). Yet, we know of no example where plot-level
planning specifically targeted to enhance connectivity is already
in place. It would therefore be beneficial to explore policy
instruments to implement planning that takes into account forest
configuration within plots and in relation to neighboring plots,
for example by adopting zoning laws or incentives in Argentina.
This would, however, require a coordinated intraprovincial

planning effort that might be challenging under a decentralized
planning system such as in Argentina (Seghezzo et al. 2011,
Piquer-Rodriguez et al. 2015, Nolte et al. 2017).
Harmonizing agriculture production and conservation in places
like the Chaco is a complex challenge. Although our study did
not directly assess the trade-off between conservation and
agriculture, there are interesting lessons learned from our work
that might be relevant for discussions, such as whether land
sparing or sharing provides lower trade-offs. Importantly, our
work highlights that there are clear benefits of multiscale spatial
planning and that trade-offs may vary with scale, both of which
land sparing/sharing discussions typically ignore (Grau et al.
2013, Fischer et al. 2014, Ekroos et al. 2016). Similarly, our study
highlights potential unwanted outcomes of forest fragmentation
at broader scales, for example, where a local focus on contiguous
forest plots leads to a broadscale loss of connectivity (Balmford
et al. 2012). Moreover, as others have highlighted, policies to
achieve more sustainable outcomes in the Chaco should: assess
alternative strategies to increasing agricultural production, such
as sustainable intensification (Macchi et al. 2013); consider
habitats other than forests, such as wetlands and natural
grasslands (Grau et al. 2015); and consider the views and needs
of all relevant stakeholders, including minorities (Seghezzo et al.
2011, Silvetti et al. 2013).
Limitations
Our results should be applied with a clear understanding of the
scope and limitations of our study. First, although we used a broad
set of complementary connectivity and fragmentation measures,
a full assessment of functional connectivity should assess a wide
range of dispersal distances or matrix characteristics and human
activities. Second, we used relatively simple approaches to allocate
plot-level deforestation (random vs. design), which represented
two extremes of how deforestation, and thus fragmentation and
connectivity, could take place. Therefore, forest configurations
other than those considered in our simulations are also possible
and might be beneficial for maximizing connectivity (e.g.,
Balmford et al. 2012). Yet, the concentric deforestation patterns
simulated here are plausible for the Chaco and do occur (e.g., near
Nueva Esperanza, Santiago del Estero Province, 26.1°S, 63°9 W).
Third, assessing the effect of corridors is challenging because
corridor scenarios always entail more forest than scenarios
without corridors, and observed differences in connectivity could
thus be caused by differences in remaining forest area.
Nevertheless, we used the CLUMPY index (Cushman et al. 2012)
because it is area independent (i.e., it mainly depends on forest
configuration, not forest area). Additionally, we weighted the
ECA-index by the total remaining forest area in the province to
emphasize the configuration aspect of this index (Herrera et al.
2017). Yet, we found the same patterns for the ECA-index and
the weighted ECA-index. Finally, during the work on this
manuscript, the Formosa Law was revised (1060/18) and 81,700
ha of forest were zoned into categories 1 or 2, where deforestation
is prohibited. This is positive from a forest conservation
perspective, but covers only 2.5% of the total forest area in our
analysis, and thus, does not change any of our major conclusions.
Conclusions and implications
Habitat loss and fragmentation are major threats to biodiversity
in the Chaco and other agricultural frontiers in South America
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(The Nature Conservancy (TNC) 2005, Laurance et al. 2014).
Our study shows the positive effects that zoning policies in
Formosa province could have, in addition to the policies already
implemented by the national Forest Law, to mitigate the outcomes
of agriculture expansion on forest loss, fragmentation, and
connectivity. Moreover, we highlight how forest connectivity
could be further enhanced without limiting agricultural
expansion in major ways by implementing both regional and
local-level spatial planning.
Implementing such multiscale spatial planning would benefit
forest connectivity, biodiversity conservation, and local
livelihoods in different ways. Clearly, land-use planning to align
agriculture and conservation is urgently needed in the Chaco
(Kuemmerle et al. 2017). At the moment, there are several
governmental initiatives that define regional corridors in the
Argentine Chaco (Administración de Parques Nacionales (APN)
2006, Secretaría de Ambiente y Desarrollo Sustentable (SAyDS)
2015), yet none of them is implemented except in Formosa.
Corridors in Formosa are based on those proposed by the
National Parks Administration (APN 2006), and our study
highlights the potentially strong conservation effect that
implementing them over a larger area in the Chaco could have.
Given that zoning laws and corridor plans are currently discussed
and implemented at the provincial level, our analysis also
highlights the need for harmonized planning across provincial
and national borders (García Collazo et al. 2013, PiquerRodríguez et al. 2015) to maintain connectivity at broader spatial
scales. However, legislation targeting plot-level deforestation
patterns has yet to emerge in the Chaco. Coupling plot-level
spatial design with regional corridor planning had strong effects
in improving forest connectivity in our case, and we therefore urge
decision makers to explore multiscale strategies in conservation
and land-use planning due to the potential benefits these can
bring.

Responses to this article can be read online at:
http://www.ecologyandsociety.org/issues/responses.
php/10546
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Appendix 1. Input data
Forest type map
We used the forest type map of the Formosa Law (Provincial law #1552/10) which was
originally generated by visual interpretation of Landsat images in 2006 (at a scale of
1:250.000) and validated in-situ (Adámoli et al. 2006, unpublished technical report). We
reclassified the forest classes of the original forest map of 2006 into the categories used in
the Law 1552/10 (Table A1.1). Forest cover was updated to 2015 by deforested areas
converted to agriculture or pastures (Arriaga Velasco-Aceves 2017) with a minimum
mapping unit of 5 ha. We thus obtained a forest type map for the year 2015 that was
converted to raster format at a 300 m pixel (Fig. A1.1).
Low forest includes mainly woody communities dominated by Prosopis sp.and presence of
others species like Tabebuia nodosa, Geoffroea decorticans and Copernicia alba, among
others. Tall forest includes different woody communities, like river margin forest, a semideciduous, seasonal forest located at the side of the rivers in the east of the province. River
margin forest has high species diversity with presence of Tabebuia heptaphylla, Cordia
americana,
Gleditsia
amorphoides,
Syagrus
romanzoffiana,
Enterolobium
contortisiliquum, among others. Tall forest also includes “quebrachales”, a deciduous or
semideciduous thorny forest dominated by Schinopsis balansae in the east and S. lorentzii
in the west of the province (Prado 1993, Adámoli et al. 2006, unpublished technical report).
Table A1.1. Correspondences between forest categories in the base forest map of 2006, and
those used for the application of Formosa Law. TF: Tall forest, LF: Low Forest.

Adámoli et al. 2006
Forest type
Bosque alto
TF
Bosque en cauce autóctono
TF
Isletas de bosque alto
TF
Bosque bajo
LF
Bosque bajo inundable
LF

Figure A1.1. Forest-type map used as a base for our spatial simulations.

Cadastral map
The cadastral division of Formosa is heterogeneous, ranging from very small plots in the
east to very big plots and unparceled areas in the west. To obtain a complete cadastral map,
in those areas not defined by cadaster plots (e.g. “tierras fiscales”-public lands), we
simulated a cadastral division using square grids with the median cadaster-plot size in each
department (i.e., the smallest administrative unit in Argentina, comparable to municipalities
in the EU and counties in the USA, see inlet in Fig. A1.2). Real cadaster plots cover 4.4
million hectares (58.7% of the Province surface, Fig. A1.2). We did not consider plots <100
ha as these together only make for 0.9% of the forest and dropping these patches
tremendously increased the computational efficiency of our analyses.

Figure A1.2. Cadaster map with actual and simulated plots used as base for the spatial
simulations. Upper right: Administrative division of the province in departments.
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Appendix 2: Allocation of deforested areas for scenarios with low deforestation rate.
To allocate deforestation area under low deforestation rate scenarios, we stratified the
province into strata according to the precipitation gradient and land-planning zones (Fig.
A2.1). Regarding climate, we divided the province into four zones using an official
precipitation map (UPCA 2017) as follows: arid (<600 mm annual precipitation), semiarid
(600-750 mm), sub-humid (750-1200) and humid (>1200 mm). Additionally, sub-humid
and humid zones are divided between Corridors and Non-Corridors land planning zones
(Fig. A2.1). This results in a total of six strata for scenarios with Corridors, and four strata
for scenarios without Corridors (Table A2.1).

Figure A2.1. Province stratification for the simulation of deforestation according to land
planning zones and climatic zones.
The proportion of deforestation for each stratum was established according to that observed
in the period 2010-2015 (Arriaga Velasco-Aceves 2017). That is, 4% of total provincial
deforestation was allocated in the humid zone, 69% in the sub-humid, and 27% in the
semiarid zone. There was no deforestation observed in the arid zone. Regarding land

planning zones, 75% of the deforested areas were located in non-corridors zone and 25% in
corridors zones. Using these proportions, we distributed simulated deforested areas (i.e.,
400.000 ha) among the strata (Table A2.1).
To reach the deforestation quota in each stratum, we selected plots randomly and
sequentially. In each selected plot we removed the total amount of forest area allowed per
plot in our scenario quota. The routine stopped when the deforestation quote per strata was
reached, but only after completing the deforestation in the last selected plot, which
sometimes was slightly over the deforestation quote established. This explains why the
deforested area obtained was slightly larger than 400.000 ha, and also the variability
between repetitions for the same scenario (Table 2).

Table A2.1. Deforested area in the simulations under scenarios with low deforestation rates
in each stratum of the province regarding climatic and land planning zones. In scenarios
without corridors there are no land-use planning zones differentiated.

Climatic zone
Arid
Semiarid
Subhumid
Humid

With Corridors scenarios
Corridors
Non-Corridors
0
0
108000
0
69000
207000
4000
12000

Without Corridors scenarios
0
108000
276000
16000
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Appendix 3. Results and statistical analysis

Table A3.1. Fragmentation and connectivity indices. Scenarios differ in deforestations
rates (L: low, H: high), and spatial planning at the regional level (C: with corridors, NC:
without corridors) and plot level (D: design, R: random).
Scenario
2015
L-C-D
L-C-R
L-NC-D
L-NC-R
H-C-D
H-C-R
H-NC-D
H-NC-R

Number of patches
Mean
SD
546
1452.96
29.18
1711.64
34.62
1418.6
43.48
1706.84
45.26
2493
3383.3
45.34
3426
5335.08
61.56

Mean patch size (ha)
Mean
SD
3832.12
1950.16
39.52
1652.02
33.70
2000.60
62.07
1658.24
44.53
958.01
702.19
9.44
510.54
323.25
3.71

CONNECT
Mean
SD
0.4437
0.2876
0.0045
0.2535
0.0047
0.2899
0.0072
0.247
0.0062
0.1883
0.1531
0.0016
0.1376
0.1014
0.0011

CLUMPY
Mean
0.9356
0.9068
0.8986
0.9135
0.9055
0.8742
0.8555
0.8201
0.7832

SD
0.0005
0.0004
0.0006
0.0005
0.0004
0.0005

ECA
Mean
2201434
1767330
1726884
1716374
1676408
1437464
1409136
903888
616872

SD
22822
18936
23125
23410
6968
18408

We made pair-wise comparisons to test for the significance of the differences between
scenarios in terms of number of patches, CONNECT, CLUMPY and ECA index values.
We checked for normal distribution and used t-tests with Satterthwaite correction
(Satterthwaite 1946) in those comparisons without homogeneous variances. Results of
these tests are reported in Table A3.1. In cases without normal distribution, we used the
Mann-Whitney U test. Statistical analyses were made using the software Infostat (Di
Rienzo et al. 2017).

Table A3.2. Statistical results for the comparisons between the indices measuring forest
fragmentation (number of patches) and connectivity (CONNECT, CLUMPY, ECA).
Scenarios differ in deforestations rate (L: low, H: high), spatial planning at the regional
level (C: with corridors, NC: without corridors) and spatial planning at the plot level (D:
design, R: random).
Compared scenarios

Number of patches
T

L-C-D

L-C-R

L-C-D
L-C-D

P-value

CONNECT
T

CLUMPY

P-value

-40,4

<0.0001

37,23

L-NC-D

4,64

<0.0001

L-NC-R

-33,33

<0.0001

L-C-D

H-C-R

-253,13

<0.0001

199,25

L-C-D

H-NC-R

-402,96

<0.0001

283,97

L-C-R

L-NC-D

37,28

<0.0001

L-C-R

L-NC-R

0,6

L-C-R

H-C-R

L-C-R

H-NC-R

L-NC-D

T

P-value

<0.0001

89,26

<0.0001

-1,91

0,0593

-62,58

<0.0001

37,46

<0.0001

13,68

<0.0001
<0.0001

-29,97

<0.0001

0,5528

5,96

<0.0001

-207,19

<0.0001

144,41

-362,78

<0.0001

224,83

L-NC-R

-32,47

<0.0001

L-NC-D

H-C-R

-221,15

L-NC-D

H-NC-R

L-NC-R

ECA
T

P-value

9,59

<0.0001

<0.0001

19,67

<0.0001

566,59

<0.0001

106,15

<0.0001

1192,51

W

P-value

3627

<0.0001

<0.0001

3775

<0.0001

-149,32

<0.0001

2803

0,0135

-71,49

<0.0001

11,78

<0.0001

<0.0001

518,96

<0.0001

110,37

<0.0001

<0.0001

1187,75

<0.0001

3675

<0.0001

31,89

<0.0001

73,74

<0.0001

3504

<0.0001

<0.0001

130,99

<0.0001

591,44

<0.0001

3775

<0.0001

-367,47

<0.0001

182,69

<0.0001

1182,11

<0.0001

3775

<0.0001

H-C-R

-185,03

<0.0001

103,62

<0.0001

531,25

<0.0001

L-NC-R

H-NC-R

-335,78

<0.0001

163,28

<0.0001

1146,01

<0.0001

3775

<0.0001

H-C-R

H-NC-R

-180,52

<0.0001

187,52

<0.0001

754,27

<0.0001

3775

<0.0001

77,37

<0.0001
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