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Abstract

Context The Dry Chaco spans more than 87 million

hectares across Argentina, Bolivia, and Paraguay. This

unique forest system has experienced extensive loss

and fragmentation due to land-use change, with

different land-use histories in the three countries. This

forest loss has altered landscape connectivity for the

Dry Chaco’s associated biota.

Objectives We compared patterns of deforestation-

induced fragmentation and concomitant changes in

structural landscape connectivity between 2000 and

2019 in the three countries to identify consistent

patterns that might facilitate biome-wide

conservation.

Methods We quantified forest cover in the Dry

Chaco of Argentina, Bolivia, and Paraguay for the

years 2000 and 2019 at 30 m resolution. We analyzed

structural connectivity at three scales. Then, we

identified and visualized the most important stepping

stones per country per year.

Results Between 2000 and 2019, the overall extent

of Dry Chaco forest cover decreased by 20.2% (9.5

million ha). All three counties experienced substantial
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reductions, with Paraguay undergoing the greatest loss

and fragmentation relative to 2000. Most of the overall

network metrics decreased from 2000 to 2019 for

Paraguay and Bolivia, but Argentina experienced

increased coalescence distance and average nodal

connectance. Dispersal-level metrics showed cluster-

ing threshold distances between 1000 and 2000 m for

each country in both years.

Conclusions The large number of forest fragments

and distances between them suggest that some mam-

mals characteristic of the biome may be experiencing

negative impacts from this fragmentation. Contempo-

rary and future challenges of uncoordinated national

conservation and management policies, land specula-

tion, and increased human infrastructure will acceler-

ate the rate of deforestation.

Keywords Argentina � Bolivia � Deforestation �
Graph theory � Paraguay � Structural connectivity

Introduction

Anthropogenic activities, particularly deforestation at

the global scale, have profound effects on biodiversity

(Foley et al. 2005). Over the past 25 years alone,

global forest coverage has been reduced by over 129

million ha (FAO 2015), with[ 25% of these losses

due to land-cover changes associated with commodity

production (Curtis et al. 2018). Of the * 4000 million

ha of forest remaining, * 70% is within 1 km of non-

forested edge, indicating extensive fragmentation

(FAO 2015; Haddad et al. 2015). Rates of deforesta-

tion are spatially heterogeneous across the globe, so

certain forests have been disproportionately affected

(Hansen et al. 2013). Tropical and subtropical forests

have been reduced by[ 50%, to the point where only

remnants remain (FAO 2015; Sloan and Slayer 2015;

Brancalion et al. 2019). Among tropical and subtrop-

ical forests, dry forests are highly underappreciated

despite their uniqueness and high species richness

(DRYFLOR 2017). The most unique, most threatened,

and yet largely overlooked dry forest system is the Dry

Chaco of South America (Kuemmerle et al. 2017).

The Dry Chaco extends across Argentina (55.5

million ha; 63.5%), Paraguay (18.8 million ha;

21.5%), and Bolivia (13.1 million ha; 15%) (areas

calculated from Olson et al. 2001) (Fig. 1) and has

experienced extensive deforestation over the past few
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Fig. 1 The historical boundary (gray) of the Dry Chaco of

South America (A) extends into Argentina, Bolivia, and

Paraguay, but (B) forest loss between 2000 and 2019 (yellow)

primarily occurred in Argentina and Paraguay. Much of the

remaining Dry Chaco forest in 2019 (green) consists of isolated

forest remnants that are not within protected areas (pink

polygons at 75% transparency). Areas within the historical

boundary of the Dry Chaco that were not forested in 2000 are

denoted in gray. Sources: Forest cover and loss data: Hansen

et al. (2013); historical boundary of the Dry Chaco: Olson et al.

(2001); and protected areas: UNEP-WCMC and IUCN (2020)
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decades (TNC et al. 2005; Carranza et al. 2014; Caldas

et al. 2015; Fehlenberg et al. 2017). Its biodiversity is

high (Redford et al. 1990, TNC et al. 2005), is

currently threatened by habitat loss and hunting

(Romero-Muñoz et al. 2020a), and at the same time

many of its species are still poorly understood (López–

González 2005; de la Sancha and D’Elia 2015; de la

Sancha et al. 2007, 2012, 2017; Teta et al. 2009, 2018).

Forest loss and fragmentation are particularly con-

cerning given the presence of endemic and near-

endemic species (Prado 1993; Periago et al. 2015; Nori

et al. 2016; Andrade-Dı́az et al. 2019).

Historically, the main drivers for deforestation in

the Dry Chaco were firewood and timber extraction

and cattle ranching (Grau et al. 2008). This changed in

the last decade to soy production for exportation

(Cáceres 2015; Leguizamón 2016; Fehlenberg et al.

2017). Advance of industrial agriculture has increased

road-building, further fragmenting areas, causing

vehicle-collision mortalities of wildlife (Ascensão

et al. 2019) and increasing human access to remote

areas for hunting and poaching (Trombulak and

Frissell 2000; McBride and Thompson 2019;

Romero-Muñoz et al. 2020b). See Appendix A

(Online Supplementary Information) for a detailed

account per country on the region’s history and

country-specific drivers of deforestation.

The Dry Chaco spans three nations with country-

specific land-use practices that likely have contributed

to differences in deforestation (Periago et al. 2015;

Semper-Pascual et al. 2018), presenting substantial

conservation challenges in this biome (Le Polain de

Waroux et al. 2018). Although there are large tracts of

intact Dry Chaco forest remaining in each country

(Fig. 1, these are often limited only to protected areas

as found in Paraguay (Mereles and Rodas 2014;

Nativa 2020). Yet, protected areas are isolated and

may not secure the conservation of large terrestrial

vertebrates (Nori et al. 2016). The remaining ecore-

gion is subject to continued deforestation, with

consequences for its biota.

The loss and fragmentation of forest into isolated

remnants have likely compromised landscape connec-

tivity within the Dry Chaco (Zak et al. 2004; Gasparri

and Grau 2009; Piquer-Rodrı́guez et al. 2015; Mereles

et al. 2020). Landscape connectivity can be defined as

how the structural configuration of land-cover types

facilitate or impede movement of individuals, and how

organisms functionally respond to that structure

(Kindlmann and Burel 2008). Landscape connectivity

is positively associated with maintenance of genetic

diversity, rescue of sink populations, re-establishment

of extirpated populations, and minimization of extinc-

tion risk, thus making it an integral component of

conservation (Taylor et al. 1993; Calabrese and Fagan

2004; Crooks and Sanjayan 2006; Lookingbill et al.

2010). Deforestation has fragmented the Dry Chaco,

but to date there has been no assessment of whether

connectivity is still relatively intact for its biota. This

lack of information hinders conservation of remaining

forest remnants and forest-dependent wildlife in this

region. Engaging in management hinges upon under-

standing current patterns of deforestation and how

they affect connectivity.

The extent and pace of deforestation in the Chaco

indicate an urgent need of quantifying the number,

density, and structural connectivity of forest remnants

so that appropriate conservation actions can be

advised. Herein, we characterize the current state of

forest fragmentation in the Dry Chaco of South

America via connectivity analyses for Argentina,

Bolivia, and Paraguay. We estimate current patterns

of structural connectivity within the three nations

comprising this biome, determine how connectivity

has changed through deforestation in recent time, and

identify important areas for future conservation

efforts.

Methods

Forest data

We downloaded 30-m resolution forest cover and

forest loss data from Global Forest Change 2000–2019

(Hansen et al. 2013) to quantify forest cover for the

years 2000 and 2019; this 2013 reference platform

includes newer, updated datasets. We defined forested

pixels as those with C 30% forest cover, following the

threshold used by recent studies (Milodowski et al.

2017; Taubert et al. 2018; Gaveau et al. 2019; Hansen

et al. 2020); this cutoff value may overestimate forest

coverage by including sparse trees or degraded forest

patches but the threshold we used is more conservative

than the C 20% threshold used by some other studies

(Grantham et al. 2020; Heino et al. 2015; Potapov et al.

2017). We converted raster data to vector format,

which created individual forest remnant polygons (a
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set of contiguous pixels under an 8-neighbor rule;

Turner et al. 2003) and calculated the area of each

remnant in each of the 2 years for all forest rem-

nants C 0.5 ha. The geographic coordinates of the

centroid of each remnant were calculated for connec-

tivity analyses. In addition, we downloaded the extent

of protected areas in Argentina, Bolivia, and Paraguay

(UNEP-WCMC and IUCN 2020) and quantified the

extent to which Dry Chaco forest cover was inside

versus outside protected areas.

Connectivity analyses

We analyzed structural connectivity using graph

theory, an efficient tool for identification of conserva-

tion targets because it does not require demographic

data that most other conservation prioritization meth-

ods require but that are lacking for most species (Bunn

et al. 2000; Minor and Urban 2007; Rayfield et al.

2011). In this approach, forest remnants form the

nodes of a graph, and potential dispersal routes

between remnants are termed links, represented as

Euclidean distances between centroids. This method

provides a detailed robust analysis of connectivity

with modest data requirements (Calabrese and Fagan

2004). Characteristics of the overall network can be

quantified, and individual nodes that are crucial in

supporting overall landscape connectivity can be

identified as priority conservation sites.

Structural connectivity of the Dry Chaco forest

remnants was assessed in RStudio Server Pro in Azure

Marketplace via the package igraph (Csardi and

Nepusz 2006) in R 4.0.0 (R Core Team 2018),

modifying scripts from Drake et al. (2017). Based on

the size of the largest dataset (Argentina), we

optimized the memory size of our virtual machine to

20 vCPUs, 160 Gb RAM, 32 data disks, 32,000 Max

IOPS, and 750 Gb temporary storage. These specs

were sufficient to run analyses on the network of forest

remnants C 10 ha in Argentina, which is a subset of

the entire dataset of remnants C 0.5 ha. Therefore, for

comparative purposes, we conducted analyses for only

those remnants C 10 ha in Bolivia and Paraguay as

well. Forest remnants C 10 ha are large enough to

support the home ranges of most of the characteristic

mammals of the Dry Chaco (Online Supplementary

Material Table S1).

We quantified structural connectivity for each

country at three scales: that of the Dry Chaco forest

present within each country (via metrics of patch

density, path redundancy, and network resiliency;

Tischendorf and Fahrig 2000), at potential organism

dispersal scales ranging from 40 to 50,000 m (via

metrics of clustering), and at the level of assessing the

importance of individual forest remnants within each

country’s network (via node-level metrics that can

identify which remnants facilitate landscape connec-

tivity; Ruiz et al. 2014). For each of these scales,

Euclidean distances between forest remnant centroids

were used rather than edge-to-edge distances. Since

most of the remnants were small relative to the

distances between them, using distances between

centroids rather than remnant edges is more compu-

tationally efficient and still accurately represents

graph structure (Galpern et al. 2011). Additionally,

the suite of connectivity metrics used is known to be

relatively insensitive to our choice of using distances

between remnant centroids instead of edge-to-edge

distances (McIntyre et al. 2018); see Table 1 for

definitions and interpretation of each metric.

Overall-network metrics

We first determined the number of nodes (forest

remnants) present within each country. We then

calculated the coalescence distance to the nearest

meter, which represents the farthest distance between

nearest neighboring remnants. For an organism

capable of traveling at least that distance, all forest

remnants are potentially reachable. Coalescence is

thus a threshold distance where the network goes from

being fragmented to a single reachable cluster (Keitt

et al. 1997). For the coalesced network, we calculated

the number of links that connected nodes separated by

less than the coalescence distance and four other

network-scale metrics (Table 1).

Dispersal-level metrics

We examined connectivity among forest rem-

nants C 10 ha in area at a range of potential wildlife

dispersal distances (40, 100, 300, 500, 1000, 5000,

10,000, 20,000, 30,000, 40,000, and 50,000 m); these

values represent a gradient of vagility for some of the

characteristic fauna of the Dry Chaco, bracketing

known dispersal distances (Online Supplementary

Material Table S2). At each of these distances, we

identified the number of forest remnant clusters
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(which are a group of C 2 nodes within a given

dispersal distance of each other) present; distances

where there are sudden changes in the number of

clusters present indicate critical fragmentation thresh-

olds that may disproportionately affect wildlife inca-

pable of traveling that distance in a non-forested

landscape matrix between forest remnants (Table 1).

Node-level metrics

We used three node-level metrics to identify which

remnants were spatially situated to play important

roles in supporting landscape connectivity in each

country. At coalescence, we plotted the locations of

the top 200-ranked stepping stones (the nodes occur-

ring between other nodes), hubs (remnants that are

situated near clusters of other remnants), and all

cutpoints, (which represent nodes that if removed

further fragment the network to a larger coalescence

distance); for 2000 and 2019 in Argentina, Bolivia,

and Paraguay (Table 1). All metrics were ranked using

the ‘order’ function in the igraph package in R.

Collectively, the three node-level metrics allowed

us to characterize the structure of the Dry Chaco forest

network in terms of the number of forest remnants

present (nodes) and at what distance they are poten-

tially accessible by a disperser (coalescence distance,

clusters at distances ranging from 40 m to 50 km),

their degree of connectedness (number of links, hub

score, average nodal connectance), path redundancy

within the network (graph density, graph diameter,

average nodal connectance), overall network topology

(coalescence distance, graph density, graph diameter,

transitivity), and the roles of individual nodes (as hubs,

stepping stones, or cutpoints). There are dozens of

metrics that quantify different aspects of structural

connectivity, including many that inform more than

one aspect of connectivity (e.g. average nodal con-

nectance is used to assess degree of connectedness as

well as path redundancy), but currently there is no

theoretical framework to guide expectations for inter-

pretation in different contexts (Tischendorf and Fahrig

2000; Kindlmann and Burel 2008; Kupfer 2012;

McIntyre et al. 2018). Our chosen suite of metrics

Table 1 Glossary of connectivity metrics used

Metric Scale Interpretation

Number of

nodes

Overall network Number of forest remnants; larger numbers over time indicate more forest

fragmentation

Coalescence

distance

Overall network Farthest distance between nearest neighboring remnants

Number of links Overall network Number of Euclidean distances\ coalescence distance connecting nodes;

larger values indicate denser connected networks

Graph density Overall network Ratio of remnants linked within the coalescence distance to all remnants present

within the network; smaller values (near 0) indicate that there are relatively

few paths through the network

Average nodal

connectance

Overall network Average number of links connecting each node; lower values indicate greater

potential dispersal efficiency as a consequence of fewer path options from less

path redundancy through the network

Graph diameter Overall network Longest most-direct path between the farthest pair of connected nodes

Transitivity Overall network Clustering coefficient; ranges from 0 to 1, with higher values indicating that

most nodes are within the coalescence distance of at least two other nodes

Number of

clusters

Dispersal level (for each of 11

dispersal distances)

Group of C 2 nodes within a given dispersal distance of each other; as dispersal

distance increases, the numbers of clusters should decrease (at

distances C coalescence, there will be only a single cluster)

Hub Node level Assessed by Kleinberg hub score: higher values indicate remnants that are

situated near clusters of other remnants

Stepping-stone Node level Assessed by betweenness centrality: higher values contain a relatively high

number of shortest cross-network paths

Cutpoint Node level Nodes that if removed further fragment the network to a larger coalescence

distance; a binary (yes/no) identifier
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allowed us to examine structural connectivity in terms

of the importance of individual remnants on connec-

tivity up to overall topology of the entire Dry Chaco.

Connectance and path redundancy have been associ-

ated with system resiliency (Janssen et al. 2006;

Rayfield et al. 2011), and topological metrics charac-

terize the size and dispersion of the network of

remnants. See Csardi and Nepusz (2006) for formulae

for each of the metrics and McIntyre et al. (2018) for

their ecological interpretation.

Results

Forest loss and fragmentation

From 2000 to 2019, the overall extent of Dry Chaco

forest cover decreased by 20.2% (9.5 million ha)

(Fig. 1, Table 2). Furthermore, the extent of fragmen-

tation increased, with larger areas of forest divided

into multiple, smaller forest remnants: the number of

forest remnants increased by 47.0%, and mean forest

remnant size decreased by 46.1%. Argentina and

Paraguay both lost substantial amounts of forest (4.48

and 4.21 million ha, respectively), with Bolivia

experiencing a loss of 1.02 million ha. Paraguay had

the greatest percent decrease in forested area between

2000 and 2019 (29.49%), the greatest increase in the

number of forest remnants (99,217 additional rem-

nants, representing a 2.6-fold increase from the

number of remnants in 2000), and the greatest

decrease (72.83%) in mean remnant size (Fig. 2).

Argentina experienced forest loss of 20.60% and

Bolivia 9.40%. Like Paraguay, both Argentina and

Bolivia had an increase in the number of forest

remnants, and remnant size shrank in both countries

(by 36.01% and 43.04%, respectively) (Fig. 2).

Argentina had the greatest amount of forest cover

remaining in both 2000 and 2019 (46.42% and

46.50%, respectively), followed by Paraguay

(30.47%, 27.10%), then Bolivia (23.08%, 26.38%;

Fig. 2). However, the total amount of Dry Chaco lost

between 2000 and 2019 occurred primarily in

Argentina (46.05% of the total Dry Chaco lost) and

Table 2 Summary statistics for forest loss and fragmentation between 2000 and 2019 for the entire Dry Chaco region

Total forest area

(ha)

Total forest area of

remnants

# of

remnants

Mean size (ha) of

remnants

Maximum size (ha) of

remnant

2000 47,151,888 46,883,838 426,683 109.88 16,918,590.19

2019 37,608,095 37,169,330 626,993 59.28 12,038,429.98

Change from 2000 to

2019

- 9,543,793 - 9,714,508 1,513,595 - 50.60 - 4,880,160

% Loss/increase - 20.24 - 20.72 46.95 - 46.05 - 28.84

Fig. 2 Summary of Dry Chaco forest loss and fragmentation

per country, including: A the total amount of Chaco forest per

country for 2000 and 2019, based on forest remnants C 0.5 ha;

B the total number of forest remnants C 0.5 ha per country for

2000 and 2019; and C average area (± standard error) of forest

remnants C 0.5 ha per country for 2000 and 2019
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Paraguay (43.37%), followed by Bolivia (10.47%).

Argentina had the greatest number of remnants in

2000 and 2019, followed by Paraguay and Bolivia.

The average size of forest remnants was greatest in

Bolivia, followed by Paraguay and Argentina (Fig. 2).

In 2019, 22.2% of the Dry Chaco region occurred

within a protected area (UNESCO-MAB biosphere

and multiple-use nature reserves, national parks and

reserves, private and public reserves, wildlife refuges,

and national monuments). Bolivia had the greatest

percent of its Dry Chaco within a protected area

(41.54%), followed closely by Paraguay (37.87%).

Argentina had the least amount of its Dry Chaco

within a protected area (3.51%).

Forest loss and fragmentation also occurred in the

total protected areas, with 8.67% lost between 2000

and 2019. Across the entire Dry Chaco, the number of

remnants increased 1.7-fold and mean size decreased

by 47.39%. Within the protected areas of the three

countries, Paraguay experienced the greatest percent

loss of Dry Chaco between 2000 and 2019 (13.79%

loss), followed by Argentina (8.99% loss) and Bolivia

(3.22% loss). Within the protected areas of the three

countries, the number of forest remnants increased

2.4-fold in Paraguay, followed by Bolivia (1.7-fold

increase) and Argentina (1.3-fold). All three countries

experienced a decrease in mean forest remnant size,

with the greatest decrease in mean size in Paraguay

(64.69%), followed by Bolivia (42.64%) and Argen-

tina (27.29%).

Connectivity analyses

Overall-network metrics

Coalescence distance (the distance when the entire

network is connected) varied by country between 2000

and 2019, with inconsistent trends (Table 3). Coales-

cence distance increased slightly in Argentina but

decreased in Bolivia and Paraguay over the same span

(Table 3). Graph density between 2000 and 2019

decreased for all three countries; the highest values

were found in Bolivia and the lowest in Argentina

(Table 3). Argentina showed the least change in graph

density between 2000 and 2019 (11.6% decrease),

whereas Paraguay had the largest (65.3% decrease;

Table 3). Average nodal connectance decreased in

Argentina between 2000 and 2019 but increased in

Bolivia and Paraguay (Table 3). Graph diameter

decreased between 2000 and 2019 for Argentina and

Paraguay but increased for Bolivia (Table 3). Finally,

transitivity consistently decreased from 2000 to 2019

for all three countries (Table 3).

Dispersal-level metrics

When we examined various dispersal distances below

the coalescence distance, clustering of forest remnants

was apparent and increased between 2000 and 2019 as

numbers of forest remnants increased with fragmen-

tation (Online Supplementary Material Figs. S1–S3).

Critical clustering thresholds in the numbers of

remnants were found at distances between 1000 and

2000 m for each country in both years (Fig. 3). This

indicates that most remnants were[ 1000–2000 m

apart from each other and only started to form multi-

remnant clusters for organisms capable of traveling at

Table 3 Global connectivity statistics per country for 2000 and 2019 based on a network of Dry Chaco forest remnants C 10 ha

Country year # of

nodes

# of links Coalescence

distance (m)

Graph

density

Average nodal

connectance

Graph

diameter (m)

Transitivity

Argentina 2000 30,352 15,755,534 58,875 0.034 6.914 1,363,884.47 0.655

Argentina 2019 38,003 21,983,896 58,881 0.030 6.748 1,352,501.07 0.642

Bolivia 2000 2990 625,968 201,214 0.523 1.469 712,475.60 0.833

Bolivia 2019 4311 1,947,427 99,876 0.210 3.115 750,474.41 0.771

Paraguay 2000 5650 1,515,766 58,651 0.095 4.188 620,528.14 0.693

Paraguay 2019 11,579 2,209,741 40,152 0.033 5.953 574,683.70 0.654
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least 1000–2000 m in non-forested areas between

remnants. This result, coupled with very large coales-

cence distances ([ 40,000 m; Table 3), signals the

severity of fragmentation present, even for some

relatively vagile mammals characteristic of the biome

(Fig. 3; Online Supplementary Material Table S1).

The numbers of clusters decreased with increasing

potential dispersal distance for each of the three

countries and consistently between 2000 and 2019

(Fig. 3; Online Supplementary Material Table S3).

The number of clusters increased between 2000 and

2019 for all countries, indicating ongoing forest

fragmentation, although this effect was less variable

for the greatest potential dispersal distances (Fig. 3;

Online Supplementary Material Table S3).

Node-level metrics

The locations of the top 200-ranked hubs, top

200-ranked stepping stones, and all cutpoints for each

country in 2000 and 2019 highlight the forest remnants

serving important functions as network topology

changed (Fig. 4). The top 200 hubs shifted in Bolivia

and Paraguay, but remained in consistent locations in

Argentina. The top 200 hubs were densely concen-

trated in all three countries in 2000 and 2019, with the

exception of Bolivia in 2000 (Fig. 4B), when the hubs

were distributed throughout the western region of the

Dry Chaco. Shifts in the locations of the top 200

stepping stones were apparent in all three countries

(Fig. 4). Each country had two cutpoints in 2000 and

2019, with the exception of Paraguay in 2019, when

there was one cutpoint.

Some remnants played multiple connectivity roles

(e.g. as both stepping stones and hubs, or as both

cutpoints and stepping stones); the consequences of

losing those remnants are especially severe because

such remnants are especially crucial for conservation

(Fig. 4). In several countries, these multiple connec-

tivity roles disappeared by 2019. For example, in 2000

in Bolivia, both cutpoints also served as stepping

stones, and 11 of the top 200 stepping stones and hubs

overlapped. In 2019 neither cutpoints served as

stepping stones, and only 5 forest remnants served as

both stepping stones and hubs (Fig. 4A, B). In

Paraguay in 2000 the two cutpoints were also stepping

stones, but in 2019 there was no overlap between the

singular cutpoint, top 200 stepping stones, or top 200

hubs (Fig. 4C, D). In Argentina, each of the two

cutpoints in 2000 were the same as in 2019, and these

two cutpoints in 2000 and 2019 were also stepping

stones; however, there was no overlap with the top 200

hubs and stepping stones in neither 2000 nor 2019.

Fig. 3 The number of clusters based on potential wildlife

dispersal distance for Argentina for 2019 (black circles) and

2000 (gray circles); Paraguay in 2019 (blue squares) and 2000

(light blue squares); and Bolivia in 2019 (red triangles) and 2000

(pink triangles) of Dry Chaco forest remnants C 10 ha in size.

Literature- based estimates of travel distances associated to

selective species compares connectivity effects per country,

shown in clockwise order from top left: Tolypeutes matacus,
Alouatta caraya, Tamadua tetradactyla, Priodontes max-
imus, Leopardus pardalis, Tapirus terrestris, Myrmecophaga
tridactyla, Tayassu pecari, and Panthera onca (also see Online

Supplementary Material Table S2). Maximum distance is

plotted, as this closely represents coalescence distance (distance

where the entire network is connected) for each country
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Fig. 4 Dry Chaco forest remnants (in green) in Bolivia in

A 2000 and B 2019; Paraguay in C 2000 and D 2019; and

Argentina in E 2000 and F 2019. The top 200 stepping stones are

indicated as white circles, top 200 hubs as black circles, and all

cutpoints as green triangles. The symbols are enlarged relative

to the size of the remnants so as to be more readily apparent
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Discussion

Our study indicates that the current state of deforesta-

tion in the Dry Chaco is extensive, with 79.8% of the

remaining forest fragmented into millions of remnants

that are spatially isolated at distances beyond the

dispersal capacity of many organisms. Our results are

alarming for the conservation of the region and its

diversity, especially considering that our estimations

are optimistic. First, because we used smaller coales-

cence distances (Table 3) than the known dispersal

distances of most species (Online Supplementary

Material Table S1). Second, because we did not

consider the negative effects that edges of forest

patches have on wildlife individuals and populations.

Deforestation incurs forest cover loss and also

creates numerous forest patch edges. The increase of

edges in forest patches may decrease individuals�
fitness and also have negative demographic and

genetic consequences in wildlife populations (Lau-

rance et al. 2011; Chase et al. 2020). These edge

effects are species-specific and are influenced by the

nature of the landscape matrix between forest rem-

nants (Pardini 2004). Effects on individuals and

populations are the consequence of a lower probability

of movement into or out of a forest remnant due to

forest edges (Laurance et al. 2011). Also, forest edges

may have sub-optimal habitat as compared with

forested areas that have more distant to the edge

(Chase et al. 2020). For example, edges of forest

patches can result in novel species interactions among

wildlife, livestock, and humans, which can result in

increased competition and stress; and can also increase

or induce emergence of diseases, cause an increase in

poaching and hunting, and other consequences

(Romero-Muñoz et al. 2020b; Weems et al. 2021),

further complicating conservation efforts aimed at

promoting connectivity among remnants.

Forest loss and fragmentation were documented in

each of the three countries where the Dry Chaco is

located, but Paraguay has experienced the greatest loss

of forest cover and the greatest degree of fragmenta-

tion-induced loss of landscape connectivity. In 2000,

the vast majority of the Dry Chaco in northern

Paraguay was relatively unfragmented (Fig. 1). Many

of the disconnected fragments in 2019 represent

formerly large, continuous forest tracts. With these

country-specific patterns of loss we also found differ-

ences in system connectivity over time and by country,

with each country exhibiting different patterns of

fragmentation. All three countries saw large increases

in the number of nodes (i.e., forest remnants) from

2000 to 2019, indicative of extensive fragmentation.

The continued fragmentation of formerly continuous

habitat is shown as increased clustering in the center of

the region. The principal cluster in 2000 was around

the town of Filadelfia, Paraguay. By 2019 this

clustering had expanded into most of central and

western Paraguay with the creation of more remnants

there (Figs. 1, 3, Online Supplementary Material

Fig. S3). In Argentina most of the deforestation has

occurred along the western and southern portions of

the Dry Chaco (Figs. 1, 3, Online Supplementary

Material Fig. S1). In Bolivia, most deforestation

occurred along the northern portions of the Dry

Chaco, with large, intact fragments remaining in the

central portion of this biogeographic region (Figs. 1, 3,

Online Supplementary Material Fig. S2).

These differences in forest fragmentation across the

three countries of the Dry Chaco are thus reflected in

different national patterns of connectivity. Although

the organisms of the Dry Chaco do not perceive

geopolitical boundaries, because conservation hap-

pens at the level of each nation, it is important to

identify areas where each country may focus protec-

tion efforts. For example, southeastern that is isolated

from the rest in that country but is contiguous with Dry

Chaco in north-eastern Paraguay; this area was

identified as having one of the two cutpoints for the

country of Bolivia in both 2000 and 2019 (Fig. 4A, B),

although they may not have been identified as such if

the entire network without national borders had been

examined. Nevertheless, this area is one that can be a

focus for Bolivia in conserving its own natural

resources.

As the number of forest remnants increased with

fragmentation, overall network topology changed,

with this also varying by country. For example,

whereas the coalescence distance increased slightly

in Argentina from 2000 to 2019, it decreased in

Bolivia and in Paraguay over that same time span. This

variability indicates differences in the nature of

fragmentation that can be seen in Figs. 1 and 4: forest

losses in Bolivia and Paraguay occurred primarily

along the outer borders of the Dry Chaco, effectively

shrinking the forest to a central core area, whereas in

Argentina, fragmentation was interspersed. Bolivia

had the lowest average nodal connectance, suggesting

123

Landscape Ecol



that it has the greatest potential dispersal efficiency

within the central core remaining (apparent in Figs. 1

and 4), whereas Argentina had the lowest potential

dispersal efficiency because of the perforated nature of

its fragmentation. Because all three countries experi-

enced a high degree of fragmentation, some connec-

tivity metrics show consistent patterns across all three.

For example, graph density decreased between 2000

and 2019 for all three countries, signaling that

connectivity path options throughout the network

decreased for all three countries. Similarly, transitivity

decreased for all three, indicating less clustering/more

isolation of forest remnants.

Changes to the amount and configuration of forest

cover have taxon-specific effects (Núñez-Regueiro

et al. 2015). For example, volant taxa such as bats or

birds are likely less affected by changes to habitat

availability than overland dispersers such as terrestrial

mammals (Bélisle 2005). That said, habitat loss and

fragmentation can also impact bats and birds (San-

doval and Barquez 2013; Názaro et al. 2020). For

organisms that may not use approximately straight-

line dispersal routes (e.g. overland dispersers), our

approach using Euclidean distances among remnants

may overestimate landscape connectivity. Our

approach was based on landscape patterns rather than

species-specific data, which are currently limited in

this region for most species. Although some species

can survive in agrarian/forest mosaics (Weiler et al.

2020), their survival may diminish over time (Núñez-

Regueiro et al. 2015).

Our results lead us to support previous research that

suggests that most wildlife species in the Dry Chaco

are highly threatened from land-cover change (Periago

et al. 2017; Aguilar et al. 2018; Názaro et al. 2020). A

graph theory approach to quantifying landscape con-

nectivity is based on the spatial arrangement of

fragments, which can be used to make inferences

about animal movements even when observed move-

ment or dispersal data are unavailable. Such an

approach is especially valuable when rates of defor-

estation and habitat loss are dramatic and rapid and

when knowledge of impacts of specific taxa are

limited. The resolution of our analyses allowed us to

detect connectivity patterns for a large range of taxa.

Species differ in their dispersal abilities and home

range sizes, which has implications to determining the

effects of forest fragmentation on landscape connec-

tivity. However, we found that the degree of spatial

separation of forest remnants was well beyond the

dispersal range of most of the mammals of the Dry

Chaco and many remnants are now too small to

support home ranges of many of these species, with

these effects increasing between 2000 and 2019

(Fig. 3). Entire taxonomic orders are often affected

by forest loss in the same manner; although some of

these species can survive in agrarian/forest mosaics

(Weiler et al. 2020), their survival can diminish over

time (Núñez-Regueiro et al. 2015). Additionally, the

two components of fragmentation–habitat loss and

habitat isolation–act in tandem. Even those species

with home ranges\ 10 ha may not be able to persist

in these perforated landscapes, as the distance between

remnants effectively isolates them.

Species appear to differ in their responses to

deforestation in the Dry Chaco (Brooks 1998; Periago

et al. 2017). There have been some connectivity

assessments for some megafauna (e.g. Romero-

Muñoz et al. 2020a, b). For example the most vagile

species, the large carnivores such as pumas (Puma

concolor) and jaguars (Panthera onca), require very

large expanses of unmodified habitat to persist and

maintain healthy populations (Maffei et al. 2004;

Romero-Muñoz et al. 2020b) (Fig. 3). Forest frag-

mentation can result in reduced food availability for

collared peccaries (Pecari tajacu; Semper-Pascual

et al. 2018), anthropogenically-facilitated range

expansion of capybara (Hydrochoerus hydrochaeris;

Campos-Krauer and Wisely 2011), and reduced

occurrence of large vertebrates and forest specialists

(Núñez-Regueiro et al. 2015; Weiler et al. 2020).

Primates are a good example of a group likely to be

most affected in the long term, as many primate

species are negatively impacted by habitat loss and

fragmentation (Brown and Rumiz 1986; Stallings

1989; Estrada et al. 2017). While some species of

Paraguayan primates have shown the potential to cross

short gaps between forest patches (e.g., Cabral et al.

2017), they simply cannot thrive in small patches of

forest over the long term (Stallings 1989). Unfortu-

nately, for the vast majority of species, we currently

have little to no data on dispersal; for example,

knowledge of small mammals, which make up the

majority of mammalian diversity in the region, is

limited to distributional data, with major gaps for

many species that are only known from a few records

(López–González 2005; de la Sancha

2007, 2012, 2014, 2017, 2020; Teta et al.
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2009, 2018; de la Sancha 2014; de la Sancha and

D’Elia 2015; de la Sancha and Boyle 2019). Data for

small mammal populations are particularly lacking an

especially important consideration given that these

taxa comprise the majority of mammalian diversity in

these systems (de la Sancha et al. 2017; Teta et al.

2018). Despite this lack of information, our approach

provides robust models for species of various sizes and

dispersal abilities, as smaller fragments provide rea-

sonable refuge for medium and small mammals, and

they also serve as stepping stones for more vagile

species.

In our study, we analyzed the Dry Chaco forest as a

habitat-patch network described as a graph of nodes

connected by actual or potential dispersal links, which

we approximated as Euclidean distances between

forest remnant centroids. The number and arrange-

ment of forest remnants is a macro-scaled pattern of

structural connectivity that ignores the intervening

landscape matrix as well as potential differences in

nodes (e.g. in terms of quality). Habitat patches do not

exist in isolation, the intervening landscape mosaic is

known to influence the dispersal of organisms between

habitat patches (Fahrig 2007). Thus, an assessment of

functional connectivity is needed for this region but

would need to be conducted separately for each

species or functional group of species. However, the

extent and rapid pace of deforestation in the Dry

Chaco indicates an urgent need to quantify the number

and separation of remnants and the roles they play in

overall landscape connectivity so that appropriate

conservation actions can be advised. Our structural

approach to understanding connectivity is thus sound

and important yet incomplete, as drivers of landscape

connectivity are complex and include species’ func-

tional responses to landscape structure.

Our study is unique in documenting forest loss and

changes to structural connectivity in the Dry Chaco

biome, and in finding that patterns of fragmentation

differ by country, meaning that country-specific

conservation measures will be necessary. Important

first steps for identifying conservation priorities for the

Dry Chaco have been taken (TNC et al. 2005; Nativa

2020). Among priority sites for conservation identified

by these efforts, areas transformed into pastures and

crops between 2002 and 2017 increased by more than

100%, from 2.2 million to 5.5 million ha. Seven of

38 recently identified priority conservation sites still

have more than 80% of their original forest area (e.g.

Kaa Iya, Bolivia, and Defensores del Chaco, Para-

guay); 24 contain more than 50% of forest area and a

few others up to 30% (eg. Teniente Enciso and Pratt

Gill in Paraguay) (Nativa 2020). Bolivia has the

greatest percentage of its Dry Chaco protected,

followed by Paraguay and Argentina. Alarmingly,

Paraguay experienced substantial forest loss in its

protected areas between 2000 and 2019: The expanse

of much of the deforested areas are clearly within the

boundaries of protected areas (Fig. 1). Although

Argentina has a robust network of protected areas,

these are virtually non-existent in its Chaco (Fehlen-

berg et al. 2017), highly isolated (Matteucci and

Camino 2012) and with low representativity of large

terrestrial vertebrate species (Nori et al. 2016). In

general, many important areas remain unprotected,

and diverse strategies that include substantial interna-

tional coordination are warranted to achieve effective

conservation across national borders (Guyra Paraguay

2008). We used a rapid-assessment approach to

identify remnants that facilitate overall landscape

connectivity for forest-dependent wildlife. Our anal-

yses revealed some remaining areas of contiguous

forest, with many isolated remnants in the northeast

and along the westernmost edge of the Dry Chaco

(Fig. 1). Our graph theory approach allowed us to

indicate where conservation activities could be con-

ducted so as to best support landscape-level connec-

tivity in the Dry Chaco (specifically, the remnants

identified in Fig. 4). Such activities are clearly and

urgently needed in this highly imperiled biodiversity

hotspot.
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Janssen MA, Bodin Ö, Anderies JM, Elmqvist T, Ernstson H,

McAllister RRJ, Olsson P, Ryan P (2006) Toward a net-

work perspective on the resilience of social-ecological

systems. Ecol Soc 11:15

Keitt TH, Urban DL, Milne BT (1997) Detecting critical scales

in fragmented landscapes. Conserv Ecol 1:4

Kindlmann P, Burel F (2008) Connectivity measures: a review.

Landsc Ecol 23:879–890

Kuemmerle T, Altrichter M, Baldi G, Cabido M, Camino M,

Cuellar E, Cuellar RL, Decarre J, Dı́az S, Gasparri I,

Gavier-Pizarro G, Ginzburg R, Giordano AJ, Grau HR,
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