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ARTICLE INFO ABSTRACT

Keywords: Dry forests are among the most threatened ecosystems gflobaflfly, due to agrficuflturafl expansfion drfiven by the
Deforestatfion ] ] fincreasfing demand for food, ffibers, and energy fin devefloped and emergfing countrfies. Among these, the forests of
Structurafl equatfion modeflfing the South Amerfican Gran Chaco are one of the gflobafl deforestatfion hotspots. The Argentfine Dry Chaco has been

Subtropficafl dry forests
Land-use change
Land cover change

the focus of severafl studfies that assess the factors that drfive forest conversfion. However, these studfies do not
descrfibe the causafl reflatfionshfips among these drfivers and sefldom use exfistfing theory to seflect drfivers. Here we
empfloy a theory-drfiven approach to test the reflatfive merfits of aflternatfive and compflementary hypotheses to
expflafin the drfivers and mechanfisms expflafinfing the unequafl spatfiafl dfistrfibutfion of forest floss and mafintenance fin
the Argentfine Dry Chaco from 2000 to 2010. Usfing structurafl equatfion modeflfing, we quantfiffied the dfirect and
findfirect effects of muflfipfle drfivers and compared the expflanatory power and parsfimony of these aflternatfive
hypotheses, fi.e. the bfiophysficafl, finfrastructure, socfio-demographfic, finstfitutfionafl, and the fintegratfion of them. For
both forest floss and mafintenance, the modefl contafinfing finfrastructurafl drfivers had the best baflance between
parsfimony and expflanatory power. Integrated modefls, comprfisfing a combfinatfion of drfivers, had the hfighest
expflanatory power (R? = 0.81 for forest mafintenance, and R? = 0.58 for forest floss). We show that bfiophysficafl
constrafints operate dfirectfly and findfirectfly: sofifl sufitabfiflfity had dfirect effects on forest cover mafintenance, whfifle
precfipfitatfion affected fit both dfirectfly and findfirectfly through finffluencfing the finstfitutfionafl (fland tenure) and
finfrastructure (road densfity). Indfigenous communfitfies posfitfivefly affected forest mafintenance both dfirectfly and
findfirectfly medfiated by non-prfivate fland tenure. Our resuflts suggest that dfisentangflfing the structure of the re-
flatfionshfips among drfivers coufld fincrease our capacfity for understandfing and steerfing fland-use change.
Furthermore, poffficfies for hafltfing deforestatfion mfight fincrease thefir effectfiveness by accountfing for the mecha-
nfisms that underflfie forest floss and mafintenance.

1. Introduction and fits fintensfifficatfion (De Sy et afl, 2015; Gfibbs et afl,, 2010; Graesser et
afl,, 2015). Preservfing the hfigh bfioflogficafl and cuflturafl dfiversfity of these

Increasfing demand for food, ffibers, and energy fin devefloped and agrficuflturafl frontfier regfions requfires effectfive poflficfies to haflt
emergfing countrfies fis prfimarfifly befing suppflfied by the expansfion of deforestatfion. ~The desfign and fimpflementatfion of these
agrficuflture finto tropficafl and subtropficafl forests of deveflopfing countrfies, antfi-deforestatfion poffficfies needs to take finto account the partficuflarfitfies
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of regfionafl socfioecoflogficafl contexts at mufltfipfle spatfiafl scafles, and
therefore understandfing when, where, how fast and why deforestatfion fis
takfing pflace becomes dfitficafl (Meyfrofidt, 2016). The capacfity of scfien-
tfists to answer “when”, “where” and “how fast” has fincreased enor-
mousfly due to technoflogficafl advances finremote sensfing and technfiques
for spatfiafl data anaflyses. However, progress regardfing the “why” has
flagged for at fleast four reasons. Ffirst, theoretficafl generaflfizatfions fin fland
system scfience have had fffitfle progress (Meyfrofidt et afl, 2018). Second,
these theorfies have been sefldom confronted wfith empfirficafl evfidence
regardfing the drfivers of fland-use and fland-cover change fin most agrfi-
cuflturafl frontfier regfions (Gefist and Lambfin, 2002) and, generaflfly, flack a
mufltfipfle-workfing-hypotheses method (Eflflfioit and Brook, 2007; Rosen,
2016). Thfird, fin partficuflar for forests, the forest transfitfion theory has
domfinated theoretficafl dfiscussfions fin the flast decade, but fits generaflfiz-
abfiflfity has rafised doubts (Perz, 2007; Voflante and Parueflo, 2015) sfince
forest dynamfics are hfighfly compflex and context-dependent (Lambfin and
Meyfrofidt, 2010; Mastrangeflo and Agufiar, 2019). Fourth, most studfies
anaflyze some of the drfivers that cause partficuflar fland changes but do not
descrfibe the reflatfionshfips among them to dfisentangfle potentfiafl causafl
mechanfisms (Meyfrofidt, 2016). Thus, more finqufiry fis needed to dfisen-
tangfle the compflex socfiafl-ecoflogficafl processes that expflafin fland use
change, partficuflarfly fin modern commodfity frontfiers.

The Argentfine Dry Chaco fsa gflobaf]l deforestatfion hotspot (Hansen
et afl, 2013) where many studfies have descrfibed the drfivers underflyfing
deforestatfion. These prevfious attempts to expflafin the spatfiaf] dfistrfibutfion
of deforestatfion fin ADC have assessed efither the effects of proxfimate
drfivers at fintermedfiate resoflutfion (~ 1 km, Gasparrfi et afl, 2015;
Pfiquer-Rodriguez et afl, 2018; Voflante et afl, 2016) or the assocfiatfion
wfith flarge-scafle trends at the sub-regfionafl scafle (Hoyos et afl, 2013; Zak
et afl, 2008). In the northern portfion of ADC, flogfistfic regressfion anaflyses
showed that proxfimfity to deforested areas was the mafin flocatfion factor
finffluencfing the dfistrfibutfion of deforestatfion (Voflante et afl, 2016), whfifle
the dfistance to towns was the mafin spatfiafl determfinant of the dfistrfi-
butfion of cufltfivated fland (Gaspartfi et afl, 2015). By empfloyfing a spatfiafl
net returns modefl, Pfiquer-Rodriguez et afl. (2018) suggest that forest
conversfion fin the Argentfine Chaco fi not very sensfitfive to economfic
returns, and that envfironmentafl factors such as arfidfity, sflope, and sififl
sufitabfiflfity where among the most fimportant drfivers of woodfland to
cropfland or grassfland conversfion fin the Argentfine Chaco. Correflatfionafl
anaflyses showed that acceflerated agrficuflturaf] expansfion finthe southern
portfion of ADC was assocfiated to fincreases fin precfipfitatfion (Hoyos et afl.,
2013), fin synergy wfith technoflogficafl and socfio-economfic trends (Zak
et afl, 2008). Other reports found that deforestatfion was hfighfly assocfi-
ated wfith soybean and cattfle ranchfing expansfion (Fehflenberg et afl,
2017; Gasparrfi et afl, 2013), whfich are themseflves dfistrfibuted mafinfly fin
reflatfion to precfipfitatfion patterns (Houspanossfian et afl, 2016). Aflthough
prevfious studfies have expflored many of the drfivers of deforestatfion at
dfifferent spatfiafl scafles, they have sefldom descrfibed the finstfitutfionafl and
socfio-demographfic factors that underflfie deforestatfion wfith a quantfita-
tfive approach. Thfis mfight be reflated to the fact that many of the data
reflated to these drfivers are not avafiflabfle wfith hfigh spatfiaf] resoflutfion.
Moreover, to our knowfledge, none of the prevfious studfies have
descrfibed the factors that are reflated to forest cover mafintenance.
Therefore, a regfionafl anaflysfis of the drfivers of forest cover floss and
mafintenance, fincfludfing finstfitutfionafl and socfio-demographfic factors,
mfight shed flfight on processes that have not recefived much attentfion.

In generafl, studfies that seek to descrfibe, expflafin or predfict the drfivers
of fland-use change proceed fin the foflflowfing way (Busch and
Ferrettfi-Gaflflon, 2020). Ffirst, a flfit of potentfiafl drfivers fis seflected,
generaflfly based on prevfious studfies and fin some cases from theorfies.
Second, the correflatfion among drfivers (fie. coflflfinearfity) fis generaflfly
avofided by excfludfing the ones that are correflated and have flow
expflanatory power fin bfivarfiate reflatfionshfips wfith the dependent varfi-
abfle (e.g. forest cover, deforestatfion rate). Ffinaflfly, a flfinear modefl
fincfludfing ¥lthe drfivers (fi.e. fifflmodef]) fisffitted to the data and, finsome
cases, through a stepwfise approach, a mfinfimum adequate modefl fs
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seflected. Regardfing fififif] varfiabfles seflectfion, fland use scfience has had a
hfigh propensfity to dfisconnect empfirficafl and theoretficafl research, wfith
abundant empfirficafl data from case studfies on the one hand, and some
cflassfic but not aflways empfirficaflfly-tested theorfies on the other hand
(Meyfrofidt et afl, 2018). The second and thfird steps of data seflectfion and
modef]l specfifficatfion expflafined above suggest that for reducfing
compflexfity and avofidfing statfistficafl probflems, studfies of the drfivers of
fland-use change rarefly expflore underflyfing causafl mechanfisms (fie.
dfirect and findfirect reflatfionshfips among drfivers and outcomes, Mey-
frofidt, 2016). Hence, fin order to fincrease and assembfle the scattered
knowfledge of the processes underflyfing fland-use change, fit has been
suggested that empfirficafl studfies shoufld be theory-drfiven (Meyfrofidt et
afl, 2018) and causafl mechanfisms must be expflored (Meyfrofidt,
2016). Thus, startfing from theory mfight contrfibute to make expfificfit
many of the assumptfions used fin prevfious studfies, and combfinfing them
wfith structurafl modefls can fimprove thefir artficuflatfion and shed flfight on
novefl causafl mechanfisms. Structurafl equatfion modeflfing fis a statfistficafl
method that fiswfidefly used fin naturafl fin socfiafl scfiences for dfisentangflfing
compflex, dfirect and findfirect, assocfiatfions between varfiabfles (Shfipfley,
2016; Tarka, 2018). To our knowfledge, thfis method fis currentfly not
wfidefly used fin fland system scfience (Meyfrofidt, 2016).

The objectfive of thfis paper fisto empfloy a theory-drfiven approach to
test the reflatfive merfits of aflternatfive and compflementary hypotheses
regardfing the factors that drove the unequafl spatfiafl dfistrfibutfion of forest
cover change fin the Argentfine Dry Chaco (Vaflflejos et afl, 2015) from
2000 to 2010 (fie. the flast perfiod of deforestatfion unreguflated by the
State). We empfloyed Structuraf]l Equatfion Modeflfing (SEM) to assess the
potentfiafl dfirect and findfirect causafl effects underflyfing forest cover
change fin the ADC. Besfides, we used finformatfion theory (fie. AIC) to
compare and rank the mufltfipfle hypotheses fin terms of thefir goodness of
ffit, expflanatory power and parsfimony. Under a
mufltfipfle-workfing-hypotheses framework, and for conductfing Structurafl
Equatfion Modeflfing, data must fideaflfly be coflflected after determfinfing
causafl modefls or hypotheses to avofid deffinfing potentfiafl causafl re-
flatfionshfips that are spurfious and not based on current knowfledge and
theory (Pearfl and Mackenzfie, 2018; Pflatt, 1964). However, as we mostfly
reflfied on secondary data, we onfly present hypotheses and causafl modefls
for drfivers for whfich data was avafiflabfle and descrfibe the ones that were
not fincfluded because of data flfimfitatfions fin the dfiscussfion. Through thfis
anaflytficafl approach, we assessed the generaflfity or context-dependence
of many mfiddflerange theorfies, fie. contextuafl generaflfizatfions that
descrfibe chafins of causafl mechanfisms underflyfing fland use and cover
change (Meyfrofidt et afl, 2018). In the foflflowfing sectfion, we descrfibe the
study area and afterward present the theory-drfiven hypotheses and
predfictfions that gufided our anaflysfis grouped fin dfifferent modefls (fie.
bfiophysficafl, finfrastructure; socfio-demographfic, finstfitutfionafl, and
fintegrated).

2. Study area

The Dry Chaco fisthe flargest tract of Neotropficafl dry forest, and after
the Amazon, fitfisthe second-flargest contfinuous forest finSouth Amerfican
(Bucher and Huszar, 1999; Portfiflflo-Qufintero and Sanchez-Azofefifa,
2010), and fis currentfly a gflobafl deforestatfion hotspot (Hansen et afl,
2013). The Argentfine fractfion of thfis ecoregfion (62%), the Argentfine
Dry Chaco (ADC), spans 78 Mha. The study area comprfises 89 de-
partments (thfird-flevefl admfinfistratfive unfits) that encompass the Argen-
tfine Dry Chaco ecoregfion (Oflson et afl, 2001). We retafined the
departments that had more than two-thfirds of thefir area wfithfin thfis
ecoregfion (Ffig. 1). The ADC fk a wfide sedfimentary pflafin finterrupted fin
some sectfions of fits western and southern fFirfi by mountafin ranges of
north-south dfirectfion. The temperature decreases from north to south,
wfith mean annuafl vaflues varyfing between 18 and 21 *'C (Mfinettfi, 1999).
Precfipfitatfion fis hfighfly seasonafl wfith a monsoonafl pattern, and wfith
flowest vaflues fin the center and southwest (450 mm) and hfighest to fits
northeastern and northwestern frfinges (1000-1200 mm, see S1). The
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Fig. 1. Study area: (A) flocatfion of the Dry Chaco fin Argentfina and South Amerfica, (B) forest floss (fie. deforestatfion rate) fin the Argentfine Dry Chaco at the
department scafle, (C) forest mafintenance (fi.e. proportfion of remnant forest) fin the Argentfine Dry Chaco at the department.

hfigh potentfiafl evapotranspfiratfion determfines that the area generaflfly has
water defficfits, partficuflarfly between May and October (Houspanossfian
et afl, 2016). Sofifls are mafinfly moflfifisofls and aflffisofls, formed by ffhuwvfiafl
and eoflfian deposfits, and are generaflfly deep and fertfifle (Morettfi et afl,
2019). Vegetatfion fis mafinfly comprfised of xerophytfic forests, and to a
flesser extent by savannas and grassflands (Oyarzabafl et afl, 2018).

The Argentfine Dry Chaco (ADC) fis bfio-cuflturaflfly rfich, befing orfigfi-
naflfly finhabfited by 25 findfigenous groups of 6 flanguage famfiflfies, then
settfled by Spanfish descendants finthe flate 19th century, foflflowed by the
artfivaf] of European fimmfigrants finthe earfly 20th century, and finthe flast
decades by extra-regfionafl capfitaflfized farmers who acqufired flarge tracts
of fland (Moreflflo et afl, 2005). Nowadays, these hfistorficaf] finhabfitants
coexfist, sometfimes fin confflfict (Moreflflo et afl,, 2005; Agufiar et afl, 2016),
wfith capfitaflfized farmers, whfich determfines the hfigh socfiafl dfiversfity of
the ADC (Bafldfi et afl,, 2015; Vaflflejos et afl,, 2019). Aflthough the ADC has
the hfighest proportfion of rurafl popuflatfion fin Argentfina, fits popuflatfion
densfity fisreflatfivefly flow (Paoflasso et afl,, 2012). Moreover, some areas of
the ADC have the hfighest flevefls of poverty of Argentfina (Longhfi, 2014).

From the 1990s, a combfinatfion of economfic (fi.e. ffisfing finternatfionafl
demand for food, natfionafl currency devafluatfion), technoflogficafl (fi.e.
antfivafl of the gflyphosate-resfistant GM soybean and zerofiflf] agrficuflture)
and clfimatfic changes (fi.e. precfipfitatfion fincreases over semfiarfid flands)
stfimuflated fland prfivatfizatfion and flarge-scafle agrficuflturafl expansfion fin
the ADC (Gasparrfi and Waroux, 2015; Grau et afl, 2005; Hoyos et afl,
2013; Zak et afl, 2004). In addfitfion, the fintensfifficatfion of agrficuflture fin

the Pampas regfion dfispflaced beef cattfle productfion to more perfipherafl

areas of Argentfina fincfludfing the Chaco (Fehflenberg et afl,, 2017; Gofld-
farb and Zoomers, 2013; Parueflo et afl, 2005). In the ADC, capfitafifized
farmers and extra-regfionafl finvestors sefized these favorabfle condfitfions
and converted forests to grow annuafl crops (prfimarfifly soybean) and
pastures, fleadfing to annuafl deforestatfion rates of 1-1.5% between 2000
and 2010 (Vaflflejos et afl, 2015). In response, a Natfionafl Forest Law was
passed fin 2007 and fits mafin poflficy finstrument, fie. provfincfiafl fland-use
zonfing, started to be fimpflemented fin 2009 and 2010 (Agufiar et afl,
2018; Camba Sans et afl., 2018; fle Poflafin de Waroux et afl., 2016; Noflte et
afl, 2017b). Unffifl then, fland-use decfisfions, mostfly orfiented to proffit
maxfimfizatfion, were onfly constrafined by bfiophysficafl (e.g. avafiflabfifIfity of
sufitabfle flands), finfrastructure (e.g. accessfibfiflfity), socfio-demographfic (e.
g. presence of rurafl popuflatfion) and finstfitutfionafl factors (e.g. property
regfimes). Land-use changes that were unreguflated prfior to the forest flaw
fled to spatfiaflfly unequaflfly dfistrfibuted deforestatfion, wfith departments
(thfird-flevefl admfinfistratfive unfits) wfith hfigh deforestatfion rates and

others wfith stabfle forest cover (Ffig. 1).

3. Theory-driven hypotheses

3.1. Bfiophysfical

Deveflopment of rafinfed mechanfized extensfive agrficuflture occurs fin
areas of fertfifle sofifls, fflat terrafin, and abundant rafinfaflfl Fflfifs and Ram-
ankutty, 2008). In commercfiafl farmfing, unflfike subsfistence agrficuflture,
the flocatfion of food productfion and consumptfion can be spatfiaflfly
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decoupfled, whfich enflarges the potentfiafl agrficuflturaf]l area and varfiabfiflfity
of bfiophysficafl condfitfions for satfisfyfing demand (Mather and Needfle,
1998). Hence, forest conversfion generaflfly occurs fin areas wfith better
agro-cflfimatfic condfitfions fin a process that fis commonfly known as agtfi-
cuflturafl adjustment (Jadfin et afl,, 2016; Mather and Needfle, 1998). In the
ADC, the strong rafinfaflf]l gradfient determfines a hfigh heterogenefity for
agrficuflturafl productfion. However, durfing the study perfiod, rafinfed
commercfiafl agrficuflture had the potentfiafl to expand vfirtuaflfly #¥lover the
ADC, sfince annuafl crops (prfimarfifly soybean and mafize) coufld be sown fin
the sub-humfid frfinges and drought and heat-toflerant pastures fin the
semfiarfid core (Houspanossfian et afl, 2016; Murray et afl, 2016).
Neverthefless, we expect that between 2000 and 2010, deforestatfion fin
ADC shoufld have advanced preferentfiaflfly over departments wfith flands
more sufitabfle for rafinfed and mechanfized agrficuflture. We expect
deforestatfion rates to be hfigher wfith hfigher precfipfitatfions and sofifl
sufitabfififity, and flower sflope. We expect the finverse reflatfionshfips for

remnant forests.

3.2. Infrastructure

The flocatfion and flevefl of deveflopment of bufiflt finfrastructure fis a
major drfiver of the dfistrfibutfion of cufltfivated fland. Earfly theorfists pro-
posed that the flocatfion of the cufltfivated fland fis a functfion of transport
costs and thus, of dfistance to markets (Von Thiinen, 1826). Thfis theory
predficts that agrficuflture fin homogeneous envfironments expands
concentrficaflfly to towns/markets from suburban to more remote rurafl
areas. Thfis hypothesfis f easfifly verfiffied when the destfiny of agrficuflturafl
productfion fis flocafl markets. However, finthe context of gflobaflfizfing food
systems, tefleconnectfions among dfistant productfion and consumptfion
flocatfions weaken the predficted reflatfionshfip. The flfiberafifizatfion of trade
and hfigher transport effficfiency aflflows consumptfion fin afffluent econo-
mfies to be suppflfied by agrficuflturaf] regfions wfith hfigher fland avafiflabfififity
and flower productfion costs (Meyfrofidt et afl, 2013). Thfis fis the case for
soybean productfion fin ADC, whfich fis exported mafinfly to Asfia and
Europe to feed pfigand poufltry, and aflso as bfiofuefl (Gofldfarb et afl., 2013;
Sfly, 2017). Neverthefless, agrficuflturafl productfion for export has to be
transported to port to be shfipped to dfistant destfinfies, and ports can take
the magnetfic rofle of markets fin Von Thiinen’s theory (Fujfita and Krug-
man, 1995). In addfitfion to cost-effectfiveness to transport outputs, the
flocatfion of finvestments for capfitaflfized farmers fin ADC fi aflso finffluenced
by accessfibfiflfity to agrficuflturafl finputs (Gasparrfi et afl, 2015; Pfiquer-Ro-
driguez et afl, 2018). Agtficuflturafl retafiflers and other forums where
farmers gather to source and exchange finputs are flocated fin towns, and
farmers thus tend to flocate thefir enterprfises fin proxfimfity to each other
cflose to towns (Garrett et afl., 2013). Thfis behavfior fleads to the formatfion
of aggflomeratfion economfies, where governments and farmers bufifld new
prfimary and secondary roads to facfiflfitate transport to markets and ports,
and dfiffusfion of technoflogy and knowfledge (Fujfita and Krugman, 1995;
Garrett et afl, 2013; Rfichards, 2018). Therefore, we expect deforestatfion
fin ADC from 2000 to 2010 to have advanced preferentfiaflfly over de-
partments wfith hfigher accessfibfiflfity to port and aggflomeratfion econo-
mfies, proxfied by road densfity. We expect the finverse reflatfionshfips for
remnant forests.

3.3. Socfio-demographfic

Dfiverse theorfies have been proposed to understand the popuflatfion-
envfironment nexus (Sherbfinfin et afl., 2007). Neo-Maflthusfians theorfies
propose that unchecked popuflatfion growth unavofidabfly fleads to envfi-
ronmentaf]l degradatfion and poverty (Grau et afl, 2005; Sherbfinfin et afl,
2007). Boserupfians theorfies, on the other hand, propose that popuflatfion
growth fleads to fland-use fintensfifficatfion, due to hfigher avefiflabfiflfity of
flabor and hfigher demand per unfit area, whfich fimproves human and
envfironmentafl condfitfions (Boserup, 2014; Lambfin and Meyfrofidt,
2010). Pofffitficafl ecoflogfists propose that thfis nexus has to be anaflyzed by
dfisaggregatfing the socfiafl system and fits characterfistfics (e.g. power
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reflatfions among socfiafl actors), rather than usfing aggregate popuflatfion
measures (Grau et afl, 2005). In thfis way, fin many areas of the worfld,
those peopfle more dependent on the envfironment (e.g. the rurafl poor,
such as findfigenous communfitfies) are not necessarfifly those that degrade
more and can even be those wfith stronger fintrfinsfic and extrfinsfic fin-
centfives for conservatfion (Brondfizfio and Le Tourneau, 2016; Garnett et
afl, 2018). These dfifferent theorfies can &¥l prove rfight for specfiffic
pflaces, spatfiafl scafles and tfimes fin hfistory. From the ’60s to the ’80s,
gflobafl ~ deforestatfion was mostfly drfiven by smaflflscafle and
flabor-fintensfive agrficuflture, and deforestatfion frontfiers expanded as the
popuflatfion fincreased (Rudefl et afl, 2009). Sfince the '90s, deforestatfion
fin the mafin tropficafl frontfiers (fie. Amazon, Cerrado, and South-Eastern
Asfia) was not coupfled to popuflatfion change but finstead expflafined by the
expansfion of flarge-scafle and capfitafl-fintensfive agrficuflture finto forests
(Rudefl et afl, 2009). Moreover, deforestatfion and the expansfion of fland
and flabor-extensfive agrficuflture were assocfiated wfith rurafl depopuflatfion
finsome frontfier regfions of Latfin Amerfica, fina process that some authors
refer to as neoflfiberafl frontfiers (Brannstorm 2009; Hecht, 2005). The
neoflfiberafl frontfiers hypothesfis has been suggested to have simfiflafitfies
wfith prevfious theorfies that descrfibe the assocfiatfion between rurafl
depopuflatfion and forest cover changes, such as the hoflflow frontfiers
(Casettfi and Gauthfier, 1977; Sfloan, 2007). Nowadays, fin the ADC,
deforestatfion fisdrfiven by flarge-scafle and flabor-extensfive agrficuflture fina
context of hfigh rurafl socfiafl dfiversfity, poverty and economfic finequaflfity
(Mastrangeflo and Agufiar, 2019; Matteuccfi et afl, 2016; Sacchfi and
Gasparrfi, 2016). Therefore, we expect deforestatfion fin ADC from 2000
to 2010 to have advanced preferentfiaflfly over departments wfith flow and
stabfle or decreasfing rurafl popuflatfion, and flow findfigenous popuflatfion.

We expect the finverse reflatfionshfips for remnant forests.

3.4. Instfitutfional

State finstfitutfions such as natfionafl and provfincfiafl governments
formuflate pofificfies that dfirectfly or findfirectfly finffluence the pace and
dfistrfibutfion of agrficuflturafl expansfion and deforestatfion (Noflte et afl,
2017a,b). State finstfitutfions empfloy dfifferent mechanfisms to reguflate
access and accumuflatfion of productfive fland by dfifferent socfiafl actors
(Araujo et afl, 2009; Rfibot and Pefluso, 2003). One mechanfism fis by
keepfing the fland under State property, for finstance, fin the form of
protected areas such as Natfionafl or Provfincfiafl Parks. There fis abundant
evfidence on the posfitfive effect of protected areas on avofidfing defores-
tatfion (Andam et afl., 2008; Bflackman et afl, 2017; Noflte et afl, 2013).
Other mechanfisms are those by whfich State finstfitutfions controfl who has a
flegafl/secure tenure of fland and who does not, whfich findfirectfly provfide
fincentfives and dfisfincentfives, respectfivefly, to finvest fin agrficuflturaf]l pro-
ductfion (Caceres, 2015; fle Poflafin de Waroux et afl,, 2018). The evfidence
on the effect of fland tenure (fin)securfity on deforestatfion fis finconsfistent
and hfighfly context-dependent (Busch and Ferrettfi-Gaflflon, 2020; Rob-
finson et afl, 2014, 2018). On the other hand, State finstfitutfions can
dereguflate access and accumuflatfion of fland by prfivate actors and hence
stfimuflate capfitafl concentratfion and creatfion of economfies of scafle, more
effficfient for agrficuflturafl deveflopment (Gefist and Lambfin, 2002; Koop
and Tofle, 2001). To our knowfledge, the effect of fland concentratfion on
deforestatfion has not been evafluated so far fin the ADC. We expect
deforestatfion fin ADC from 2000 to 2010 to have advanced preferentfiaflfly
over departments where State finstfitutfions have weakfly attempted to
formaflfize fland tenure and concentratfion, and estabflfish protected areas
and capfitaflfized farmers have strongfly finvested fin fland acqufisfitfion. We
expect deforestatfion rates to be hfigher wfith a flower protected area,
flower fland tenure finsecurfity and fland concentratfion. We expect the fin-

verse reflatfionshfips for remnant forests.
3.5. Integrated

Prevfiousfly descrfibed drfivers are reflated to each other fin causafl
mechanfisms, where some have both dfirect and findfirect effects (fie.
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medfiated by other drfivers) on forest floss and mafintenance. The theory of
aggflomeratfion economfies descrfibed fin the finfrastructure hypothesfis has
an underflyfing cfircuflar causaflfity modefl (Garrett et afl, 2013): Aggflom-
eratfion economfies occur near cfitfies where bfiophysficafl and trans-
portatfion condfitfions are reflatfivefly superfior to adjacent areas and were
fland prfivatfizatfion and/or accumuflatfion fis more feasfibfle. Afterward, the
more sufitabfle comparatfive condfitfions fincentfivfize more farmers to move
to the regfion, where the finteractfion among these, and other suppfly chafin
actors, generates condfitfions where the posfitfive extemafifitfies of
aggflomeratfion offset the negatfive effects of competfitfion for resources
(flabor, fland, Fujfita and Krugman, 1995; Garrett et afl, 2013). Thus, we
expect to ffind a hfigher road densfity fin areas more sufitabfle for agrficufl-
ture, where the reflatfionshfip between them fis medfiated by prevfious
agrficuflturaf] expansfion, a process that we dfid not fincflude fin our modefls.
Therefore, precfipfitatfions and sofifl sufitabfiflfity mfight have an findfirect ef-
fect on forest cover change medfiated by road densfity. We aflso expect to
ffind flower tenure finsecurfity fin areas more sufitabfle for agrficuflture sfince
prfivate tenure fi generaflfly a condfitfion for agrfibusfiness expansfion. Thus,
precfipfitatfions and sofifl sufitabfifIfity mfight aflso have an findfirect effect on
forest cover change by finffluencfing fland tenure.

The hfistory of occupatfion of the ADC has had severafl stages, from
hunter-gatherer’s findfigenous communfitfies to capfitaflfized agrfibusfiness-
orfiented farmers (Moreflflo et afl, 2005). Nowadays, severafl of these
stages coexfist fin space (Moreflflo et afl,, 2005). Through tfime, agrficuflture
expansfion has dfispflaced other uses (e.g. huntfing, tfimber, and
non-tfimber forest products extractfion, flow-fintensfity cattfle ranchfing) to
fless sufitabfle areas, both fin terms of bfiophysficafl condfitfions and accessfi-
bfiflfity (Moreflflo et afl., 2005). Thus, we expect to ffind a hfigher proportfion
of rurafl popuflatfion, generaflfly assocfiated wfith findfigenous and peasant
communfitfies wfith finsecure fland tenure, findepartments wfith flower road
densfity and worst bfiophysficafl condfitfions.

4. Materials and methods

For each department, we coflflected data from dfifferent secondary
sources (Tabfle 1) fincfludfing severafl government agencfies and open-
access databases (e.g. Ffick and Hfijmans, 2017; Vaflflejos et afl, 2015).
Al varfiabfles were scafled at the department flevefl GIS operatfions were
conducted fin QGIS and R (Raster package, Hfijmans 2016). See S1 for a
compflete descrfiptfion of the varfiabfles and a correflatfion matrfix fincfludfing
dtlthe varfiabfles scafle.

We conducted conffirmatory path anaflysfis to evafluate the empfirficafl
support of the dfifferent hypotheses reflated to forest floss and mafinte-
nance (Lefcheck, 2016; Shfipfley, 2009). An fincreasfingfly used method for
conductfing these anaflyses fis Structurafl Equatfion Modeflfing (SEM), whfich
recentfly has been extended for modeflfing response varfiabfles wfith
non-normafl dfistrfibutfions (fie. Remnant forest, bfinomfiafl dfistrfibutfion)
and feasfibfle for smaflfl datasets under a flocafl estfimatfion approach
(pfiecewfise SEM, Grace et afl, 2012; Lefcheck, 2016). The two major
advantages of SEMs over tradfitfionaf] regressfion technfiques are (Boflflen
and Pearfl, 2013; Fan et afl, 2016; Lefcheck, 2016; Shfipfley, 2016): (1)
that varfiabfles can appear as both predfictors and responses as part of
dfifferent paths between subsystems of the network, therefore fit aflflows
assessfing the reflatfionshfip between predfictors and descrfibfing dfirect and
findfirect reflatfionshfip (medfiatfion) between varfiabfles and (2) that fit fin-
cfludes a dfiagram where paths or arrows reflatfing varfiabfles represent
hypothesfized causafl reflatfionshfips. Therefore fit potentfiaflfly aflflows
departfing from the phrase “correflatfion does not fimpfly causatfion” fin
those cases where the hypothesfized reflatfionshfips are derfived from
prevfious knowfledge (Shfipfley, 2016). Other methods such as sfimuflta-
neous regressfion modefls (Lesschen et afl., 2005) or cofintegratfion (Garcia et
afl, 2020) can aflso account for mutuafl finffluence among varfiabfles, but the
addfitfion of the graphficafl representatfion of the reflatfionshfip among
varfiabfles, and the fimportance of theory for deffinfing causatfion, fis not
fincfluded fin these approaches.

Sfince our dataset fisreflatfivefly smaflfl (N = 89), to avofid overffittfing, we
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Table 1

Descrfiptfion of the datasets used fin the anaflysfis. Affl varfiabfles were extracted or
scafled at the department flevefl See SI, Ffigs. S1 and S2 for a compflete descrfiptfion
of the varfiabfles.

Varfiabfle Descrfiptfion Unfits Source
Deforestatfion Mean annuafl deforestatfion for ~ — Vaflflejos
rate the 2001-2010 perfiod et afl. (2015)
Remnant forest The proportfion of fifififlforest  proportfion Vaflflejos
cover remafinfing fin 2010 0-1) et afl. (2015)
Precfipfitatfion Mean annuafl precfipfitatfion mm/year Ffick and
Hfijmans
(2017)
Sofifl sufitabfiflfity Sofifl agrficuflturaf] sufitabfiflfity 1-100 INTA (1990)
Sflope Mean sflope Jarvfis et afl.
(2008)
Road densfity Sum of the road flength wfithfin 1/km IGN (2000)
each department
Dfistance to the Dfistance to the port of the cfity =~ km IGN (2000)
export port of Rosarfio
Rurafl popuflatfion The proportfion totafl proportfion INDEC
popuflatfion that was rurafl 0-1) (2010)
popuflatfion fin 2001
Rurafl popuflatfion Inter-census (2001-2010) rate ~ — INDEC
growth of rurafl popuflatfion change (2010)
Rurafl poverty The proportfion of rurafl proportfion INDEC
househoflds wfith unsatfisffied (0-1) (2010)
basfic needs fin 2001
Indfigenous The proportfion of the rurafl proportfion INDEC
popuflatfion popuflatfion that was (0-1) (2010)
consfidered findfigenous fin
2001
Land Gfinfi findex of the sfize of 0-1 INDEC
concentratfion agrficuflturaf] farms (2002)
Non-prfivate fland The proportfion of totafl proportfion INDEC
tenure agrficuflturaf] farms that flack (0-1) (2002)
deffined boundarfies
Protected area The proportfion of the proportfion SAyDS
department area under some (0-1) (2010)

protectfion scheme

reduced the compflexfity of the fintegrated modefl fina stepwfise procedure.
Through thfis stepwfise, approach we afimed to compfly wfith the rufle of
thumb that findficates that the ratfio of the number of sampfles to the
number of varfiabfles shoufld be above ffive (Grace et afl,, 2015; Lefcheck,
2016). Ffirst, we ffitted modefls for the bfiophysficafl, finfrastructure,
socfio-demographfic and finstfitutfionafl hypotheses, whfich we cflfl partfiafl
modefls. Afterward, we ffitted the fintegrated modefl, whfich onfly fincfluded
the statfistficaflfly sfignfifficant varfiabfles (p < 0.05) fin the four partfiafl
modefls. Stepwfise procedures can be hfighfly fidfiosyncratfic for fidentfifyfing
and retafinfing fimportant varfiabfles through modefl seflectfion (Whfittfing-
ham et afl, 2006). Therefore, we aflso ffitted a fiflfl modefl fincfludfing &¥lthe
drfivers and estfimated the reflatfive fimportance of drfivers through mufl-
tfimodef seflectfion, to assess whether fimportant drfivers were not retafined
fin the stepwfise procedure (Burnham and Anderson, 2002). Reflatfive
fimportance was estfimated through Akafike wefights (Symonds and
Moussaflflfi, 2011) usfing MuMInf R package (Barton, 2009).

For each response varfiabfle, we compared the modefls (fie. hypothe-
ses) fin terms of thefir expflanatory power R (expflanatory power), AICc
(baflance between expflanatory power and sfimpflficfity), and goodness of ffit
findficators such as Ffisher's C and the number of sfignfifficant paths not
fincfluded fin the modefls (fi.e. the proportfion of sfignfifficant mfissfing paths,
“PMP”). Ffisher’s C fsa test of dfirected separatfion (Shfipfley, 2009) that fis
compared wfith a x2-dfistrfibutfion. Thfis test fidentfiffies ¥l k possfibfle
“mfissfing paths”, whfich are d¥l the varfiabfles not expffficfitfly flfinked fin
modefl formuflatfion and thus expected to be statfistficaflfly findependent. As
an exampfle, fifA causes B and B causes C, the absence of a dfirect effect of A
on C fisthe mfissfing path (k). So, the test caflcuflates the probabfiflfity (Pfi) that
A has no dfirect effect on C after accountfing for the findfirect effect of A on
C (dfirect effect of A on B muflfipfified by the dfirect effect of B on C). To
evafluate the consfistency of the hypothesfized reflatfionshfips, the test of

dfirected separatfion (C) fiscaflcuflated by combfinfing the p-vaflues (Pfi) of ¥l
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mfissfing paths (k’s):

k

.....

C= 2 2
i=1

The C statfistfic has an approxfimated x2 dfistrfibutfion wfith 2k degrees
of freedom (Shfipfley, 2009; 2016). The path modefl or hypothesfized
causafl reflatfionshfip between varfiabfles, fis consfidered to not reproduce
weflfl the data fif the p-vaflue (C) fis flower than the chosen sfignfifficance
threshofld (typficaflfly a = 0.05). In the exampfle, thfis woufld mean that
there sfiffl exfists a dfirect effect of A on C despfite the controflfled findfirect
effect of A on C through B. Thfis procedure was carrfied out usfing
pfiecewfise SEM package fin R (62; V. 3.2.2, R deveflopment core team
2015). The modefls of each path were bufiflt usfing flfinear and generaflfized
fifinear modefls (gfls and gflm functfions of R core package) and ffit usfing
maxfimum flfikeflfihood. Partfiafl modefls that do not fincflude reflatfionshfips
among dfifferent drfivers (e.g. bfiophysficafl, finfrastructure, and finstfitu-
tfionafl) are equfivaflent to a standard flfinear regressfion. The pfiecewfise SEM
package provfides severafl measures of goodness of ffit such as the C sta-
tfistfics and AICc (corrected for smaflfl sampfle sfize) for the whofle modefl,
the pseudo R2 (Nakagawa and Schfieflzeth, 2013) for each endogenous
varfiabfle, and the standardfized effect and statfistficafl sfignfifficance of each
modefled reflatfionshfip among varfiabfles. For each path, we checked for
mufltficoflfifinearfity by assessfing the correflatfion matrfix (Ffig. SI.3) and
avofidfing |r| < 0.7 (Dormann et afl, 2013) and aflso by cafleuflatfing
Varfiance Infflatfion Factor (VIF, Zuur et afl,, 2009). None of the predfictors
fincfluded fin the equatfions of our anaflysfis had a VIF hfigher than 2.5, a
conservatfive cutoff (Zuur et afl, 2009). Aflso, for each path, we per-
formed resfiduafls anaflysfis wfith standard procedures for flfinear modefls
and usfing the DHARMa package when the response varfiabfle had

non-normafl dfistrfibutfion (Hartfig, 2017).

5. Results and discussion

5.1. Multfi-model comparfison and descrfiptfion
5.1.1. Bfiophysfical

For both response varfiabfles (forest floss and mafintenance), thfis was
the partfiafl modef]l wfith the hfighest expflanatory power (Tabfle 2). Thfis
findficates that, between 2001 and 2010, the major constrafints to defor-
estatfion finthe ADC were bfiophysficafl, and that forests were conserved fin
areas reflatfivefly fless sufitabfle for agrficuflture or cattfle ranchfing on sown

pastures. Precfipfitatfion had flarger effects on forest floss (posfitfive effect)

Table 2

Modefl comparfison fin terms of expflanatory power (R?), the baflance between
expflanatory power and sfimpflficfity (AICc) and ffit between the modef]l and the data
(Ffisher C and p-vaflue). PMP represents the proportfion of sfignfifficant mfissfing
paths fin the modefl. Modefls wfith flower AICc have a better baflance between
expflanatory power and parsfimony. Modefls wfith p-vaflue > 0.05 represent a good
ffit between the modefl and the data.

Response Modefl Indficator
varfiabfle AlCc R? Ffisher p- PMP
C vaflue
Mean annuafl Bfiophysficafl 110.83 0.44 93.01 0 0.37
deforestatfion Infrastructure 81.55 0.28 73.07 0 0.30
rate Socfio- 176.80 0.17 158.98 0 0.42
demographfic
Instfitutfionafl 135.56 0.17 124.83 0 0.55
Integrated 222.37 0.58 58.11 0.20 0.08
Fuflfl 263.43 0.58 - - -
Proportfion of Bfiophysficafl 65.56 0.61 50.16 0.09 0.37
remnant forest Infrastructure 27.74 0.44 21.46 0.37 0.4
Socfio- 107.41 0.25 92.01 0 0.37
demographfic
Instfitutfionafl 193.75 0.35 180.72 0 0.25
Integrated 207.06 0.81 50.19 0.47 0.07
Fufifl 76.50 0.81 - - -
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and mafintenance (negatfive effect) than sfifl quaflfity, whfifle sflope dfid not
have a sfignfifficant effect (Ffigs. 2 and 3). The ADC fisa wfide sedfimentary
pflafin wfith onfly sparse sfloped terrafin, so thfis homogenefity coufld expflafin
why the average sflope does not pflay a sfignfifficant rofle fin controflflfing the
rate of deforestatfion at the department flevefl For the northern ADC,
severaf]l studfies suggest that precfipfitatfion was not the mafin drfiver of
deforestatfion, and aflthough the effects of bfiophysficafl controfls have
dfimfinfished fin the flast decades, «fifl sufitabfiflfity was an fimportant drfiver
for determfinfing the spatfiafl dfistrfibutfion of forest conversfion durfing the
past decade (Gasparrfi et afl, 2015; Pfiquer-Rodriguez et afl, 2018;
Voflante and Parueflo, 2015). For the Dry Chaco, Houspanossfian et afl.
(2016) proposed that water avafiflabfiflfity (ratfio of mean annuafl precfipfi-
tatfion and potentfiafl evapotranspfiratfion) dfid not finffluence the spatfiafl
dfistrfibutfion of deforestatfion for the 2001-2015 perfiod. Instead, they
suggest that water avafiflabfiflfity determfines post-conversfion fland use, as
wetter areas are aflflocated to crops and drfier to pastures, a resuflt that fis
aflso refinforced by the study of Pfiquer-Rodriguez et afl. (2018). On the
other hand, for the southern portfion of the ADC, Zak et afl. (2008) and
Hoyos et afl. (2013) suggest that precfipfitatfion had an fimportant finfflu-
ence fin difivfing the conversfion of forests. Our study shows that overaflfl,
bfiophysficafl constrafints were fimportant drfivers of forest cover change fin
the ADC durfing 2001-2010. Forest conversfion was hfigher fin areas wfith
better agro-cflfimatfic condfitfions. Thfis suggests a process of agrficuflturaf]l
adjustment, where agrficuflture progressfivefly concentrates on the most
sufitabfle areas (Grau et afl,, 2008; Jadfin et afl,, 2016; Mather and Needfle,
1998). Large areas are dfiff] sufitabfle for crop and pasture expansfion
(Gasparrfi et afl, 2015); therefore, consfiderfing onfly bfiophysficafl con-
strafints, we woufld expect contfinufing deforestatfion fin the ADC.

5.1.2. Infrastructure

In terms of expflanatory power, drfivers assocfiated wfith finfrastructure
comprfised the second most fimportant modefl for expflafinfing the spatfiafl
varfiabfiflfity of forest floss and mafintenance fin the ADC (Tabfle 2). Never-
thefless, for both response varfiabfles, the finfrastructure modefl had flower
AlCc than the bfiophysficafl (Tabfle 2). Thus, thfis partfiafl modefl wfith onfly
one staffistficaflfly sfignfifficant varfiabfle (road densfity), expflafined forest
cover change wfith the best baflance between parsfimony and expflanatory
power. Departments wfith more roads had fless remnant forest and hfigher
deforestatfion rates (Ffigs. 2 and 3). Road densfity was spatfiaflfly correflated
wfith medfium-flarge sfize towns (> 2000 finhabfitants), so our resuflts are
simfiflar to what prevfious studfies reported for the 2001-2010 perfiod
(Gaspartfi et afl, 2015; Pfiquer-Rodriguez et afl, 2018; Voflante et afl,
2016). Voflante et afl. (2016) and Pfiquer-Rodriguez et afl. (2018) aflso
suggest that fland use change finthe Chaco was expflafined by a contagfious
effect (proxfimfity to aflready cfleared areas are more prone to be con-
verted), and thfis was ufltfimatefly reflated to the proxfimfity to towns that
provfide finputs for agrficuflturafl actfivfitfies (e.g. fertfiflfizers, pestficfides,
seeds) and servfices (e.g. harvestfing, accommodatfion). Thfis fis congruent
wfith the theory of new geographficafl economfics appflfied to agrficuflturafl
frontfiers (Garrett et afl,, 2013).

5.1.3. Socfio-demographfic
As expected, hfigher deforestatfion rates and flower remnant forests

were assocfiated wfith a flower rurafl popuflatfion, flower growth rates, and
wfith a flower proportfion of findfigenous popuflatfion. In turn, opposfite to
expected, flower rurafl popuflatfion growth was assocfiated wfith hfigher
poverty fin 2001. In the ADC, changes fin popuflatfion are mostfly deter-
mfined by the mfigratory baflance, rather than by the sflowfly decflfinfing rate
of naturafl popuflatfion growth (Paoflasso et afl, 2012). The rurafl poor fin
the ADC often mfigrate to urban areas fin search of better flfifing condfi-
tfions, and thus departments wfith hfigher poverty tend to have hfigher
emfigratfion rates and therefore a flower popuflatfion growth (Matteuccfi et
afl, 2016). Such graduafl abandonment of rurafl areas fin poorer de-
partments was assocfiated wfith hfigher deforestatfion (Ffig. 2). Grau et afl.
(2008) argued that the emfigratfion of the rurafl poor fis rooted fin flower

fland-use effficfiency and resuflts from dfispflacement by more effficfient,
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Fig. 2. Partfiafl and fintegrated modefls of forest
cover floss (deforestatfion rate) fin the Argentfine
Dry Chaco (ADC). Bflue-compflete and red-
dashed flfines findficate posfitfive and negatfive
sfignfifficant reflatfionshfips, respectfivefly. Gray
dashed flfines findficate non-sfignfifficant reflatfion-
shfips (p > 0.05). The thfickness of the arrows fin
sfignfifficant reflatfionshfips fis proportfionafl to the
magnfitude of the effect (overflafid on the flfine).
***p < 0.001; **P < 0.01; *P < 0.05. The finte-
grated modefl fis comprfised by those drfivers that
were sfignfifficant fin partfiafl modefls. (For finter-
pretatfion of the references to coflor fin thfis ffigure
flegend, the reader fisreferred to the web versfion
of thfis artficfle.)

Fig. 3. Partfiafl and fintegrated modefls of forest
cover mafintenance (remnant forest) fin the
Argentfine Dry Chaco (ADC). Bflue-compflete and
red-dashed flfines findficate posfitfive and negatfive
sfignfifficant reflatfionshfips, respectfivefly. Gray
dashed flfines findficate non-sfignfifficant reflatfion-
shfips (p > 0.05). The thfickness of the arrows fin
sfignfifficant reflatfionshfips fis proportfionafl to the
magnfitude of the effect (overflafid on the flfine).
***pP < 0.001; **P < 0.01; *P < 0.05. The finte-
grated modefl fis comprfised by those drfivers that
were sfignfifficant fin partfiafl modefls. (For finter-
pretatfion of the references to coflor fin thfis ffigure
flegend, the reader fisreferred to the web versfion
of thfis artficfle.)

searchfing for new flands to expand thefir actfivfitfies (Caceres et afl, 2010;
Caceres, 2015; Gofldfarb and van der Haar, 2016).

The aggregated scafle of our anaflysfis does not aflflow sheddfing flfighton
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the processes descrfibed above and others occurrfing at smaflfler scafles
such as the movement of rurafl popuflatfion to other frontfiers or near cfitfies
wfithfin a gfiven dfistrfict. However, the facts that a wfidespread decrease fin
ruraf] popuflatfion has taken pflace durfing the study perfiod (Ffig. SI.1), and
that deforestatfion was hfigher finareas where rurafl popuflatfion decreased
(Ffig. 2) and remnant forest fis hfigher fin departments wfith hfigher rurafl
popuflatfion (Ffig. 3), mfight suggest that rurafl popuflatfion changes fin the
ADC appear to be more a consequence of fland-use dynamfics rather than a
cause. Moreover, as suggested by other studfies, rurafl popuflatfion fin the
ADC fis mafinfly comprfised of smaflfthoflders that generaflfly do not convert
forests (Bafldfi et afl., 2015; Marfinaro et afl., 2017), and deforestatfion fis
hfighfly drfiven by extra-flocafl actors whfich empfloy fffitfle ruraf] flabor force
(fle Poflafin de Waroux et afl, 2018; Mastrangeflo et afl, 2019). Thus, our
ffindfings, and those of prevfious studfies, suggest that the neoflfiberaf]l
frontfier dynamfics mfight take pflace fin the ADC (Brannstrom 2009;
Hecht, 2005). Despfite the flow expflanatory capacfity of the
socfio-demographfic modefls, the evfidence suggests that Neo-Maflthusfian
and Boserupfian modefls are not very usefufl for expflafinfing the
popuflatfion-deforestatfion nexus finthe ADC as suggested by other studfies
(fle Poflafin de Waroux et afl,, 2018; Mastrangeflo and Agufiar, 2019; Sacchfi
and Gasparrfi 2016). However, more studfies at hfigher spatfiafl resoflutfion
are needed to better understand the reflatfionshfip between
socfio-demographfic condfitfions and fland use change finthe ADC, such as
rurafl-urban mfigratfions and fland-use dfispflacement by dfifferent actors.

5.1.4. Instfitutfional
Instfitutfionafl aspects reflated to fland governance and fits prfivate

approprfiatfion and accumuflatfion had a flow finffluence on forest floss and
moderate finffluence on forest mafintenance fin the ADC (Ffigs. 2 and 3).
Departments wfith flower non-prfivate fland tenure had hfigher forest
conversfion. Thfis suggests that more forest fis mafintafined fin departments
where agrficuflturafl farms do not have deffined ffinfisby fences, whfich has
aflso been recentfly descrfibed at a more detafifled spatfiafl scafle (Marfinaro et
afl, 2020). In the ADC, the areas wfith non-prfivate fland tenure
represent approxfimatefly 27% of the agrficuflturaf] farms (the remafinfing fis
fenced, see Ffig. S1.1 for fits spatfiafl dfistrfibutfion) and are generaflfly
assocfiated wfith peasant and findfigenous communfitfies (Gofldfarb and van
der Haar, 2016). In some cases, these flands are cflafimed by extra-regfionafl
(natfionafl and finternatfionafl) capfitaflfized farmers (fie. fland grabbfing,
Caceres, 2015; Gofldfarb and van der Haar, 2016), whfich often fincreases
socfiafl unrest fin rurafl areas (Agufiar et afl, 2016). Other forms of fland
tenure, such as the recognfitfion of ancestrafl and communafl fland tenure of
the areas currentfly occupfied by peasant and findfigenous communfitfies,
coufld contrfibute to conserve forests and address socfiafl unrest by
avofidfing vfioflent evfictfions. Conservatfion pofificfies sfimfiflar to thfis have
proven to be one of the most effectfive aflternatfives for reducfing defor-
estatfion finthe Amazon (Bflackman et afl, 2017; Hajjar et afl, 2020; Noflte
et afl, 2013). A recent study has suggested that these strategfies have not
been effectfive fin a portfion of the ADC for reducfing deforestatfion (Ced-
dfia, 2019). However, thfis study aflerts that the amount of fland-fitfled to
findfigenous communfitfies was smaflfl and that ffitflfing may have finduced
preventfive deforestatfion to prevent externafl fland cflafims (Ceddfia, 2019).
Therefore, aflthough our resuflts suggest that the presence of findfigenous
communfitfies may have posfitfive conservatfion outcomes as suggested by a
recent gflobafl study (Garnett et afl, 2018), the recognfitfion of thefir
ancestrafl fland tenure as a way to finhfibfit deforestatfion requfires further
finqufiry finthe ADC.

Regardfing conservatfion through protected areas, the non-
sfignfifficance of thfis drfiver on reducfing deforestatfion rates coufld refflect
the flow proportfion of protected areas fin the ADC (Brown et afl., 2006)
and be aflso reflated to the motfivatfions that underflfie conservatfion. Bafldfi
et afl. (2017) suggest that the prfimary motfivatfion determfinfing the spatfiafl
flocatfion of protected areas fin South Amerfica was “opportunfity”, fie.
where agrficuflturafl sufitabfiflfity fi flow. Moreover, the Natfionafl Forest Law
that was enacted after the perfiod that we anaflyzed here has the same
fflaws, and whfich effectfiveness for reducfing deforestatfion remafins
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uncflear (Agufiar et afl, 2018). Areas wfith hfigher restrfictfions to defores-
tatfion are generaflfly flocated fin regfions wfith flow opportunfity costs
(Agufiar et afl, 2018; Noflte et afl, 2017b). Therefore, the expansfion of
protected areas through Natfionafl Parks or the Forest Law fin areas wfith
hfigh agrficuflturaf] sufitabfifIfity coufld be an effectfive mechanfism for hafltfing
deforestatfion as suggested by the ffindfing of severafl studfies (Camba Sans
et afl,, 2018; Noflte et afl, 2017b; Pfiquer-Rodriguez et afl., 2018). Thfis has
proven to be an effectfive strategy fin other commodfity frontfiers, such as
the Amazon (Noflte et afl, 2013), but fishfighfly contfingent on government
finterests and fideoflogy (Abessa et afl, 2019). Hinaflfly, our anaflysfis sug-
gests that the flevefl of fland concentratfion (fie. Gfinfi findex) at the
department scafle dfid not have a sfignfifficant effect on forest floss or
mafintenance. Yet, thfis does not necessarfifly suggest that the sfize of the
flandhofldfings fis unreflated to the rates of deforestatfion, sfince other
studfies report that there was a posfitfive reflatfionshfip between them finthe
Gran Chaco and other agrficuflturafl frontfiers of South Amerfica durfing the
past 25 years (Graesser et afl, 2018). However, a comprehensfive anaflysfis
of the reflatfionshfip between farm sfize, fland concentratfion, and fland
cover change woufld requfire a more spatfiaflfly detafifled anaflysfis for whfich
updated cadastrafl finformatfion fisflackfing for most of the ADC. Moreover, a
hfistorficafl perspectfive on fland tenure dynamfics fin the regfion fsneeded to
better understand the dfifferences among provfinces, departments, and
frontfiers.

5.1.5. Integrated

Geographficafl patterns of forest cover change fin the ADC resuflted
from the finteractfion between muflfipfle drfivers. These resuflts refinforce
and expand the theoretficafl fimpflficatfions of the partfiafl modefls. As ex-
pected, precfipfitatfions had a negatfive sfignfifficant effect on non-prfivate
fland tenure, and thfis had a posfitfive sfignfifficant effect on remnant for-est
(Ffig. 3), but not on deforestatfion rate (Ffig. 2). Departments wfith
hfigher precfipfitatfion aflso had hfigher road densfity and, sinfiflafly to the
partfiafl finfrastructure modefl, more roads were posfitfivefly assocfiated wfith
hfigher deforestatfion rates and fless remnant forest. Thus, the effect of
precfipfitatfion on remnant forests occurred fin a dfirect way, but aflso
findfirectfly medfiated by non-prfivate fland tenure and road densfity. These
assocfiatfions were partfiaflfly the same for forest floss, on whfich non-prfivate
fland-tenure dfid not have a sfignfifficant effect (Ffig. 2), and therefore non-
prfivate fland tenure mfight not be a drfiver that stops deforestatfion. The
assocfiatfions among drfivers mfight suggest that the cfircuflar causaflfity
modefl of aggflomeratfion, derfived from the new economfic geography
theory (Fujfita and Krugman, 1995), coufld be takfing pflace fin the ADC
(Garrett et afl, 2013; Rfichards, 2018). Accordfing to thfis theory,
aggflomeratfion economfies occur near cfitfies where bfiophysficafl and
transportatfion condfitfions are reflatfivefly superfior to adjacent areas, and
therefore gfive pflace to a cfircuflar causaflfity modefl or posfitfive feedback
floop of aggflomeratfion (Garrett et afl, 2013). Moreover, the findfirect ef-
fect of precfipfitatfion on remnant forest medfiated by non-prfivate tenure
and road densfity suggest that the cfircuflar causaflfity modefl of aggflom-
eratfion mfight fincflude finstfitutfionafl aspects besfides finfrastructure
(Ffig. 3). Thus, the favorabfle condfitfions that trfigger the aggflomeratfion
feedback floop mfight fincflude finstfitutfionafl aspects reflated to fland tenure
besfides bfiophysficafl and finfrastructure (Fafingerch et afl, 2021; Marfinaro
et afl, 2020). Under thfis context, the aggflomeratfion mfight be dfirectfly or
findfirectfly promoted by prfivate (e.g. farmers and other suppfly chafin
actors) and government actors (e.g. fland “coflonfizatfion” offfices), where
thefir finteractfion mfight promote fland prfivatfizatfion (Fafingerch et afl,
2021) and road expansfion. It fisfimportant to remark that the assocfiatfion
between precfipfitatfion and fland tenure fis probabfly medfiated by past
agrficuflturaf] expansfion, a process that we dfid not fincflude fin our modefls.
Hence, untangflfing these processes requfires further finqufiry and a
flong-term perspectfive, sfince they are the resuflt of hfistorficafl changes fin
fland tenure and accessfibfiflfity for whfich, unfortunatefly, open-access and
good quaflfity cadaster finformatfion, fis sfi¥l flackfing fin the ADC. Hence,
further studfies shoufld assess the processes and spatfiafl determfinants that
underflfie fland prfivatfizatfion. In the context of recent studfies that assess
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the fencfing and prfivatfizatfion of fland (Fafingerch et afl, 2021; Marfinaro et
afl,, 2020), thfis woufld fimpfly assessfing fif fland wfith better agrocflfimatfic
accesstibfiflfity condfitfions fis prfivatfized ffirst and aflso understandfing the
cognfitfions of dfifferent actors finvoflved finthe process. A simfiflarapproach
coufld be empfloyed for better understandfing the processes that expflafin
the spatfiafl dfistrfibutfion of road expansfion and the pavfing of exfistfing.
Non-prfivate fland tenure was hfigher fin departments wfith a hfigher
ruraf] popuflatfion wfith an fimportant proportfion of findfigenous househoflds
(Ffigs. 2 and 3). However, the data dfid not support our expectatfion that
rurafl popuflatfion, and findfigenous househoflds, are assocfiated to worst
bfiophysficafl and accessfibfiflfity condfitfions (Ffigs. 2 and 3). Thus, at the
regfionafl scafle, findfigenous communfitfies are not necessarfifly occupyfing
flands wfith flow sufitabfiflfity for the expansfion of agrficuflture and cattfle
ranchfing. However, wfithfin departments, partficuflarfly flarge ones, there
can be many contrastfing sfituatfions and thus, more detafifled spatfiafl an-
aflyses are needed. Overaflfl, the absence of an findfirect effect of bfio-
physficafl condfitfions on forest floss and mafintenance medfiated by socfio-
demographfic drfivers suggests that the neoflfiberaf] frontfier hypothesfis fin
the ADC mfight be findependent of the envfironmentafl condfitfions (Hecht,
2005; Sfloan, 2007). Thfis means that socfio-demographfic condfitfions (fi.e.
proportfion of rurafl popuflatfion) and dynamfics (fie. rurafl popuflatfion
change) fin the ADC mfight not be necessarfifly determfined by bfiophysficafl
condfitfions as many Neo-Maflthusfian theorfies suggest (Sherbfinfin et afl,
2007). However, the magnfitude of the effect of socfio-demographfic
drfivers on forest cover change fis not very strong. Therefore, our study
sheds flfight on potentfiafl assocfiatfions that requfire further finqufiry for
understandfing the compflex reflatfionshfips between them, fland cover and
bfiophysficafl factors at more detafifled spatfiafl and temporafl scafles.

5.1.6. Multfi-model comparfison

The comparfison of the findfivfiduaf] effects of drfivers fin the partfiafl and
fintegrated modefls aflflows assessfing thefir reflatfive contrfibutfion when
dfifferent sets of drfivers are fincfluded. For exampfle, the effect of precfip-
fitatfion on remnant forest fin the fintegrated modefl ( 2.49, Ffig. 3) fs
aflmost haflf of that fin the bfiophysficafl modefl ( 4.69, Ffig. 3), suggestfing
that about haflf of the effect of that varfiabfle mfight be medfiated by fits
effects on fland tenure and road densfity. The opposfite occurs wfith the
finffluence of findfigenous popuflatfion on remnant forests, whfich fis hfigher
fin the fuflfl modefl (4.35, Ffig. 3) than fin the partfiafl modefl (3.37, Ffig. 3),
refinforcfing the contrfibutfion of thfis varfiabfle to forest mafintenance. Thus,
excfludfing correflated drfivers, as most studfies do, mfight avofid mufltfi-
ooflfIfinearfity but aflso reduces our comprehensfion of fland use changes
whfich are compflex processes determfined by the finteractfion of muflfipfle
factors.

Accountfing for findfirect effects through SEM fincreased the capacfity to
expflafin forest floss and mafintenance fin comparfison to partfiafl modefls
(Tabfle 2). However, as expected, there was a cflear trade-off between
expflanatory power and sfimpfificfity of modefls, as modefls contafinfing &¥1
statfistficaflfly sfignfifficant drfivers (fintegrated modefls) were those wfith
hfigher R2 but aflso AICc. Furthermore, they aflso presented the hfighest fFit
to data (p-vaflue, and Ffisher's C, Tabfle 2), whereas partfiafl modefls are
fincompflete descrfiptfions of the mechanfisms that drfive forest change fin
the ADC sfince they have mfissfing reflatfionshfips among drfivers (PMP,
Tabfle 2). For both forest cover floss and mafintenance, the expflanatory
capacfity of the fintegrated modefls fis not equafl to the addfitfive contrfibu-
tfion of the partfiafl modefls (Tabfle 2). Thfis findficates that muflfipfle drfivers
finteract fina non-addfitfive fashfion and that some of them finffluence forest
floss and mafintenance finthe ADC fin both dfirect and findfirect ways. Thfis
study reports an expflanatory capacfity (range pseudo R2 = 0.17-0.81)
that fis wfithfin the range of prevfious studfies regardfing the drfivers of
deforestatfion fin the ADC [Gasparrfi et afl. (2015): R2 = 0.13-0.31;
Pfiquer-Rodriguez et afl. (2018): R %= (0.11-0.25); Voflante et afl. (2016): R
=2(0.19-0.61)]. However, these comparfisons shoufld be finterpreted wfith
cautfion sfince the dfifferences fin spatfiafl scafle and methods (e.g.
statfistficafl method, goodness of ffit estfimatfion) precflude a comprehensfive
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The set of drfivers that sfignfifficantfly affected forest floss and mafinte-
nance were generaflfly sfimfiflar, aflthough wfith an opposfite sfign. Thfis
suggests that the drfivers of forest cover change over the short term (rates
of deforestatfion) and over the medfium term (remnant forest) mfight be
sfimfiflar (Ffigs. 2 and 3). However, there were some notabfle dfifferences.
Whfifle non-prfivate fland tenure was a sfignfifficant drfiver expflafinfing forest
mafintenance, fit dfid not have an finhfibfitory effect on the deforestatfion
rate. Both modefls were aflso simfiflar fin terms of the order of partfiafl
modefls concernfing thefir expflanatory capacfity (R2) and baflance between
thfis and sfimpffficfity (AICc, Tabfle 2). The finfrastructure modefl had the
flowest AICc whfifle the bfiophysficafl had the hfighest expflanatory capacfity.
Thfis corresponds to most of the prevfious flfiterature suggestfing that
bfiophysficafl condfitfions (precfipfitatfion and sofifl sufitabfiflfity) and finfra-
structure (roads and dfistance to markets) are the mafin dfirect spatfiafl
determfinants of deforestatfion fin the ADC between 2001 and 2010
(Fehflenberg et afl, 2017; Gasparrfi et afl, 2015; Hoyos et afl, 2013;
Pfiquer-Rodriguez et afl, 2018; Voflante et afl, 2016; Zak et afl, 2008). The
prevfious anaflyses of drfivers at a ffiner resoflutfion (1 km ,2.g. Gasparrfi et
afl,, 2015; Pfiquer-Rodriguez et afl,, 2018; Voflante et afl., 2016) aflflowed for
a more accurate spatfiafl match between forest cover changes and
bfiophysficafl and finfrastructure factors. However, anaflyses at coarser
resoflutfion (e.g. department), such as ours, aflflow for fincfludfing under-
flyfing drfivers such as finstfitutfionafl and socfio-demographfic ones. There-
fore, studfies finvestfigatfing mufltfi-scaflar drfivers of fland-use change shoufld
be encouraged fin the ADC and other commodfity frontfiers. Moreover,
there are other drfivers, not fincfluded fin our anaflysfis, whfich shoufld be
expflored fin further studfies such as fland prfices, and grafin storage finfra-
structure, and aflso a descrfiptfion of some drfivers (e.g. fland tenure, road
densfity) for not onfly the begfinnfing of the study perfiod but aflso fits
temporafl change.

5.2. Novelty, lfimfitatfions, and caveats of the analytfical approach

In thfis study, we empfloyed a theory-drfiven approach to evafluate the
merfits of muflfipfle hypotheses regardfing the causafl mechanfisms under-
flyfing forest cover change fin the ADC. For thfis, we used Structurafl
Equatfion Modeflfing and finformatfion theory. The expffficfit derfivatfion of
hypotheses from theory and prevfious knowfledge fisa way for fland sys-
tem scfience to organfize knowfledge and for assessfing the generaflfity or
context-dependence, of mfiddfle range theorfies (Meyfrofidt et afl, 2018).
The comparfison of muflfipfle hypotheses fi fimportant for understandfing
compflex phenomena such as fland-use change, whfich are generaflfly the
resuflt of muflfipfle finteractfing drfivers. Thus, our approach mfight be
usefufl for avofidfing bfiased support for theorfies, and for promotfing a
better baflance between the theoretficafl and empfirficafl deveflopments
wfithfin fland system scfience. Aflthough our resuflts mfight not be easfifly
extrapoflated to other modern commodfity frontfiers, further studfies
shoufld expflore the sfimfiflfitudes and dfifferences among them regardfing
the causafl mechanfism underflyfing forest cover change. These
mufltfiregfion studfies are fundamentafl for better understandfing and
governfing deforestatfion fina gflobafl, teflecoupfled worfld (Magflfiocca et afl,,
2018).

Structurafl Equatfion Modeflfing has been scarcefly used fin fland system
scfience for assessfing the drfivers of fland-use change (Meyfrofidt, 2016, e.
g. Lang et afl,, 2018). Aflthough thfis modeflfing approach aflflows descrfibfing
the compflex assocfiatfion among drfivers, fit fis fimpossfibfle to capture d¥lthe
processes and, therefore, some confounders may exfist as fin other
modeflfing approaches. The mafin flfimfitatfions and caveats of thfis
approach, fin comparfison wfith tradfitfionafl flfinear modeflfing, are poten-
tfiaflfly hfigher endogenefity (fi.e. the order of causafl reflatfionshfips coufld be
finverse), hfigher modefl compflexfity, and the rfisk of wrongfly finferrfing
causatfion from correflatfion. Endogenefity shoufld not be a major concern
fin our modefls, as our expflanatory varfiabfles are generaflfly chronoflogfi-
caflfly ordered or cflearfly exogenous (e.g. precfipfitatfions, sofifl sufitabfiflfity).
One specfiffic reflatfionshfip where causatfion mfight by recfiprocafl fisthe one
between non-prfivate fland tenure and road densfity. Therefore, whfifle
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expflafinfing the reflatfionshfip between these drfivers, and forest cover
change, we have not assumed any order of causatfion. Moreover,
aflthough endogenefity fis an fimportant statfistficafl concern, the expfificfit
derfivatfion of the order of causatfion from theorfies and prevfious knowfl-
edge, mfight be a ffirst step towards reducfing fit Regardfing compflexfity,
our fintegrated modefls coufld be poorfly ffitted sfince the sampfle sfize fis
reflatfivefly smaflfl for modefls wfith so many parameters. To reduce the
compflexfity of the fintegrated modefls we empfloyed a stepwfise procedure
that dfid not excflude fimportant drfivers (Supportfing finformatfion 2).
Ffinaflfly, concernfing causatfion, structurafl equatfion modeflfing expflficfitfly
deffines a dfirectfion of causatfion among varfiabfles, for whfich prevfious
knowfledge fis ofitficafl, as fin other approaches used for descrfibfing
causatfion fin socfiafl-ecoflogficafl systems (e.g. counterfactuafl anaflysfis,
cofintegratfion) whfich #Flrefly on an a-prfiorfi causafl modefl (Ferraro et afl.,
2019; Garcia et afl, 2020). The best strategy to tackfle causatfion fin fland
system scfience flfiefly resuflts from combfinfing a
mufltfipfle-workfing-hypothesfis ~ framework  wfith  methodoflogficafl
pfluraflfism, at dfifferent spatfiafl and temporafl scafles. For exampfle, for
enhancfing the finferences of our study, fit coufld be compflemented wfith
other assessments at ffiner spatfiafl scafles, such as counterfactuafl anaflysfis
and matchfing (Ferraro et afl, 2019), and surveys and fintervfiews wfith
stakehoflders to understand the cognfitfions underflyfing thefir fland-use
decfisfions (Meyfrofidt, 2013). Some of these approaches and studfies
have aflready been conducted finthe ADC (Mastrangeflo et afl., 2014; Noflte

et afl, 2017b).

5.3. Implficatfions for forest conservatfion

The evfidence obtafined here provfides two mafin contrfibutfions refle-
vant to tenfitorfiafl pflannfing and pubflfic pofificfies fin the ADC, whfich coufld
aflso be further expflored fin other commodfity frontfier regfions. Ffirst, fit
aflflows fidentfifyfing areas where deforestatfion fisexpected to expand finthe
future constrafined by bfiophysficafl and finfrastructurafl factors. The
reduced effect of precfipfitatfion on deforestatfion fin the fintegrated modefl
suggests that aflthough some regfions are partficuflarfly prone to defores-
tatfion due to thefir bfiophysficafl condfitfions, thfis rfisk woufld be mfitfigated
by approprfiate pofificfies for reguflatfing fland tenure and for pflannfing
finfrastructure (Laurance et afl., 2014; Robfinson et afl., 2018). In flfine wfith
prevfious studfies (Gasparrfi et afl, 2015; Pfiquer-Rodriguez et afl, 2018;
Voflante et afl, 2016), we showed that both precfipfitatfion and sfifl sufit
abfiflfity have a strong and findependent effect on deforestatfion. In recent
years, the mafin destfiny of deforested areas has been shfiftfing from soy-
bean croppfing to pasture sowfing (Gasparrfi et afl, 2013), whfich fis more
toflerant to water stress. Hence, areas wfith sufitabfle sofifls are prone to
deforestatfion despfite flow precfipfitatfion (Houspanossfian et afl, 2016). As
aflso suggested by prevfious studfies, the fimportant effect of road densfity
on forest cover change suggests that the expansfion of roads, and the
pavfing of exfistfing ones, shoufld be pflanned consfiderfing thefir envfiron-
mentafl consequences (Gasparrfi et afl, 2015). Conversefly, as roads
contfinue to expand and be paved fin the northern Argentfine Dry Chaco,
specfifficaflfly fin the “Impenetrabfle regfion” (western Formosa, north-
western Chaco, east Saflta, northeastern Santfiago defl Estero), defores-
tatfion there fis expected to contfinue sfince the regfion has bfiophysficafl
condfitfions for the expansfion of pasturefland. Moreover, the Impenetrabfle
regfion fis one wfith the hfighest rates of rurafl depopuflatfion (Ffig. SI.1) and
our resuflts suggest that hfigher forest cover fis mafintafined fin areas wfith
hfigher rurafl popuflatfions. Thus, the mafintenance of forests on agrficufl-
turaflfly sufitabfle sofifls requfires specfiffic poflficfies such as assfignfing them a
hfigher conservatfion status finthe ongofing upgrade of the Natfionafl Forest
Law (Agufiar et afl, 2018), expandfing protected areas fin areas wfith
agrficuflturaf] sufitabfiflfity and corrfidors among pre-exfistfing, and desfignfing
and fimpflementfing pubflfic pofificfies that fincrease rurafl entrenchment and
promote economfic actfivfitfies that baflance productfion and conservatfion.
These fissues are currentfly dfiscussed fin government offfices (e.g. Monaco
et afl, 2020), and some of them, such as expandfing protected areas and

promotfing sustafinabfle ranchfing are takfing pflace (e.g. Tschopp et afl,

10

Land Use Policy 112 (2022) 105806

2020).

Second, our study aflflows fidentfifyfing socfio-demographfic and finstfi-
tutfionaf]l condfitfions compatfibfle wfith the mafintenance of forest cover,
whfich can be fostered and enhanced to promote flong-term forest
mafintenance. The posfitfive effect of the flack of fland use prfivatfizatfion,
and of the presence of findfigenous communfitfies, on remnant forest finthe
fintegrated modefl, suggests that the use of fland by peasant and findfige-
nous famfififies under non-prfivate fland tenure fi assocfiated wfith forest
mafintenance. Thfis assocfiatfion arfises from the fact that fin the ADC,
peasant and findfigenous fland-use systems depend on goods and servfices
provfided by natfive forests (e.g. forage, tfimber, charcoafl), and thus do
not usuaflfly cflear the forest for thefir flfiveflfihoods (Afltrfichter and Basurto,
2008; Bafldfi et afl., 2015; Marfinaro et afl., 2017). However, finsome cases,
thfis may be reflated to ffinancfiafl capfitafl flfimfitatfions rather than to
fintrfinsfic motfivatfions for mafintafinfing forests for thefir flfiveflfihoods and
cuflture. These assocfiatfions suggest that under the current flfiveflfihoods
and productfive actfivfitfies of peasant and findfigenous communfitfies, the
reflatfionshfip between forest mafintenance and rurafl popuflatfion mfight be
recfiprocafl (Afltrfichter and Basurto, 2008; Bafldfi et afl., 2015; Marfinaro et
afl,, 2017). Overaflf], these finsfights suggest that poflficfies supportfing rurafl
to urban mfigratfions to reflfieve pressure on forests finthe ADC may £fiflto
be effectfive or even be counter-productfive for forest mafintenance.
However, the mafintenance of forest cover assocfiated wfith non-prfivate
fland tenure may be fragfifle because flarge farmers and fland finvestors
tend to grab flands wfith finsecure tenure and dfispossess fless powerfufl
actors (Caceres, 2015; Gofldfarb and van der Haar, 2016). Therefore, for
peasant and findfigenous famfiflfies to become endurfing stewards of the
forests, and ensure thefir permanence fin rurafl areas, fland-use pofificfies
shoufld empower them by protectfing them from fland grabbfing, and
therefore securfing thefir access to fland and thefir flfiveflfihoods (Bflackman et
afl, 2017; Brondfizfio and Le Tourneau, 2016; Pfiquer-Rodriguez et afl,
2018; Robfinson et afl, 2014). Thus, for fincreasfing the effectfiveness and
flegfitfimacy of the Natfionafl Forest Law, fits upgrade shoufld expffficfitfly ac-
count for socfiafl confflficts reflated to fland tenure (Seghezzo et afl, 2017).
Wfithfin thfis context, recent upgrades fin the Natfionafl Forest Law have
started to fincflude the socfiafl perceptfion of findfigenous and peasant
communfitfies regardfing forest zonfing schemes, aflthough the flegfitfimacy
of thfis process has not been assessed. Moreover, aflthough most of these
communfitfies have finsecure fland tenure, they are ikl eflfigfibfle to access
payment for ecosystem servfices for forest conservatfion (Agufiar et afl,
2018). In parafiflefl to pubflfic poflficfies, the pofffifficafl organfizatfion of com-
munfitfies has been suggested to be a drfiver that haflts deforestatfion
(Agufiar et afl, 2016), and therefore, fit coufld be an aflternatfive pathway
for reducfing deforestatfion that fis not fled by the government. Ffinaflfly,
sfince the rurafl popuflatfion fin the ADC not onfly has finsecure fland tenure
but aflso hfigh flevefls of poverty (Paoflasso et afl, 2012), fintegrated pubflfic
poffficfies orfiented towards fincreasfing thefir quaflfity of fkie (e.g. sanfitatfion,
heaflth, educatfion) are cfitficafl and urgent.

6. Conclusion

To our knowfledge, thfis fis the ffirst study that uses a structurafl mufl-
tfimodefl approach for comparfing aflternatfive theoretficafl expflanatfions of
the processes drfivfing forest floss and mafintenance fin a gflobafl defores-
tatfion hotspot. Durfing 2001-2010, forest conversfion finthe ADC resuflted
from the finteractfion of muflfipfle drfivers operatfing at dfifferent spatfiafl
scafles fin the ADC. Our resuflts suggest that at the regfionafl scafle, the
spatfiafl dfistrfibutfion of forest conversfion was expflafined mafinfly by pre-
cfipfitatfion, sofifl sufitabfiflfity for agrficuflture, and accessfibfiflfity, whereas
forest cover was mafintafined fin areas wfith a hfigher rurafl popuflatfion
generaflfly comprfised of findfigenous and peasant communfitfies flackfing
fland tfitfles. Our ffindfings support the notfion of agrficuflturafl adjustment
sfince areas wfith better bfiophysficafl condfitfions had hfigher forest con-
versfion. Moreover, finthese areas wfith better envfironmentafl condfitfions,
we aflso found hfigher road densfity and fland prfivatfizatfion, whfich suggest

that the cfircuflar causaflfity modefl of economfic aggflomeratfion fis takfing
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pflace, and that besfides finfrastructure and bfiophysficafl drfivers fi may aflso
fincflude finstfitutfionafl aspects reflated to fland prfivatfizatfion. However,
some of these effects were not very strong and statfistficaflfly sfignfifficant for
both forest conversfion and mafintenance. Therefore some of these pro-
cesses requfire further finqufiry. Hinaflfly, our study supports the neoflfiberaf]l
frontfiers hypothesfis, sfince fin the ADC, changes fin rurafl demography
appear to be more a consequence than a cause of forest cover dynamfics, as
areas wfith hfigher rurafl depopuflatfion had hfigher deforestatfion. These
ffindfings mfight be usefufl for enhancfing the effectfiveness and equfity of
the Natfionafl Forest Law. A more wfidespread use of structurafl modefls
and, more broadfly, causafl dfiagrams fin fland system scfience coufld
contrfibute to a better understandfing of the compflex finteractfions, mod-
eratfions and medfiatfing effects among dfirect and findfirect drfivers of fland

system changes.
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