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Science has a critical role to play in guiding more sustain-
able development trajectories. Here, we present the
Sustainable Amazon Network (Rede Amazonia Sustentdvel,
RAS): a multidisciplinary research initiative involving
more than 30 partner organizations working to assess
both social and ecological dimensions of land-use sustain-
ability in eastern Brazilian Amazonia. The research
approach adopted by RAS offers three advantages for
addressing land-use sustainability problems: (i) the collec-
tion of synchronized and co-located ecological and
socioeconomic data across broad gradients of past and

present human use; (ii) a nested sampling design to aid
comparison of ecological and socioeconomic conditions
associated with different land uses across local, landscape
and regional scales; and (iii) a strong engagement with a
wide variety of actors and non-research institutions.
Here, we elaborate on these key features, and identify
the ways in which RAS can help in highlighting those pro-
blems in most urgent need of attention, and in guiding
improvements in land-use sustainability in Amazonia
and elsewhere in the tropics. We also discuss some of
the practical lessons, limitations and realities faced
during the development of the RAS initiative so far.

1. Introduction

Land-use and land-cover change associated with agricul-
tural expansion and intensification is the most visible
indicator of the human footprint on the biosphere [1-3].
Ongoing land-use change is most acute in the tropics [4],
with ca 50000 km? p.a. of native vegetation being cleared
[5]. These changes are driven by increasing resource demands
from a larger and wealthier human population, coupled with
the effects of increasing economic globalization and land
scarcity [6]. The creation and strengthening of more sustain-
able development trajectories in the twenty-first century
depends on our ability to balance rising demands for food,
energy, natural resources and the alleviation of hunger and pov-
erty with the protection and restoration of natural ecosystems,
and the critical ecosystem services they provide [7,8].

Amazonia represents a major sustainability challenge: as
well as being the world’s largest remaining tropical forest,
the entire Amazon biome is home to more than 30 million
people and provides locally, regionally and globally signifi-
cant human-welfare benefits, including economic goods
(e.g. timber and agricultural products) and non-market eco-
system services, such as climatic regulation and biodiversity
conservation [4,9,10]. Rapid social and ecological change
has left the future of the Amazon region uncertain [11-13].
In the Brazilian Amazon, in particular, recent reductions in
the rate of deforestation, expansion of protected areas,
increased market-based demand for more responsible land-
use practices, and a strengthening of local and regional
governments and civil society organizations provide some
cause for guarded optimism that the Amazon economy can
be set on a sustainable footing [14-16]. However, we need
to ensure the right choices are made as soon as possible,
thereby reducing the likelihood of costly or potentially irre-
versible damage to both social and ecological systems in
the region [12,17]. Science can help this process by identifying
the problems that need to be addressed first, and assessing the
long-term social and ecological implications of land-use
alternatives in planning for both regional development and
ecological conservation [2,18,19].

While there is already a substantial body of social and eco-
logical knowledge on the Amazon [11,20-22], scientists are
often criticized for failing to deliver the evidence most
needed to foster sustainability [23]. Criticisms include the frag-
mented and disciplinary nature of many research projects, a
narrow focus on specific ecological or social problems and
spatial scales, and a weak connection to local actors and
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institutions that are ultimately responsible for implementing
changes in land-use policy and management [22-25].

Here, we present the work of the Sustainable Amazon Net-
work (RAS; Rede Amazénia Sustentdvel in Portuguese), which is
a multidisciplinary research initiative involving more than 30
research institutions and partner organizations. The overall
aim of this paper is to present the conceptual and methodologi-
cal basis of the RAS initiative while also discussing many
fundamental challenges that confront research on land-use sus-
tainability across the tropics. Building on the work of a number
of earlier and groundbreaking interdisciplinary assessments in
the Amazon, including the LBA (Programa de Grande Escala
da Biosfera-Atmosfera na Amazonia) and GEOMA (Pesquisas
de Desenvolvimento de Métodos, Modelos e Geoinformacao
para Gestao Ambiental) research programmes [11,21,26], RAS
seeks to address some of the limitations listed above by asses-
sing the sustainability of land-use systems in two dynamic
regions of eastern Brazilian Amazonia. The research approach
adopted by RAS offers three advantages for addressing this
overarching goal: (i) the collection of synchronized and
co-located ecological and socioeconomic data across broad gra-
dients of past and present human use and exploitation of
natural resources; (ii) a nested sampling design that allows
comparisons of the ecological and socioeconomic conditions
associated with different land uses to be made across local,
landscape and regional scales; and (iii) a strong engagement
with a wide variety of actors and non-research institutions.

Drawing upon the strengths of our approach, RAS aims to
make important advances in understanding the sustainability
challenges facing Amazonia with regards to four broad objec-
tives. First, we aim to quantify and better understand the
ecological consequences of forest clearance, forest degradation
and exploitation, and agricultural change (including cattle
farming and silviculture) at several spatial scales. We are par-
ticularly interested in assessing the relative importance of
local- and landscape-scale variables, as well as the extent to
which past human impacts can help explain observed patterns
in current ecological condition. Our measures of ecological
condition include changes in terrestrial and aquatic biodiver-
sity, carbon stocks, soil chemical and physical condition and
aquatic condition. Our second objective is to examine the fac-
tors that determine patterns of land use, management choice,
agricultural productivity and profits (and hence opportunity
costs for conservation) and patterns of farmer well-being.
Beyond input cost, geophysical (e.g. soil type, topography)
and location (e.g. road and market access) factors, we recog-
nize the potential importance of social-cultural factors in
influencing land-use behaviours, including geographical
origin, technical support, credit access, social capital and the
importance of supply chains. Third, we plan to use our multi-
disciplinary assessment to evaluate the relationships between
conservation and development objectives and identify poten-
tial trade-offs and synergies. Here, we are interested in the
relative ecological and socioeconomic costs and benefits of
alternative land-use and management choices, and the
potential for feedbacks, multiple scale interactions and depen-
dencies and unintended (‘perverse’) outcomes. Last, RAS
seeks to help enable future research initiatives to maximize
their cost-effectiveness by examining the implications of
choices made with respect to variable selection, sampling
design, prioritization of research questions and analyses, and
approaches for engaging with local actors and institutions
and disseminating results.

The remainder of this paper focuses on describing the
key methodological components and novel features of our
research design. We highlight some of the practical lessons
and realities faced during the development of the RAS initiat-
ive so far, and identify the possible ways in which RAS could
have a lasting impact in guiding improvements in land-use
sustainability in Amazonia and elsewhere in the tropics.

2. The Sustainable Amazon Network: research
design

(a) A conceptual framework for assessing land-use

sustainability
RAS is inspired by the now well-established paradigm of
‘sustainability science’—a science that is focused explicitly
on the dynamic interactions between nature and society
and is committed to place-based and solution-driven research
across multiple scales [27,28]. Making explicit our under-
standing of the interactions among and between social and
ecological phenomena, and their relationship to an overarch-
ing sustainability agenda is critical to the effectiveness and
transparency of such a research programme.

The challenge of realizing a more sustainable development
trajectory for the Amazon region lies in identifying, protecting
and restoring the balance of ecological and socioeconomic
values necessary to maintain the flow of critical ecosystem
services and adapt to changing conditions, while also safe-
guarding the ability to exploit new opportunities for human
development. The starting point for any research programme
on sustainability is the selection of a set of socio-ecological
values that can provide a basis for assessment. Our focus in
RAS is on the conservation of forest-dependent biodiversity (ter-
restrial and aquatic), the conservation and enhancement of
carbon stocks, soil and water quality, the provision of agricul-
tural, silvicultural, timber and non-timber forest products, and
the protection and betterment of human well-being.

From this basis, the RAS research process can then
address our primary objectives in helping to quantify and
understand some of the social and ecological problems
and trajectories faced by the Amazon region, examine
interactions and the potential for costly or potentially irre-
versible impacts, and evaluate the social and ecological
costs, benefits and trade-offs associated with proposed man-
agement interventions. We view the transition towards
sustainability as a guiding vision for continuous improve-
ments in management practices rather than a search for a
static blueprint of best practice techniques. Within this frame-
work, we see the role of research as providing both an
ongoing measure of management performance and a labora-
tory for testing new ideas for positive change.

Building on earlier work by Collins et al. [19], we present a
simple framework of how we view the interacting components
of our social-ecological study system, and the hypothesized
cause—effect relationships, assumptions and feedbacks that
provide a foundation for setting specific research objectives
(figure 1). Outcomes measures (i.e. changes in valued attributes,
such as native biodiversity, ecosystem service provision and
human well-being) are captured in both the social and the eco-
logical dimensions, and through changes in the stocks and
flows of ecosystem services. Effects on these measures are felt
through the cascading effects of changes in human behaviour
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global and regional drivers
background: climate, population, policy and income

potential management and policy levers: zoning
policies, environmental regulation and compliance,
responsible farming approaches, climate and
biodiversity finance

social dimension

synthesis and interactions

ecological dimension

land-use, migration,
participation and

(institutions, organizations, (past and present) (soil, biogeography, climate)
economics) . -
environmental impacts or
human behaviour stressors biodiversity outcomes

forest loss, land-cover change,

plants, birds, fish,
terrestrial and aquatic

values fire, logging, multiple degradation invertebrates
events, hunting
access, biotically
information, mediated
incentives, ecosystem
constraints processes

human outcomes

demography,
development, equity

changes in ecosystem services

provisioning: agricultural and silvicultural
production, extraction of timber and non-
timber forest products
regulating: carbon sequestration, water
quality and stream flow
cultural: species conservation, ecotourism
and scientific discovery

ecosystem function

and habitat services
primary productivity,
maintenance of soil
condition, water quality
and nutrient cycling

social-ecological landscape properties
land cover and condition, management systems

multiple scales of interaction (property/site | catchment | region)

Figure 1. Conceptual model of study system under investigation by the Sustainable Amazon Network. Adapted from a generic framework presented in Collins et al.
[19] to illustrate how we view the interacting components of our social —ecological study system, and the hypothesized cause—effect relationships, contexts (social
and ecological dimensions and social — ecological interactions), assumptions and feedbacks between outcome measures (e.g. related to human well-being, bio-
diversity and ecosystem service provision), impacts and social and ecological processes, which together provide a foundation for setting specific research
objectives. Not all influences and feedbacks are of equal importance and no attempt is made in the model to distinguish relative effect sizes. Social — ecological
landscape properties are emergent and dynamic changes in landscape features that mediate relationships between social and ecological phenomena. System
dynamics play out across multiple spatial scales. Variables listed are those that have been studied by RAS.

and associated environmental impacts on landscape properties
and ecosystem functions. Each one of the influence arrows in
figure 1 encompasses a set of specific, disciplinary research ques-
tions. The importance of diverse human impacts (both faster
dynamics (such as fire and logging) and slower dynamics
(such as cumulative land-use change and repeated degradation
events)) in determining changes in outcome variables is
examined using a space-for-time substitution across a highly
replicated network of sampling locations and landholdings,
coupled with detailed remotely sensed time-series analysis of
past land-cover change and forest degradation. A focus of our
work is understanding the extent to which landscape properties
(often measurable from satellite and secondary data alone and
used to compare multiple landscapes) can provide adequate
proxies for understanding changes in the sustainability trajectory
of the system as a whole. As much as possible, we try to ensure
that the interpretation of our results takes account of the spatial
scale of observation, and unmeasured factors, including the
effects of external drivers such as climate change and global mar-
kets, on the study system. Last, we seek to characterize the effects

of a set of potential management and policy levers on the
long-term dynamics and outcomes of the study system (figure 1).

(b) Key RAS design features

RAS is an example of a research initiative that collects
matched social and ecological data at multiple scales and of
relevance to multiple sustainability problems (see also [29]).
A number of features of the research design adopted by
RAS offer clear advantages for addressing questions about
land-use sustainability and management.

(i) Spatial scale of assessment

Much of the existing social and ecological research in the
Amazon (and elsewhere) has not been conducted at the most
relevant spatial scales for assessing and guiding the develop-
ment of more sustainable land-use strategies. Research has
concentrated either on the entire Amazon basin, which often
depends upon very coarse-scale data and obscures critically
important inter- and intra-regional processes and interactions
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[30], or on detailed work on a few intensively studied research
sites, which captures only a tiny fraction of the variability in
environmental and land-use gradients that drive much social
and ecological change (see [10] in the case of biodiversity
research). While both large- and small-scale research is necess-
ary, much more work is needed at the ‘mesoscale’ level (i.e.
spanning hundreds of kilometres and coincident with the
scale of individual municipalities in Brazil). The RAS assess-
ment was conducted in two study regions in the Brazilian
state of Para: the municipality of Paragominas (1.9 million hec-
tares) and part of the municipalities of Santarém and Belterra
(ca 1 million hectares) (figure 2). There are several important
advantages to working at this spatial scale. The socioeconomic
and ecological data collected by RAS cover broad gradients of
change in both ecological (e.g. natural factors, such as soil type
and the extent of forest loss, degradation and land-use intensi-
fication) and socioeconomic variables (e.g. rural population
density, property size, wealth and market access), thereby
affording more confidence in the general relevance of the pat-
terns, drivers and trade-offs inferred from sample data [31].
In addition, a focus at the mesoscale facilitates assessment of
the importance of both local (farm) and regional (state and
biome) processes and objectives in a way that work focused
on either smaller or larger scales cannot readily achieve. Finally,
municipalities (or the equivalent scale of administration else-
where) are also the administrative unit with arguably the
greatest awareness of local pressures on natural resources and
social services, and the greatest responsibility for institutional
linkages between local communities and states or regions [30].

(ii) Choice of study regions

The RAS study regions of Paragominas and Santarém-—
Belterra differ both biophysically and in their histories
of human occupation and use. By collecting data from two
distinct regions of eastern Amazonia, we have a rare oppor-
tunity to better understand the extent to which inferences
derived from one region can be generalized to another.

The modern city of Santarém, once a centre of pre-Colom-
bian civilization, was founded in 1661, whereas Paragominas
was founded as recently as 1959. Recent development of both
regions has been closely associated with the construction of fed-
eral highways. Northern Santarém and neighbouring Belterra
have been densely settled by small-scale farmers for more than
a century. By contrast, Paragominas had a very low population
density prior to its colonization by cattle ranchers from southern
Brazilian states in the 1950s and 1960s, and the boom in the
timber industry during the 1980s and 1990s. Both regions are
relatively consolidated, with decreasing rates of deforestation
of primary vegetation, although on-going paving of the highway
means southern Santarém will probably experience both
increased human colonization and agricultural expansion in
the near future. Large-scale, mechanized agriculture became
established in both regions only in the early 2000s and has
increased rapidly in recent years (usually at the expense of
both pastures and secondary forest), currently occupying
approximately 40000 and 60000 ha in Santarém and Para-
gominas, respectively. Paragominas has also witnessed a rapid
recent expansion of silviculture (mostly Eucalyptus spp. and
Schizolobium amazonicum). Both regions are distinct from the
agro-industrial frontier in Mato Grosso which is dominated by
large-scale mechanized farming primarily for export [32,33].
Although mechanized farming is expanding rapidly in both

study regions, in contrast to Mato Grosso, the majority of prop-
erties are less than 1000 ha. Moreover, local and regional urban
centres still provide significant markets for cattle, and landscapes
are interspersed with a diverse array of densely populated
small-holder colonies and agrarian reform settlements.

Both Santarém and Paragominas have recently embarked
upon high-visibility, multi-sectoral sustainability initiatives;
specifically, a moratorium on expansion of soya bean from
deforested areas in Santarém, and the foundation of the
Municipio Verde (Green County) initiative for promoting sus-
tainable land-use systems in Paragominas. These processes
have strong support from non—governmental organizations,
farmer’s unions and local government, and have facilitated
the development of RAS by helping us gain trust with local
actors and institutions, tailoring the research planning and
design towards local priorities and needs, and increasing
receptivity towards project results and recommendations.

It is not viable to repeat the scale of assessment of the RAS
initiative in every tropical forest region around the world. How-
ever, by working at multiple scales and in two differing
municipalities that encompass many characteristics of eastern
Amazonia and elsewhere, such as large areas of extensive
cattle pasture, emergent mechanized agriculture and a popu-
lation that is highly mobile and dominated by small-holder
farmers, we believe that our results provide a suitable
laboratory for better understanding many of the risks and
opportunities facing the development of more sustainable
landscapes across the wider region. By concentrating our
efforts in two regions that have received particular attention
from existing initiatives in sustainable land use, our results
almost certainly will receive greater exposure to, and engage-
ment with, a wide range of decision makers. Last, a key focus
of our work is to employ our uniquely comparable and
diverse datasets to identify a subset of cost-effective ecologi-
cal and social indicators that can help guide applied research
and monitoring work in other study regions.

(iii) Sampling design

The RAS sampling design is based on a sample of 18 third- or
fourth-order hydrological catchments (ca 5000 ha) in each
region. Catchments are distributed over a gradient of forest
cover in 2009 (10-100% in Santarém; 6—100% in Paragominas;
figure 2), with detailed ecological and socioeconomic infor-
mation being collected from study transects and individual
farms within each catchment (figure 2; electronic supplemen-
tary material). Advantages to this nested design include the
potential for determining the relative importance of drivers
and constraints that operate at different spatial scales, and the
capacity to make connections between local/individual (farm)
and larger scale/public (municipality and state) conservation
and development objectives (table 1). Sampling at the catch-
ment scale also permits the integration of terrestrial and
aquatic information, and the assessment of changes in ecologi-
cal and socioeconomic variables that are highly correlated at
local scales, such as cumulative deforestation, economic activi-
ties and human population density. The 36 study catchments
(figure 2; electronic supplementary material, figures S1 and
S2) were selected to capture the full deforestation gradient,
while incorporating priority areas identified by members of
the municipal governments and farming communities (e.g.
agrarian reform settlements, traditional rural communities
and areas of recent agricultural expansion and development).
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Figure 2. The Sustainable Amazon Network nested sampling design. Distribution of study catchments (white) is shown within both Paragominas (a) and Santarém-
Belterra (b). Black circles show location of streams sampled during the aquatic assessment. Black bar charts show distribution of remnant forest cover across catch-
ments. (¢) The distribution of study transects (black lines) and the principal household of producer landowners (triangles) in the catchment of Boa Esperanca in
Santarém. Land-use classification derived from Landsat 2010 image, showing primary forest (grey), secondary forest (light grey), deforested areas (white) and major

water bodies (dark grey). (Online version in colour.)

Ecological data were collected from a sample of 300 m study
transects in every catchment, distributed using a stratified-
random sampling design, where a standard density of transects
(1 per 400 ha) was distributed across the catchment in pro-
portion to the percentage cover of total forest and production
areas (encompassing agriculture, pasture, fruiticulture and silvi-
culture; figure 2). For example, if half of the landscape was
covered by forest, then half of the transects were allocated to
forest. In catchments with very low levels of forest cover we
sampled additional forest transects to ensure a minimum
sample of three transects in all catchments. Within each of
these two land-use categories (forest and non-forest), sample
transects were distributed randomly with a minimum separ-
ation of 1500 m to minimize spatial dependence. The use of
this stratified-random sampling design provided a balance
between the need for: (i) proportional sampling of forest and
non-forest areas, and a sufficient density and coverage of
sample points to capture major differences in landscape
structure and composition among different catchments; and
(ii) a well-dispersed set of sampling points across forest and
non-forest areas that captured important environmental
heterogeneities within each catchment and across the region
as a whole, helping to minimize problems of pseudo-replica-
tion. Aquatic sampling was conducted across 50 stream sites,
each 150m long in each region, with samples distributed

along a gradient of prior human impact based primarily on
the amount of remnant forest cover in the upstream catchment
(and not constrained to terrestrial study catchments).

Socioeconomic data were collected from all rural properties
with an ecological study transect. Owing to the stratified
design, transects tended to be in larger properties and under-rep-
resent smaller farms. Therefore, we mapped all rural producers in
each catchment and sub-sampled a maximum of 20 randomly
selected properties (with at least 1 ha and producing in 2009).
Given our focus on the producer community, this sample
excluded urban and periurban areas, but could include some of
the same farms in the transect-based sample. This combination
of sampling techniques enables us to describe the dominant
socioeconomic and demographic characteristics of different pro-
ducers, and to provide a detailed socioeconomic profile of the
farming population in each catchment (figure 2). Where rural
properties had more than one household (e.g. where there are
workers or relatives living on the property), additional surveys
on household demography, origins and well-being were made
according to the total number of residences (table 1).

(iv) Social and ecological field sampling
RAS project members conducted a detailed assessment of
ecological and socioeconomic patterns and processes in
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Table 1. Remote-sensing, socioeconomic and environmental data sampled by the Sustainable Amazon Network.

variable type

remote sensing

socioeconomic

soil

vegetation and

carbon stocks

terrestrial fauna

aquatic system

variables

summary characteristics

Paragominas Santarém

biannual land-use dassification (since 1988 in Paragominas and 1990 in Santarém-Belterra); age of deforestation; frequency

and timing of forest degradation events; age and frequency of secondary forest regeneration; mapping of fire and logging

scars; indices of deforestation and forest regeneration trajectories; cover of mechanized agriculture since 2000 (MODIS

images); land-use intensity by hydrological distances between stream networks and forest remnants

property sizes in socioeconomic survey

e
” '100 300ha
) vover wn
s
e

survey modules

physical structure, soil fertlty, total Cand N, 313C

and 815N, phospholipid fatty acids (PLFA)
analysis of soil microbes, microbial biomass, soil
water soluble nutrients, soil emissions of (0,,
NH,, N;0

biomass and vegetatlon structure (mcludmg dead

wood Ieaf Iltter and structural measurements)

tree liana and paIm dlversny

dlsturbance

dung beetles

ants
orch|d bees
ecosystem functions

phy5|(a|hab|tat OSSPSR

. aquanc qua“ty OO OO SO SOOI

44 359 stems measured and

o 1052 specres

53 113 specimens
@ 300 specles
28 spec|es

number area number  area
surveyed surveyed
(ha) (ha)

R 238979”' e 62978

property characteristcs; household characteristcs, demography and

well being; productivity and inputs of different production
systems ﬁre use and |mpacts forest use (and huntlng)

3120 and 2580 soi samples from Paragommas and Santarem
respectively. Five replicates from each transect and at three
depths (0—10, 10—20, 20—30 cm). Microbial and PLFA data,
soil water soluble nutrients and soil gases emissions for
selected catchments from Santarem onIy

|dent|ﬁed and |dent|ﬁed
1118 specles
observations of fire and Iogglng scars and other damage onall

stems
364 species 377 species
85 species 99 species

34 specles

n.a. dung removal soil

turbation, and seed
dispersal by dung
beetles, and seed

predatlon by ants

237 measurements reIatlng to channel morphology, substrate
habitat complexity and cover, riparian vegetation, channel -
riparian interactions and dlsturbance

physrcal and chemical parameters of water (dlssolved oxygen

conductivity, pH, temperature, nitrate and ammonia)

(Continued.)

38 584 stems measured” “

40 664 specimens
430 specles
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Table 1. (Continued.)

variable type variables

summary characteristics

fish

 Ephemeroptera, Plecoptera and Trichoptera

Heteroptera

 Odonata

both study regions between April 2010 and August 2011
(table 1 and figure 2; electronic supplementary material).
Choices of sample variables and methods were based on
our research priorities, cost-effectiveness and the need to col-
lect a large number of representative samples [34] (table 1).
Sampling of terrestrial biodiversity focused on trees and
lianas, birds, dung beetles, ants, orchid bees and soil
microbes. In a subset of catchments, additional measure-
ments were made of ecosystem functions mediated by
beetles and ants (including dung burial, seed dispersal and
seed predation). Aquatic biodiversity (and metrics of aquatic
condition) consisted of fish and macroinvertebrate assem-
blages (table 1). Ecosystem service supply was measured
for carbon stocks (above- and below-ground) and the
maintenance of soil condition (physical and chemical proper-
ties). The habitat structure of both terrestrial and aquatic
environments was assessed using a combination of measures
of canopy openness, vegetation structure, dead wood and
leaf litter, and the morphology and substrate of stream chan-
nels. Socioeconomic data were collected on the characteristics of
study properties (such as land cover, legal status) and producer
households (including household demography, producer
origins, income, access to services, subjective measures of
well-being), costs and productivity of different production
systems (livestock, arable and perennial crops, silviculture
and timber harvesting), fire use and effects, and the benefits
and costs of maintaining forest reserves (including the extrac-
tion of timber and non-timber forest products, and risks of
invasion and theft) (table 1).

Legacy effects of past human impacts are known to be impor-
tant for both ecological and social systems, but have been poorly
studied to date [35,36]. Remote-sensing analyses were based on a
22-year time series and provide information on changes in land
use, forest extent, timing and frequency of forest degradation
and age of regeneration (see the electronic supplementary
material, table S2). These data provide the basis for validating
remotely sensed indicators of ecological and land-use change
with direct field observations (e.g. retention and loss of forest
biodiversity, forest fires and land-mechanization).

3. Practical lessons and realities from the field

The acquisition of extensive and reliable knowledge about the
Amazon is dependent on research networks that can

Paragominas Santarém
112 species 71 species
18 669 individuals 7990 individuals
. 49genera B o jeheraw S
14113 individuals 7937 individuals
9 genera ' 14 genera '
1847 individuals 543 individuals
v 9ﬂ7vspeciés - v68 svpécies N

1990 individuals 1849 individuals

effectively exploit economies of scale in shared resources and
technical expertise, recognize and make explicit interconnec-
tions and feedbacks among sub-disciplines, and increase the
temporal and spatial scale of existing studies [22]. However,
building effective multi-sector and interdisciplinary research
programmes at large spatial scales remains one of the most
difficult challenges facing sustainability science [37].

One of the greatest challenges of the RAS project has been
developing and maintaining engagement with partners from
multiple sectors, institutions, local governments, civil society
organizations and farmer associations. More than half of the
remaining forest in the Amazon lies within private land [25],
and one of the novel aspects of RAS is the collection of data
from complex landscapes with multiple owners that encom-
pass a broad spectrum of culture, wealth and education.
Establishing contact, building a minimum level of trust, and
securing permissions from more than 200 private landowners
across the 36 study catchments incurred significant costs in
time and resources. This was especially difficult in areas
with a legacy of conflict over deforestation and the exploitation
of natural resources. Such ‘transaction costs” are rarely factored
into or supported by funders of major research programmes.

Despite the challenges, most landowners recognized the
value of research in strengthening the evidence basis for
what are otherwise largely rhetorical and highly politicized
debates regarding the effects and drivers of land-use change.
The diversity of institutional partners that make up RAS,
including local organizations, and those directly concerned
with agricultural development and local conservation initiat-
ives, was critically important in building trust. While the
establishment of meaningful partnerships with very different
types of landowners (including some of the poorest and richest
farmers in the study regions) was critical for the success of
RAS, it was also important to avoid over-promising and
over-committing on the benefits to individual land owners
from project outcomes. Considerable care was taken to
manage expectations by distinguishing clearly the purpose of
research from rural development and agricultural extension,
and presenting realistic timetables for project participation
and the dissemination of results.

Maintaining a meaningful level of engagement with our
network of local partners is critical to help maximize the rel-
evance of our analyses of project data to local sustainability
problems [23]. We are keenly aware that the difficulties inherent
in giving adequate attention to the needs and problems facing
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local communities can increase the chance of drawing inap-
propriate conservation and development recommendations
from our work. We are wary of presenting and interpreting
trade-offs too simply, and we acknowledge that simplified
quantitative analyses and narratives that only take account of
a limited set of attributes can obscure important dynamics
and dimensions of value, often resulting in the marginalization
of some interest groups [38]. Although commonplace in
research projects such risks are rarely made explicit.

Within the RAS research network, we encountered many
of the problems faced by other multidisciplinary projects,
including the need to overcome differences in values,
language and modes of thinking among disciplines [22,24].
There are no easy answers to such challenges, though we
have found that co-location of researchers from different dis-
ciplines within the same field teams, use of a shared online
management platform and group exercises (such as partici-
pation in conference symposia and writing this paper) have
all helped promote constructive dialogue. RAS has its origins
in three previously independent research projects that were
amalgamated together with more partners and funding
sources into a single initiative with shared goals, budget
and management structure. While this historical trajectory
led inevitably to a more complex funding and communi-
cation system, the resulting strong sense of ownership
shared by many project members often led to a more open,
interactive and democratic decision making process during
project planning and execution.

Many of the greatest challenges in developing RAS arose
from mundane problems of coordinating the collection, proces-
sing and analysis of data. There is a need for continual
reassessment of the value and purpose of new measurements
or additional samples, and the extent to which more data are
necessary to address the priority questions. Cost-effectiveness
in time and resources are often ignored in conservation research
(e.g. in biodiversity surveys [34,39]), yet the effectiveness of
research would be significantly improved if these considerations
were consistently taken into account in project planning and
development. We suggest that complex projects such as RAS
establish ‘stopping rules’, both in the collection of more field
samples and in cutting losses in areas where progress is slow
or negligible. The marginal costs of more field data may
appear to be little, but they must take account the costs of labora-
tory and analysis work, and the transaction costs of managing
increasing project complexity.

4. Next steps: guiding improvements in land-use
sustainability

Work to address our first two objectives is ongoing in
many disciplines in RAS to assess and better understand
the ecological and socioeconomic consequences of land-use
and landscape changes, with synthesis analyses of trade-
offs and scenarios scheduled from 2013. We hope that the
outcomes from RAS can help guide improvements in land-
use policy and management in several ways. At the simplest
level, the quantification of deleterious trends in valued attri-
butes (e.g. declines in forest biodiversity, ecosystem service
production and socioeconomic values) and the identification
of key stressors can both help to identify management
priorities. A clearer understanding of spatial patterns of eco-
logical and socioeconomic condition is fundamental for

understanding the appropriate locations, scale, starting con-
ditions and potential constraints associated with any future
changes in management actions [40]. Such basic information
is still lacking for much of the Amazon region.

RAS datasets can help reconcile social-ecological objec-
tives and reveal trade-offs between farming and conservation
at multiple spatial scales by combining data on socioeconomic
and ecological values. One prominent debate concerns the
effectiveness of alternative approaches for attempting to bal-
ance conservation and agricultural activities through changes
in agricultural productivity and farming techniques, often
referred to as land-sparing versus land-sharing [41]. Under-
standing of this general problem is limited by a lack of data
on the conservation value of areas of remaining native veg-
etation available for conservation investment that are in
differing stages of degradation or regeneration, farm-scale
differences in agricultural productivity and other socioeco-
nomic variables related to human well-being and poverty,
and landscape-scale influences on local ecological and socio-
economic properties. RAS data can make a potentially
important contribution to the development of Reducing Emis-
sions from Deforestation and Degradation (REDD+) initiatives
[42], recognizing that we currently have a very poor under-
standing of the relative ecological and socioeconomic costs
and benefits of alternative forest conservation policies (e.g.
avoided deforestation versus avoided degradation and forest
restoration activities) and the interaction between such policies
and the agricultural sector [43].

Data and results from RAS ultimately aim to contribute
towards more sustainable land-use systems in Amazonia in
five overlapping areas, namely the development of: (i) best
practice recommendations for sustainable intensification and
responsible agriculture, particularly in the cattle-ranching
sector; (ii) cost-effective approaches to achieving compliance
with environmental legislation, especially in Brazilian Forest
Law; (iii) strategies for investment in forest conservation and
restoration through payment for ecosystem service schemes,
and particularly carbon finance; (iv) strategies for promoting
fire-free agriculture; and (v) municipal-level ecological-
economic zoning processes. We seek to identify potential
opportunities and motivations for more sustainable develop-
ment strategies in eastern Amazonia and elsewhere by
combining the quantitative foundation of our sustainability
assessment with input from stakeholders and work in the
political and social sciences [44].

We hope that our data will be helpful to assess how
changes in management incentives or regulatory conditions
will influence relative ecological and socioeconomic costs
and benefits. However, we also recognize that win-win
solutions are rare and often misleading. Given this, our
work seeks to give explicit consideration to possible conflicts,
compromises and synergies among multiple objectives, unex-
pected interactions and feedbacks, and the broader political
and institutional context [45].

Ensuring that the work being undertaken by RAS goes
beyond science and successfully bridges the science—policy
divide is both extremely challenging and unpredictable.
There are at least three areas where we hope that our approach
can help to increase opportunities for informing development
and conservation decision makers. First, our interdisciplinary,
mesoscale and place-based research approach increases the
likelihood that our results are relevant and applicable to
regional problems. Second, we believe that to be most effective
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the process of knowledge exchange should occur across as
broad and diverse set of actors as possible. Here, the partici-
pation of such a large group of (mostly Brazilian) students
and researchers on the one hand, with a large and diverse
array of non-research partners and associates (including
conservation organizations, farmers groups, government
agencies and individual landowners) on the other has pro-
vided the basis for multiple ongoing dialogues about our
research objectives and preliminary findings. Knowledge
exchange should not be limited to high-level executive sum-
maries for policy makers but must exploit opportunities for
shared learning and dissemination of ideas at all levels. Last,
we are developing an impact strategy that can help to target
the presentation and discussion of key results through appro-
priate media to specific audiences and demands at local,
regional and national levels.

Sustainability science needs to balance the often-conflicting
timetables of research and policy processes. As scientists we
strive to ensure the reliability, intellectual credit and indepen-
dence of our work; a process that often requires a lot of time.
However, to influence the policy process effectively, our experi-
ence is that the research process also needs to be able to
respond to limited and often unpredictable opportunities for
contributing to decisions on management and policy. Engaging
in this process requires innovative methods for interacting with

different sectors and contributing not only to the delivery of
policy-relevant research outputs as outlined in this paper, but
also to broader efforts to build the capacity and understanding
necessary to create a more sustainable development trajectory
for the Amazon region. We hope that the work of RAS can
make a small contribution towards this enormous challenge.

This paper is dedicated to the late Manoel Aviz do Nascimento (‘Nego’)
whose assistance to all aspects of RAS work in Santarém was so invalu-
able. We are grateful to the following for financial support; Instituto
Nacional de Ciéncia e Tecnologia—Biodiversidade e Uso da Terra na
Amazonia (CNPq 574008/2008-0), Empresa Brasileira de Pesquisa
Agropecuaria—Embrapa (SEG: 02.08.06.005.00 and 01.05.01.003.05),
the UK government Darwin Initiative (17-023), The Nature Conser-
vancy, Natural Environment Research Council (NERC) (NE/
F01614X/1, NE/G000816/1, NE/F015356/2 and NE/1018123), Con-
selho Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq)
(477583 /2009-1), the Fulbright Commission (RH), Sao Paulo Research
Foundation (FAPESP) (2011/19108-0), Fundagao de Amparo a Pesquisa
do estado de Minas Gerais (FAPEMIG), and the Brazilian Coordenagao
de Aperfeicoamento de Pessoal de Nivel Superior (CAPES). RM. and
JRT. were supported by Australian Research Council grant
DP120100797. We also thank the farmers and workers unions of San-
tarém, Belterra and Paragominas and all collaborating private
landowners and local government officials for their support. We are
grateful to Paulo Brando, Jamila Haider and two anonymous reviewers
for suggestions to improve the manuscript. More information about
RAS can be found at www.redeamazoniasustentavel.org.
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