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ABSTRACT. A common challenge facing land use planning is assessment of the future performance of
land use options. The challenge can be acute in developing regions where land use is expanding rapidly
and funding and data needed for planning are scarce. To inform land use planning for a biosphere reserve
located in Paraguay’ s Atlantic forest region, ascenario analysisexplored therel ative merits of conventional
and conservation agricultural practices, sustained yield forestry, and protection. Simulations compared the
long-termimpactson land cover, biotic carbon, andincome of thearea’ sresidents. Ecological and economic
decline were projected under conventional practices. Protection and forestry scenarios achieved only small
relativeimprovementsto ecol ogical indicatorsat the cost of reduced economic performance. By addressing
the underlying issue of land degradation, conservation agriculture including no-tillage was the most
successful land use strategy both ecol ogically and economically. Identification of conservation agriculture
as the most promising land use strategy prioritizes issues that must be addressed to achieve sustainability,
most importantly the provision of education and funding to smallholder farmers. We conclude that scenario
analysis offersaflexible strategy to integrate available datafor the purpose of informing land use planning
in data-limited regions such as Paraguay’ s Atlantic forest.

Key Words: Atlanticforest; conservationagriculture; deforestation; land useplanning; Paraguay; scenario
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INTRODUCTION

Tropical deforestation is widespread with serious
implications for biodiversity and ecosystem
services, such ascarbon storage. Theextinction rate
in the tropics could reach tens of thousands of
species per decade this century (Pimm and Raven
2000), and tropical deforestation accounts for
amost 20% of human-caused greenhouse gas
emissions (Gullison et al. 2007). Reducing the rate
of deforestation is made chalenging by high
poverty, with approximately 1 of every 12 people
on the planet surviving by clearing forest to plant
subsistence crops (Roper and Roberts 1999). It is
essential that limited conservation resources be
directed at strategies capable of stemming the loss
of natural ecosystems while also addressing
underlying socioeconomic issues.

Evaluating the future consequences of land use
policy isconstrained by uncertainty. Understanding

of complex ecosystemsand their responseto human
actionsisincompl ete, andknowledgegapsarelikely
to be larger in developing countries where
institutional and technical capacity for their study
islimited. Biodiversity monitoring and research are
lower in the tropics relative to wealthier northern
countries, despite higher levels of biodiversity
(Collen et al. 2008). Although expanded ecological
research in developing countries is necessary, the
urgency to resolve environmental and socioeconomic
problems is such that the development of
sustainable land use policies cannot wait for
findings from long-term research efforts. Agencies
must make the best use of existing information to
identify land use strategies suited to balancing
ecological and economic objectives.

Scenario analysis (Peterson et al. 2003) is well
suited for informing decision making when
uncertainty surroundsfutureland useand itseffects.
Inthecontext of land use planning, scenarioanalysis
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Fig. 1. The location of the Mbaracayu Forest Biosphere Reserve and Natural Reserve.
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refersto integrating availabletechnical information
toexplorethefutureimplicationsof land useoptions
to ecological and socioeconomic objectives (van
Ittersum et al. 1998, Lu et al. 2003). The goal is not
to develop an accurate prediction of the future, but
rather to compare arange of possible scenarioswith
theintent of illuminating key driversthat should be
the focus of land use policies.

The Upper Parana Atlantic forest of Paraguay
provides a vivid example of the challenges faced
when developing land use policy in the face of
poverty, ecological degradation, and limited
informationfor planning (Di Bitetti et al. 2003). The
Atlantic forest region covers parts of Paraguay,
Brazil, and Argentina and is considered a
biodiversity hotspot due to high degrees of both
species endemism and threat (Myers et a. 2000).
Forest cover in Paraguay's Atlantic forest ecoregion
decreased from 73%in 1973t0 25%in 2000 (Huang
et a. 2007), achange of amost 50% in lessthan 30
years. At —0.9% per year, Paraguay had the second
highest rate of deforestation in South America
between 2000 and 2005 (FA O 2006). In 2009, one-
fifth of the country's population remained below the
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poverty line(United Nations2009). Despitethehigh
rate of deforestation and negative implications for
biodiversity and ecosystem services, ecological
issues receive limited attention from both the
government and the public in Paraguay (Galindo-
Leal and de Gusmao Camara 2003); this is further
complicated by limited capacity for conservation
research and planning (Catterson and Fragano
2004).

In 1991, responding to the rapid loss of Atlantic
forest, the Government of Paraguay created the
Mbaracayl Forest Natura Reserve (MFNR),
located in the CanindeyG Department of
northeastern Paraguay (Fig. 1). The watershed
surrounding the reserve (CuencaAltadel Rio Jgui,
hereafter referred to asthe Cuenca) was established
as a Biosphere Reserve, a region containing both
protected areas and sustainable devel opment zones
to support conservation and devel opment functions.
Between 1973 and 2004, forest cover in the Cuenca
decreased from 90%to 56% asaresult of conversion
for cattle ranching, smallholder agriculture, and
soybean production (Naidoo and Adamowicz
2006). The MFNR is the largest protected area in
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Table 1. Land use scenarios simulated in the study.
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Scenario name Protection strategy

Agricultural practices Forestry

Conventional Existing reserves Conventional Salvage only
Protection law Existing reserves & 25% of forested property ~ Conventional Salvage only
Conservation agriculture Existing reserves Conservation Salvage only
Forestry Existing reserves Conventional Sustained yield

Paraguay containing Atlantic forest (Di Bitetti et al.
2003), and the 291,962-hectare (ha) Cuenca is a
Man and the Biosphere (MAB) UNESCO World
Heritage Site in recognition of the potential to
achieve abalanced rel ationship between people and
nature in the region. MAB reserves are established
to cultivate and demonstrate strategies for
reconciling environmental protection with social
and economic development. The Fundacion M oisés
Bertoni (FMB), a conservation nongovernmental
organization in Paraguay, manages the MFNR and
has established a program to integrate regional
sustainable development and management of the
protected area.

We present a scenario anaysis that integrates
available ecological and socioeconomic information
to assessthefuture consequencesof |and useoptions
in the Cuenca. The purpose of the analysis was to
contribute to the FMB'sland use planning effortsin
the Cuenca and to inform dialogue with
stakeholders. The study provides an example of the
utility of scenario analysis as a land use planning
tool, despite information constraints.

METHODS

The scenario analysis explored the long-term (50
year) ecol ogical and economic consequencesof four
land use scenarios (Table 1). The scenarios
represent arange of strategiesfor the three primary
land uses in the Cuenca, namely agriculture, forest
protection, and timber harvest. To achieve a small
set of informativeindicators, we assessed indicators
prioritized by FMB staff at a workshop held in
November 2005. Income generation was identified
as the highest priority economic indicator, and we

evaluated economic performance of the scenarios
based on per capitanetincomefrom agriculture and
forestry. Ecological indicators prioritized by FMB
primarily related to changes in landscape
composition, which we assessed by tracking
simulated changes in natural land cover. We aso
simulated the effect of land use scenarios to biotic
carbon due to its past and potential future role in
financing conservation in the region. MFNR was
one of the world's first carbon offset projects, with
an energy company partialy funding the
establishment of the park through the purchase of
carbon offsets (Zwick 2008).

We evaluated the potential future effectsof land use
scenarios using the ALCES land use simulation
model (http://www.alces.ca). ALCES integrates
the impacts of a wide range of land uses and
ecological processes to assess potential cumulative
effects to landscape composition, wildlife,
ecosystem services, and the regional economy.
Using an annua time-step, the model modifies
landscape composition and tracks natural resource
production and supply in response to land use and
ecological processes. For the scenario analysis,
ALCES converted natural land cover to farmland to
offset declines in soil fertility and to achieve
increases in production. Land cover was aso
affected by timber harvest in some simulations.
Abandoned farmland, as well as harvested forest,
gradually recovered through succession. ALCES
then applied coefficientsto estimate the response of
carbon storage to ssimulated changes in landscape
composition and the response of net income to
changes in resource production (Fig. 2). A
companion mapping tool (ALCESMapper) wasnot
yet available when the scenario analysis was
undertaken and, as a result, spatialy explicit
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Fig. 2. Simulation model overview. The model tracks changes in landscape composition, soil fertility,
and resource production in response to simulated land use trgjectories. In turn, changes to landscape
composition and fertility as well as succession affect future land use patterns. Simulated changes to
landscape composition and resource production are used to cal culate second-order impacts, including

biotic carbon storage and net income generation.
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Biotic carbon storage and net income generation.

indicators such as habitat fragmentation were not
assessed. ALCES is extensively used in western
North Americato inform land use planning in both
agriculture and forest-dominated regions (e.g.,
Alberta Environment 2007) and assess the
cumulative effects of resource development (e.g.,
Schneider et a. 2003, Carlson et al. 2009). Only
minor modifications to the model were required
prior to application to the Cuenca due to a user
interface that allows specification of a wide range
of landscape types, land uses, and ecological
processes.

Simulation assumptions

As described below, avariety of sources were used
to parameterize ALCES for the Cuenca based on a
thorough review of dataheld by the M FNR manager
and a search of primary and gray (secondary)
literature. Several assumptions were based on
historical trends, especially for future rates of
development. Although future land use will not
necessarily follow past patterns, extrapolation of
historical trends helped inform the devel opment of
plausible land use scenarios.

During March 2006, a series of workshops were
held with government ministries and nongovernmental
organizationsin Asuncionandwithland holdersand
park managersin the Cuencato ensure that the best
available datawere being appropriately used for the
scenarioanalysis. Few participantshad thetechnical
background for understanding complex planning
tools such as ALCES and related concepts such as
indicators and coefficients. To address this
challenge, workshops were undertaken to educate
participants about the potential role of scenario
analysis in land use planning. This approach was
very successful according to participants and
resulted in a more widespread comprehension and
buy-in.

Landscape composition

Theinitial composition of the Cuencawasestimated
using aland cover data set created by classifying a
2001 Landsat satellite image using traditional
ecological knowledge for class interpretation
(Naidoo and Hill 2006). Land use and land cover
were summarized into 10 natural vegetation types
and threeagriculturetypes(smallholder cultivation,
soybean plantation, and ranch). Smallholder farms
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werefarmslessthan 20 hainsizeproducingavariety
of subsistence (e.g., mandioca) and cash crops(e.
g., cotton). Although arange of crops are grown by
smallholder farms in the region, the simulations
assumed a mix of cotton, maize, mandioca, and
pasturethat, together, accounted for 82% of the crop
mix at farms studied by Florentin et al. (2001) inthe
nearby San Pedro district. The other two agriculture
types were soybean plantations and ranches.
Soybean plantations are large farms used for the
industrial production of soybean, and ranches are
largefarmsusedtoraisecattle. Based onthesatellite
data from 2001, 66% (192,115 ha) of the Cuenca
was natural vegetation, 17% (49,037 ha) was
ranchland, 15% (42,709 ha) was smallholder
farmland, and 3% (8,102 ha) was soybean
plantation.

Agriculture

Agricultural activity in the Cuenca has increased
10-fold over the past 30 years. Our simulations
assumed that agricultural activity will continue to
expand. In the absence of information needed to
parameterize potential interactions, future trendsin
agricultural  activity were assumed to be
independent across farm types. Smallholder
production was assumed to reflect rural population
growth and expanded in simulations at 1.5% per
year, the average population growth rate in the
region between 1990 and 2000 (UNDP 2003).
Soybean production, on the other hand, was
assumed to be driven by international demand and
grew linearly each year by 6.1% of the current level
of production; this growth pattern was based on
projections by industry and government (Dros
2004). Extrapolated over the 50-year simulation
period, these rates of growth imply an approximate
doubling of productive smallholder farm area to
nearly 90,000 haand tripling of productive soybean
plantation areato over 30,000 ha. In contrast, cattle
production did not increase during the simulations
because the cattle population was relatively stable
intheregion between 1992 and 2004 (Ministerio de
Agriculturay Ganaderia 2004). In the simulations,
the location of cropland expansion was based on an
analysis of historical agricultural expansion in the
Cuenca that assigned spatially explicit conversion
probabilitiesto natural areasremainingintheregion
(Naidoo and Adamowicz 2006). The conversion
probabilities were combined with land cover data
to derive the relative probability of each natural
cover type being converted to one of the three
agricultural land uses considered for this analysis.
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Simulations with ALCES also explored two types
of agricultural practices. conventional and
conservation. Conservation agriculture refers to a
suiteof practicesintended toimprovesustainability,
including no-tillage (or zerotillage), direct seeding,
crop rotations, green manure cover crops, and crop
residue management (L ange 2005). Sorrenson et al.
(1998) report that, of the 1,700,000 ha of
smallholder farmsin Paraguay, only approximately
6500 ha (0.4%) are farmed using conservation
agriculture; in contrast, Lange (2005) reports that
60% of the total mechanized medium and large
farmsin Paraguay used no-tillage agriculture as of
2002. Implementation of no-tillage practicesin the
conventional scenario was assumed to be 0.4% and
60% for smallholder farms and soy plantations,
respectively. The conservation agriculture scenario
assumed rapid adoption of no-tillage practices
(100% of farms by year 10) in order to estimate the
upper bound of gainsthat might beachievable. Also
included in the conservation agriculture scenario
was the strategy proposed by Dros (2004) of
expanding soy plantations through conversion of
ranchland (instead of native vegetation) in order to
reduce forest |oss.

Farm productivity was based on multiyear studies
of Paraguayan farms in nearby regions. For
smallholder farms, simulated netincomegeneration
per hectare was based on 20-year conventional crop
productivity trends (Florentin et al. 2001), which
included gradual declines in maize and cotton
productivity (but not cassava and livestock) after
clearing due to diminishing soil fertility. Based on
a 5vyear comparison of conservation and
conventional agriculture (Lange 2005), application
of conservation agriculture in the simulations
caused cotton, maize, and cassava productivity to
increase relative to conventional agriculture and
avoided declines in productivity over time. For
soybean plantations, net income generation was
based on 10-year trends under conventional and
conservation agriculture at soybean farmsin nearby
districts (Sorrenson 1997). As with smallholder
farms, conventional practices for soybean
plantationscaused productivity todeclineover time,
whereas conservation agriculture achieved higher
and sustained productivity.

We assumed that cropland would be abandoned
when productivity wasno longer sufficient to cover
farming costs, i.e., when netincomewasbel ow zero.
Based on extrapolation of long-term crop
productivity trends in the region (Sorrenson 1997,
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Florentin et al. 2001), abandonment occurred 26
years after clearing for cotton, 12 years for maize,
and 7 years for soybean. If farmers abandon
cropland prior to net income declining to zero,
simulated rates of farm abandonment will be
conservative. After abandonment, cropland was
assumedtorequirea30-year fallow periodtorestore
soil fertility capable of once again supporting a
native plant community or crop production.

Net income generation by ranchland was based on
a stocking rate of 1.5 cattle/ha (Ministerio de
Agriculturay Ganaderia2004), an annual slaughter
rate of 13% (FAO 2005), and recent prices for
slaughtered cattle in Paraguay adjusted to account
for the cost of transporting cattle to market. Unlike
cropland, simulated net income generation by
ranchland did not decline over time.

Forestry

When forest is cleared for agriculture in Paraguay,
harvesting of treesis highly selective with only 3%
of wood volume used for lumber and the remainder
burned (Grauel 1996). As an dternative to
converting forest to agriculture, we simulated a
forestry scenario in which all unprotected
merchantable forest is dedicated to sustained yield
timber production. A forest inventory from a
property in the Cuencawas used to estimate mature
wood volume of 36.7 cubic meters (m3)/ha based
on a minimum harvestable diameter of 40
centimeters. Based on a study of reduced impact
logging practices in eastern Amazonia (Holmes et
al. 1999), we assumed a utilization rate of 46.55%,
resulting in a net timber productivity of 17 m3/ha.
Using approximate prices paid for standing timber
in the region, the value of harvested timber was
estimated at US$9.41/m?3. A rotational cycle of 30
years was assumed (Vanclay 1994, Jackson et al.
2002, Carvalho et a. 2004). Thetotal annual rate of
harvest for the Cuencawas 9820 m?; this estimated
sustained yield was based on the availability of
merchantable timber and associated assumptions of
productivity, utilization rate, and rotation age.

Protection

Twenty-eight percent of the Cuenca is protected,
including the 64,268 ha MFNR, 14,067 ha in
indigenous reserves, and 4453 ha in private
reserves. The private reserves are protected from
agriculture but available for logging. All other
reserves were assumed to be protected from
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agriculture and forestry. The protection scenario
evaluated the effects of full implementation of the
rarely practiced Forest Law of 1973, which
stipulatesthat at |east 25% of any forested property
in Paraguay must be maintained as a forest reserve
(Glastra 1999). Implementation of the Forest Law
increased protection from 28% to 38% of the
Cuenca.

Indicators

Calculation of biotic carbon storage associated with
simulated landscape composition was based on
biomass estimates from tree plots sampled in the
Cuenca (Naidoo and Ricketts 2006) and known
allometricrelationships(Brownet al. 1989). Carbon
storage cal culations wererestricted to aboveground
biomass due to uncertainty surrounding belowground
biomass and soil carbon and their sensitivities to
land use changes. Assumed aboveground carbon
densities for native vegetation ranged from 25 to
106 tonnes/ha, depending on the land cover type.
Conversion to agriculture eliminated all biotic
carbon, whereas abandoned cropland accumul ated
carbon at arate of 1.47 tonnes/halyear (Zarin et al.
2001). Forestry activities reduced carbon storage
capacity through timber removal and emissions
from coarsewoody debriscreated from tree damage
during forestry activities. Assuming awood density
ratio of 0.6 tonnesm® (Brown 1997), carbon
exported as logs was 5.1 tonnes/ha. Carbon
emissionsfrom coarse woody debriswere 2.4 times
the carbon exported aslogs(Feldpausch et al . 2005),
resulting in an overal carbon loss of 17.3 tonnes/
ha. Preharvest aboveground biomass was assumed
to regenerate over one harvest cycle (30 years).

Per capita net income was calculated by dividing
simulated agricultureand forestry net incomeby the
Cuenca's human population. Simulations assumed
that the population increased at arate of 1.5% per
year from 30,000 at simulation year 0 to 62,224 by
simulationyear 50. It should be noted that simul ated
per capita net income underestimates regional
economic activity because it only accounts for
income directly generated by agriculture and
forestry. Other income may be generated from
indirect or induced economic activities associated
with agriculture and forestry or from other activities
entirely, such as government services or illegal
operations (e.g., marijuana plantations, wildlife
poaching).
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Table 2. Indicator status at that start of the ssimulation and after 50 years under the four land use scenarios.

Scenario Natural land cover Per capita net income Biatic carbon
(ha) (US$/year) (tonnes)

Simulation year 0 192,115 509 9,010,194
Conventional agriculture year 50 86,174 385 6,678,939
Conservation agriculture year 50 149,715 625 7,585,443
Protection law year 50 115,284 364 7,449,551

Forestry year 50 109,373 361 7,694,797
RESULTS expansion occurred into ranchland rather than

Economic and ecological performance declined
substantially by simulation year 50 under the
conventional scenario relative to year 0 (Table 2).
Natural land cover and carbon storage reduced by
55% and 26%, respectively, whereas per capita net
income declined by 24%. Although the protection
law and forestry scenarios were better able to
conserve natural land cover and biotic carbon, they
resulted in dightly lower per capita net income
relative to the conventional scenario. The
conservation agriculture scenario, however,
conserved natural land cover and carbon while
actually increasing per capitanet incomerelativeto
simulation year O.

Natural land declined in simulations (Fig. 3),
primarily to offset the loss of productive cropland
from unsustainable agricultural practices. The
declinein natural land continued until all available
land (i.e., land not reserved for other uses) was
converted to agriculture, which occurred by years
33, 27, and 25 in the conventional, forestry, and
protection law scenarios, respectively. Exhaustion
of available land occurred earlier in the protection
and forestry scenarios than the conventional
scenario because more land was protected from
agricultural conversion, either for long-term timber
production or as an ecological reserve. The
conservation agriculturescenario did not requirethe
conversion of al avalable natural land to
agriculture due to two strategies: (1) conservation
farming practices that eliminated the need to
abandon cropland and (2) al soybean plantation

natural land. The area of natural land conserved by
these two strategies was approximately equivalent,
with sustainable farming practices conserving
30,006 ha and ranchland conversion conserving
33,535 hacompared with the conventional scenario.
Simulated response of carbon storage was similar
to that of natural land cover. Biotic carbon was
reduced during the simulation due to conversion of
forest to cropland, until al available natural land
was lost. Scenarios that reduced the rate of
deforestation, most notably conservation agriculture,
were better able to conserve biotic carbon (Fig. 4).
Biotic carbon increased during the final decades of
the simulation in scenarios with high cropland
abandonment (i.e,, conventional agriculture,
protection law, forestry) due to gradual recovery of
biotic carbon on abandoned cropland with
secondary forest regrowth.

Per capita net income was relatively stable under
the conventional scenario until halfway through the
fourth decade, at which point it began to decline
(Fig. 5). The cause of the declinewasthe exhaustion
of al unprotected natural land cover, with theresult
that clearing of forest for agriculture was no longer
possible to offset declines in crop productivity
caused by unsustainable agricultural practices.
Although abandoned cropland returned to
production after a30-year fallow period, theprocess
was too gradual to compensate for declinesin crop
productivity. The decline in net income occurred
earlier in the protection and forestry scenarios
because less natural land was available for
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Fig. 3. Simulated change in natural land in the Cuenca under four land use scenarios.
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converson to cropland. In the short term,
conservation agriculture generated marginaly
lower net income relative to conventional
agriculture because less land was dedicated to the
production of economically valuable cotton, the
predominant cash crop inthe Cuenca. Over thelong
term, however, the conservation scenario achieved
the greatest net income because declines in crop
productivity from reduced soil fertility were
avoided. Across all scenarios, net income was
dominated by contributionsfrom smallholder farms
(80%), followed by soy plantations (15%).
Ranching and forestry contributions to net income
were minimal.

DISCUSSION

The scenario analysis suggests that the Cuencawill
continue to experience poverty and ecological
degradation if current practices continue, with
increased severity of both over time. Unsustainable
agriculture clearly emerges from the analysis as a
primary driver of thesystem, causinganagricultural
resource production shortfall and widespread
deforestation over time with concomitant declines
in carbon storage. This outcome is consistent with

40 50

areview of tropical deforestation case studies that
found agriculture to be the most prevalent direct
cause (Geist and Lambin 2002).

Our simulations demonstrate that sustainable
devel opment intheform of conservation agriculture
IS best suited to FMB's programmatic efforts in
support of both biodiversity and the wellbeing of
local inhabitants. Wide-scale adoption of
conservation practices such as no-tillage and crop
residue management may not only maintain but
actualy increase the productivity of farmland
within the region. As a result, abandonment of
farmland would no longer be necessary, and
pressure to convert natural land would decrease.
Despite the economic and environmenta benefits
of conservation agriculture, implementation is
challenging because it requires upfront investment
inmachinery and other inputs, such asgreen manure
cover crop seeds (Lange 2005). Although
productivity gains under conservation agriculture
are immediate and can soon offset the investment,
farmers may understandably perceive implementation
of anew agricultural strategy as an economic risk.
Financial support isneeded to provide farmerswith
sufficient credit to implement conservation
agriculture(Lange2005), and few such mechanisms
are currently available for smallholder farming.
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Fig. 4. Simulated aboveground biotic carbon storage in the Cuenca under four land use scenarios.
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Also important are extension services to increase
recognition of the benefits of conservation
agriculture and improve capacity to adopt
conservation practices (Pannell et a. 2006).

Simulation of the forest protection law
demonstrated that protection can reduce deforestation
but to the potential detriment of income generation
if underlying land use issues are not addressed. The
failure of protected areas to improve land use
beyond park borders is consistent with an analysis
of Landsat imagery that found deforestation within
5 km of forested protected areas to be the same as
elsewhere within Paraguay's Atlantic forest
ecoregion (Huang et a. 2007). Protected areas and
sustainable development are not necessarily a
dichotomy, and many forest conservation strategies
recommend a combination of both (e.g., Pence et
a. 2003). Successful enforcement of the forest
protection law in conjunction with conservation
agriculture in the Cuencawould achieve long-term
economic productivity whileal so ensuring thelong-
term persistence of natural ecosystems. To ensure
that new protected areas are effective, their location
should be informed by the available spatial
information, such as the costs and benefits of
protection across the Cuenca (Naidoo and Rickets
2006) and a conservation plan for the broader

40 50

ecoregion (Di Bitetti et a. 2003). Future scenario
analysis efforts should consider the application of
spatial tools, such as ALCES Mapper, to assessthe
long-term implications of protected area network
designs and other zoning decisions. The aspatial
nature of the scenario analysis does not, however,
detract from the legitimacy of the key finding that
large-scale deforestation can be expected in the
absence of sustainable agriculture. Given that all
unprotected forest was converted to agriculture
during the conventional agriculture scenario, the
spatial dynamics of the simulated deforestation are
of limited importance.

We assume that pressure to expand agricultural
production will be substantial due to population
growth and international demand for soy. The
scenarios attempted to double smallholder
agricultural  production and triple soybean
production. Although these are substantia
increases, they were achievable in the presence of
conservation agriculture and are consistent with
historical agricultural growth in the region. The
simulated growthin converted land closely matched
actual growth since 1973 (Fig. 6), suggesting that
our assessment of future agricultural deforestation
is reasonable. In fact, our simulations may
underestimate deforestation due to conservative


http://www.ecologyandsociety.org/vol16/iss3/art8/

Ecology and Society 16(3): 8
http://www.ecologyandsociety.org/vol 16/iss3/art8/

Fig. 5. Simulated net income per capita generated by agriculture and forestry in the Cuenca under four

land use scenarios.
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assumptions that were adopted to avoid
exaggerating the rate of forest loss. Farmers may
abandon landin favor of morefertilefarmland prior
tothethreshold of zero net incomethat wasassumed
in simulations. The assumed 30-year fallow period
after abandonment may al so be optimistic giventhat
25 vyears of regrowth after slash-and-burn
agriculture restored only half of mature-forest
biomass in central Amazonia (Gehring et al. 2005)
and that 11 years of fallow was required after each
year of crop productioninthenortheastern Brazilian
Amazon (Metzger 2002). Alternatively, the
consequences of deforestation may be exaggerated
if abandoned cropland has economic or ecological
value. Abandoned cropland could be used for
pasture, but this would not change the trend of
diminishing economic performance because
income generation is severa times lower for
livestock than crop production. With respect to
ecological implications, abandoned farmland is
likely to have reduced biodiversity valuerelative to
primary forest well beyond 30 years (Gehring et al.
2005, Guerrero and da Rocha 2009, Tabarelli et a.
2010).

As these uncertainties highlight, the scenario
analysis should not be considered a forecast but

40 50

rather a set of plausible and relevant stories to
demonstrate the relative implications of management
strategies (Schneider et a. 2007). Accurate
forecasting is problematic due to uncertainty
(Peterson et al. 2003). Market forces, demographic
patterns, climatic conditions, and other external
drivers are almost certain to change in unexpected
ways during the 50-year simulation period. Despite
potential inaccuracies, however, the scenario
analysis is illuminating because it draws attention
to the key management issue (deforestation) and its
underlying cause (unsustainableagriculture). Given
the dominant influence of deforestation, we
assessed the sensitivity of simulation outcomes to
the following assumptions that governed the
simulated deforestation rate: rate of decline in
cropland productivity, regiona growth in
agricultural production, and the time required for
recovery of abandoned cropland. A set of six
simulations was conducted; in each simulation, a
given assumption was increased or decreased by
25% while keeping the other parameters at the
conventional scenario's settings. Although indicators
such as net income per capita were influenced by
changes to the assumptions (Fig. 7), the overall
pattern was largely unaffected. Net income
increased until all availableland had been converted
to agriculture and declined thereafter. As long as


http://www.ecologyandsociety.org/vol16/iss3/art8/

Ecology and Society 16(3): 8
http://www.ecologyandsociety.org/vol 16/iss3/art8/

Fig. 6. Growth in agricultural land in the Cuenca according to historical data and the conventional

scenario simulation.
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agricultural production in the Cuenca continues,
which seems probable, conservation agriculture is
likely a prerequisite for long-term sustainability.

The services provided by intact ecosystems are
typicaly undervalued; as aresult, the financing of
conservation strategies, such as conservation
agriculture and implementation of the protection
law, can be problematic. Perhaps the greatest
opportunity for the financing of tropical forest
conservation is through the sale of carbon offsets.
The simulations demonstrated the capacity of
conservation agriculture to reduce theloss of biotic
carbon associated with conventional agricultural
practices. The smulations may, in fact,
underestimate the carbon-related benefits of
conservation agriculture because the role of no-
tillage in increasing soil carbon storage (Amado et
a. 2006) was not considered and because carbon
storagewas|ower than has been assumed el sewhere
for Atlantic forest (e.g., Ditt et a. 2010).

Although not assessed in the simulations,
deforestation associated with conventional agriculture
is also problematic for wildlife and water quality.
The Cuencasrichbiodiversity, including numerous
species important for indigenous subsistence

2033

T T

2053

hunting (Hill et al. 2003), would likely decline with
deforestation. Cropland and small forest fragments
support less biodiversity than large reserves
(Chiarello 1999), and the impact of hunting
associated with settlement and an expanding road
network is likely greater than subsistence hunting
(Putz et al. 2000). Water quality would also decline
with deforestation due to sedimentation and
contaminated agricultural runoff (Ditt et a. 2010).
Contamination can also occur under conservation
agriculture if herbicides are relied on to combat
increased weeds associated with no-tillage. The
application of herbicides along with soybean
plantation expansion in eastern Paraguay over the
past 30 years has been criticized by some authors
(Fogel and Riquelme 2005, Semino et al. 2006). No-
tillage and water contamination need not be
synonymous, however. Alternative strategies for
weed control, such ascrop rotation and maintaining
permanent organic soil cover, can reduce reliance
on herbicides (Landers 2007). Wildlife and water
guality were not assessed in simulations because
datawere insufficient; additional research to assess
these key uncertainties is needed.

Existing policies and practices suggest that the
benefits of conservation agriculture are not fully
appreciated. Conservation targets established by
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Fig. 7. Sengitivity of simulated net income per capita under the conventional scenario to changesin net
income rate, abandoned cropland reclamation rate, and agriculture production growth rate assumptions.
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nongovernment organizations for the region focus
on establishing conservation zones and restoring
forest, with minimal reference to strategies for
addressing unsustainable agricultural practicesthat
are driving deforestation (Di Bitetti et al. 2003).
Paraguay's Forest Law of 1973 also focuses on
protection, requiring land ownersto protect at |east
25% of their property. However, failure to address
the underlying land use and socioeconomic issues
that are driving deforestation has resulted in
Paraguay exhibiting one of the fastest deforestation
rates in South America. The scenario analysis's
capacity to highlight key drivers that, although
obviousin hindsight, are not addressed by existing
policy stems from its comprehensive scope. Full
comprehension of the consequences of unsustainable
agriculture in a finite landscape requires a longer
view than that provided by subsistence farmers
living day-to-day, decision makers focused on
short-term economic growth, and conservationists
beholden to crisis management. Applying scenario
analysis to explore and communicate the potential
consequences of multiple land uses operating over
decades fosters the broader perspective needed for
sustainably managing human activity within the
Cuenca. The long-term focus of scenario analysis
can help planners and stakehol ders understand that
the near-term economic cost of conservation actions
(e.g., conservation agriculture) is frequently small
relative to the long-term economic and

40 50

environmental benefits. Simulation outcomes have
helped to inform the development and implementation
of a land use plan, and outcomes from a lessons-
learned workshop indicated that the scenario
analysis helped raise awareness of land use issues
in the Cuenca among landowners, government
agencies, and nongovernmental organizations.

Scenario analysis provides a framework for the
integration of available information to assess the
cumulative effects of land use over spatia and
temporal scales relevant to land use planning.
Knowledge gaps are inevitable, but the
identification of uncertaintiesand their influenceon
simulation outcomes can help to focusand mobilize
future research and improve land-use planning and
management efforts. As long as the focus remains
on identifying and communicating key drivers
rather than making accurate predictions, similar
analyses to inform land use planning should be
feasible in other data-limited regions.

Responses to this article can be read online at:
http: //mwww.ecol ogyandsoci ety.org/vol 16/iss3/art8/responses/
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