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Abstract

Deforestation in the Amazon with its vast consequences for the ecosystem and climate is largely related to subsequent
land use for cattle ranching. In addition to conservation policies, proposals to reduce deforestation include measures to
intensify cattle ranching. However, the effects of land-use intensification on deforestation are debated in the literature.
This paper introduces the abacra model, a stylized agent-based model to study the interplay of deforestation and the
intensification of cattle ranching in the Brazilian Amazon. The model combines social learning and ecological processes
with market dynamics. In the model, agents adopt either an extensive or semi-intensive strategy of cattle ranching
based on the success of their neighbors. They earn their income by selling cattle on a stylized market. We present
a comprehensive analysis of the model with statistical methods and find that it produces highly non-linear transient
outcomes in dependence on key parameters like the rate of social interaction and elasticity of the cattle price. We
show that under many environmental and economic conditions, intensification does not reduce deforestation rates and
sometimes even has a detrimental effect on deforestation. Anti-deforestation policies incentivizing fast intensification
can only lower deforestation rates under conditions in which the local cattle market saturates.

Keywords: Amazon deforestation, land-use intensification, pasture management, social-ecological systems,
agent-based modeling

1. Introduction » extractive land-use activities to cattle ranching and in-

creased the activities of agribusiness including the devel-

Can intensification of agricultural land use help us pre-
serve threatened ecosystems such as the Amazon rain for-
est? If land is easily accessible, low-productivity land use
often results in a high demand for land, putting pressure on
ecologically important areas. Therefore, a common propo-
sition is to increase yields per area to ease this pressure. In
the economic literature, this proposition is often referred to
as the Borlaug hypothesis (Angelsen & Kaimowitzl, 2001
p.3). The discussion mainly focuses on crop production,
but livestock is equally important.

In the Amazon, livestock production, especially beef
cattle ranching, drives expansion of pastures into the rain-
forest (Barona et al., [2010; Pacheco & Poccard-Chapuis,
2012). While more than 60% of the deforested area in the
Brazilian legal Amazon was used as pasture by 2008, only
about 5% was used for crop production (Almeida et al.
2016)). In the last decades, the opening of the region for
national and international markets has led to a shift from
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opment of a supply chain for meat processing (Salisbury &
Schminkl 2007; [Pacheco & Poccard-Chapuis|, [2012]). This
increased the demand for agricultural land in the Ama-
zon basin considerably, also via indirect effects (Richards
et al,|2014)). The expansion of pasture leads to large-scale
deforestation with strong adverse impacts on biodiversity
and local climate, for example, reduced precipitation as
a result of lower evapotranspiration from deforested areas
(Zemp et al.l 2017). Lower precipitation in turn affects
agricultural productivity (Oliveira et all [2013) and may
constitute a tipping element with relevance for global cli-
mate (Lenton et al., 2008).

On average, cattle ranching in the Amazon is charac-
terized by extensive production systems with low stock-
ing rates compared to other regions (Pacheco & Poccard-
Chapuis, 2012). Many extensive production techniques
can be linked to environmental degradation in the region.
Slash-and-burn methods are used to fertilize the land and
may spark unintended forest fires (Cano-Crespo et al.l
2015). In many areas, nutrient-poor soils lead to fast
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run-down of pasture fertility (Serrao et al., |[1979; Myers &

Robbins| [1991)). Additionally, weed invasion, pests, com-io

paction, and erosion further promote pasture run-down
2007). The exhausted pastures are often aban-
doned and secondary vegetation starts to regrow on them
(Perz & Skolel 2003blal). However, this forces the ranchers
to replace them with pastures on newly deforested areasios
and move the frontier further into pristine forest.

Since the 2000s, there have been various efforts to re-
duce deforestation in the Brazilian Amazon
. This includes the enforcement of environmental
laws, which entails considerable costs and requires care-io
ful monitoring. As the current stagnation of deforestation
rates shows, the present policy measures have their limita-
tions (Azevedo et all, 2017). For example,
show that agents react to the current monitoring
system by deforesting smaller patches to avoid detection.us
Besides, current environmental legislation, the Brazilian
Forest Code, allows land-owners to deforest 20% of their
private lands (Soares-Filho et al., 2014)). Cutting only the
legally available areas will already lead to large losses in
biodiversity and considerable amounts of greenhouse gasesizo
released into the atmosphere (Aguiar et al., 2016).

For these reasons, policies that promote the intensifi-
cation of cattle ranching have been suggested as a viable
option to reduce deforestation (Cohn et al.,2014)). Intensi-
fication could help ranchers use the already deforested landizs
more efficiently and detain them from deforesting more.
These proposals are heavily criticized, arguing that higher
profits from intensified land use may even increase defor-

fluences and drivers (e. g., enforcement of legal protection)
in empirical data. This also makes assessments of the im-
pact of intensification policies difficult, mostly because of
the huge heterogeneity of agents and their changing im-
portance and roles in the deforestation process
2012; \Godar et al., 2014).

This paper investigates the interdependencies of inten-
sification and deforestation using a theoretical modeling
approach. Modeling has been used in the literature to
investigate these interdependencies. For example, Bow-|
man et al| (2012) use a spatial land rent model to find
that intensification policies have to be complemented by
improvements in conservation policies that disencourage
land speculation to decrease deforestation. Many land-use
models apply a procedure that determines demands for
different types of land and then allocates them geographi-
cally. They use empirically derived statistics and economic
criteria that indicating suitability of areas for different land
uses. Then, conversion elasticities determine how changing
demands translate into changes in spatial land-use pat-
terns (e.g., [Verburg et al., [2002; [Michetti, 2012; Aguiar|
2012).

To intensify their production, ranchers have to adopt
new management practices and production technologies.
Such decisions are not only based on economic considera-
tions, but are also determined by the diffusion of knowl-
edge and successful management practices via social net-
works (Feder & Umali, [1993). This has been demonstrated
and modeled for example for the adoption of new agri-
cultural technologies (Berger, 2001} [Maertens & Barrett]

estation rates (Angelsen & Kaimowitz, |1999; Kaimowitz

[2012). Therefore, it is important to consider the social

(& Angelsen, [2008)). Other authors note that the success ofiso
intensification policies cannot be determined a priori but
highly depends on the political, economic, and environ-
mental circumstances (Latawiec et al., [2014).

Empirical evidence to support the effectiveness of in-
tensification as a means to reduce deforestation in theiss
Amazon is hard to assess and at most mixed.
(2011) review some of the cattle ranching intensification
programs in Brazil that aim at the adoption of yield-in-
creasing technology. They argue that due to a lack of data,
the implementation of policies should proceed very care-io
fully as it might result in unintended consequences.
find that land-use developments in the federal
states of Mato Grosso and Rondonia are strongly linked to
market accessibility and the land distribution structure.
They cannot uncover clear mechanisms that link land-useis
intensification to expansion of the deforestation frontier.
Barretto et al| (2013)) argue that land-use intensification
in frontier regions coincides with the expansion of agri-
culture. An analysis of deforestation drivers also shows
that intensified land use is associated with higher incomes,so
which in turn can be linked to higher deforestation
|& Ferretti-Gallon, [2017). After all, huge data gaps make
the comparison of different management techniques of live-

stock systems difficult (Erb et al., [2016)). A big challenge

is to disentangle the effect of intensification from other in-iss

2

and cultural context of cattle ranching intensification. For
example, there are not only strong economic incentives
but also cultural drivers, such as the dissemination and
adoption of values that make the current practice of cattle
ranching attractive in comparison with more sustainable
land uses (“cowboy culture”, .

Agent-based approaches can capture such influences on
land-use change. They model the decisions of heteroge-
neous agents and their social and environmental interac-
tions to explain emergent patterns and dynamics at the
system level. They can therefore describe how social in-
teractions and incentive structures influence the decisions
of ranchers to use the land in a specific way. Agent-based
models (ABMs) are widely applied to describe social-ecological

systems (for reviews see |Schliiter et al., 2012; 2012;
Groeneveld et al 2017, [Parker et al) [2003; [Matthews|
et all [2007; [Heppenstall et all 2012). In the land-use

context, social-ecological ABMs are mostly developed for
small study regions, taking into account local specifici-
ties and fitting behavioral patterns to data acquired in
the field (Parker et al. [2008). There are several ABMs
in the literature explicitly developed to study the influ-
ence of socio-economic drivers on deforestation dynamics.
Many of these models use profit or utility maximization
approaches to describe land-use decisions. For example,
|Andersen et al.| (2017) provide a model of households in
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a small Bolivian community to explore the consequences
of different policy options, including the level of public in-210
vestment, a deforestation tax, and conservation payments.
The model by West et al.| (2018) is based on similar princi-
ples and focuses on the effects of direct REDD+ payments
to agricultural households. Other models use heuristic ap-
proaches to land-use decisions, focusing for example onas
colonist households (Deadman et al. [2004) and on de-
forestation outcomes under different institutional settings
(Costal [2012) in frontier regions of the Brazilian Ama-
zon. Some models also take local interactions between
individual agents into account. For example, [Mena et al.bx
(2011)) use socioeconomic surveys and demographic data
to calibrate complex heuristic decision making modules in
a model that describes households in the Ecuadorian Ama-
zon. Manson & Evans (2007) combine different decision-
making approaches in a genetic programming frameworkzzs
to model deforestation in Mexico. However, none of these
models integrates social influence processes and their role
for land-management decisions.

This paper presents the abacra (agent-based amazo-
nian cattle ranching) model, a stylized ABM to investigatezso
under which circumstances intensification of cattle ranch-
ing can reduce deforestation in Amazon frontier regions.
The model described in Section [2| of this paper combines
simplified representations of the social, economic, and eco-
logical processes that we judge most important for the pur-2s
pose of this study. It differs from the above-mentioned
ABMs by specifying heuristic land-management strategies
and capturing how these change as a result of social influ-
ence. Such a combination of approaches has been identified
as a promising representation of human decision making inaso
social-ecological models (e. g., [ Muller-Hansen et al., [2017)).
The model serves as a proof of concept that the combina-
tion of non-standard decision-making with local and social
interactions can help to understand and explore the emer-
gent system-level outcomes of social-ecological systems. Itas
does not aim at producing concrete numerical predictions
or scenarios of future land use in the Amazon.

After introducing the model, Section [3| provides a de-
tailed analysis of the model results to demonstrate its dy-
namics, using data from the frontier region around Novoaso
Progresso in southern Pard. Sections [] and [] discuss
broader implications and limitations of the results and con-
clude the paper.
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2. Model description

In this section, we describe the details of the abacra
model that we use throughout this study. A full descrip-
tion according to the ODD+D protocol (Miiller et al.|
2013) is provided in the supplementary material. 260

2.1. Owverview

The model is designed to investigate the interrelation
between intensification of cattle ranching and deforesta-

tion in an Amazon frontier region. Furthermore, it demon-
strates how social learning dynamics can be combined with
heuristic land-management strategies and market dynam-
ics to integrate social, economic and ecological dynamics.
The model is designed for researchers interested in tropical
deforestation, land modeling and complex social-ecological
systems.

The model comprises a large number N of ranchers
with their respective land properties. The ranchers inter-
act with their local environment by decisions to convert
forest into pasture and managing this pasture. The land
area of every ranch is divided into three different land-
cover categories (forest, pasture, secondary vegetation).
Furthermore, the pasture productivity and the soil quality
of areas with secondary vegetation decribe the environ-
mental quality of the land. Land-cover succession equa-
tions trace deforestation, land abandonment, and forest
regrowth, while two other dynamic equations describe the
evolution of the productivity of pasture and secondary veg-
etation.

The ranchers are characterized by their savings and
their land-management strategy. The decisions of agents
are captured by heuristic strategies depending on economic
and ecological constraints. Agents can follow either an ex-
tensive strategy, corresponding to traditional cattle ranch-
ing with fallow periods and slash-and-burn fertilization, or
a semi-intensive strategy. In contrast to intensive cattle
ranching that relies mostly on externally produced feed-
stock, semi-intensive cattle ranching increases the produc-
tivity of the pasture on which the cattle graze by inputs
such as machinery and fertilizers. The choice of the land-
management strategy is modeled as a social learning pro-
cess: Agents are located on a geographic network repre-
senting neighborhood and acquaintance relations. They
imitate the successful strategies of their neighbors. Key
parameters of the model describe the cattle market de-
mand and the time scale of social learning.

The model is discrete in time ¢ and each time step rep-
resents one year, thereby abstracting from seasonal varia-
tions. The simulation for each time step proceeds in the
following sequence:

First, the agents make decisions about their land-use
activities, based on the previous state of their environ-
ment and their economic situation (Secs. to[2.6). Sec-
ond, based on the previous state and the decisions, the
system evolves according to the environmental dynamics
(Sec. [2.2). Third, all ranchers receive revenues for the
cattle they produced (Secs. and. Finally, ranchers
imitate their neighbors’ land-management strategies with
a probability depending on the difference of the rancher’s
consumption with its neighbor (Sec. .

The model is implemented in python, using various
packages of the python ecosystem (numpy, scipy, pandas,
networkx) to combine the data with the dynamics de-
scribed aboveE| This language was chosen to allow an easy

IThe code is available from www.github.com/fmhansen/abacra.
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parallelization of model runs on the high performance clus-
ter computing infrastructure of the Potsdam Insitute foraso
Climate Impact Research.

In the following, we describe the different parts of the
model in detail. Table [2] gives an overview of the variables
used for the formalization.

285

2.2. Ecological dynamics

Each agent ¢ has a ranch with a constant area X that
is covered by forest F}, pasture P;, and secondary vege-
tation S;. Thus, Fy + P, + S; = X, where we dropped
the index 7 indicating the rancher. Land-cover changes
such as deforestation and land abandonment are traced
by land-cover succession equations (cp., e.g., Satake &
Rudel, 2007). At each time step, pasture land can be cre-
ated through deforestation d; or reuse of land previously
covered by secondary vegetation r;. Pasture with area a;
can also be abandoned, leading to secondary vegetation
regrowth. The change in pasture land is given by

Pip1 =P+ di + 1 — ay, (1)
where d;, r;, and a; are rates per year in units of area. The290
dynamics of forest and secondary vegetation are given by
(2)

Ft+1 = Ft + Tn’UtSt - dt and

Sit1 =X — Py — Fy

=S¢ — rpueSy 4 ag — 1y,

(3)

where r, is a parameter that describes the natural recovery
from secondary vegetation to mature forest. The defor-
estation d;, abandonment a;, and reuse r; are control vari-
ables determined in the rancher’s decision process. The
land-cover dynamics for a single ranch are illustrated in

Fig. [

¥

Land reuse & / l \Deforestation
abandonment Pasture

Figure 1: Illustration of the conversion of land for single ranches
in the model. The total area of a property is divided into three
land-cover types that can be converted by land management with?®
rates d (deforestation), a (abandonment), and r (reuse). Secondary
vegetation regenerates with a rate proportional to a natural recovery
parameter 7y, and the productivity of secondary vegetation v. Cattle
raised on the pasture generate revenues for the rancher.

The pasture land is furthermore characterized by an
average productivity ¢;. The agent can decide how much

cattle to place on the pasture. Pasture productivity is
decreasing if the stocking rate l; = L;/P; is high, i. e., there
is a high number of cattle L; per area on the pasture. The
model formulation implicitly assumes here that the herd
size of ranchers is variable through acquisition and sale of
calves and the ranchers adjust it to their requirements (cp.
Quaas et al.,|2007). The decay of pasture productivity can
be reduced by a management effort m;, which subsumes
various processes like fertilization, adoption of new grass
species, fencing, and maintenance work.

For describing the dynamics of the pasture productiv-
ity, we chose the simplest decreasing dynamics with a lower
zero bound, i.e., an exponential decay. Deforestation and
reuse add land area to the pasture with productivities g4
and vy, respectively. Furthermore, abandonment lets the
pasture area shrink. Averaging over all these changes and
weighting with the respective areas gives the following dy-
namics for pasture productivity:

(1 =Bl —my))qe (P — ar) + qade + vire
Pt + dt + T+ — ag

qt+1 = . (4)
where [ is the rate of degradation, I; is the stocking rate
of the pasture, and m; is a management effort that can
counteract pasture degradation.

Finally, the variable v; tracks the productivity and re-
growth on land areas with secondary vegetation. It follows
a similar dynamics as the pasture productivity, but with an
exponential approach to the natural relative productivity
v* = 1 with rate rg. The other terms stem from weighting
and averaging for additional and outgoing areas, similar

to Eq. [

(e +7rs(1 =) (St — 7¢) + arq
Sy —ri +ay )

Vpg1 = (5)
In summary, the ecological state of each ranch has four
degrees of freedom (P, F}, qi, and vy).

2.8. Economic dynamics

There are five control variables of the ecological dy-
namics, representing the possible decisions for the rancher:
The management m;, deforestation d; and reuse r; are as-
sociated with a cost per area. The income of the agent is
realized from selling cattle y, = [, P,q;/T, at a price of p.
(per head), where T), is the average time that cattle have to
spend on the pasture until they can be slaughtered. Thus,
the income of the agent is given by:

I = pli Prqi /T, — cpdy — crry — oy Py,

(6)

where cp and ci are the cost of deforestation and reuse
(per area) and ¢, the cost of management (per area and
effort).

This income can either be consumed or saved by the
rancher, resulting in the following dynamics for the accu-
mulated savings:

kiyr = (14 0)ke + Iy — Cy, (7)
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with an interest rate . The income spent for consumption
C; also comprises a control in the model. Note that the
savings can also be negative, such that they effectively
represent the debt of the rancher. For reasons of simplicity,
we assume here a fixed saving rate s, such that Cy = (1 —
S)It.

2.4. Decision making of agents and land-management strate-

gies

The decision-making functions of agents are the center-
piece of the abacra model. They determine the amount of
deforestation, abandonment, reuse, stocking rate, and pas-
ture management in every time step. Because the land-use
decisions may depend on many factors such as location,
available resources, weather, beliefs about future prices
and policies, and the choices of other agents, it is espe-
cially challenging to capture them appropriately in a styl-
ized model.

Here, we use a heuristic decision approach for model-
ing the decisions of the ranchers. Heuristics are rules of
thumb, often formalized as decision trees, that help agents
to evaluate available information and choose actions that
lead to more desirable outcome over less desirable ones (for
a recent review, see (Gigerenzer & Gaissmaier, [2011]).

As evidence from surveys suggests, land use decisions
are not only based on monetary incentives but strongly
influenced by social preferences (Garrett et al., |2017]). Be-
cause of limited empirical data on actual decision processes
in the system under consideration, we made the follow-
ing simplifying assumptions for the agents’ decision func-,
tions. We capture the social aspects of land-use decisions
in our model by a heuristic land-management strategy that
an agent adopts. This strategy determines how an agent
makes use of the land. In the model, we implement two
idealized strategies, an extensive and a semi-intensive land
management strategy. They correspond to typical individ-
ual land-use trajectories in the Amazon.

360

2.5. Fxtensive strategy

The extensive strategy represents traditional approachess
to cattle ranching with fallow periods and slash-and-burn
fertilization. It is characterized by low stocking densities.
The pasture productivity decreases over time and has to
be renewed by fallow periods and slash-and-burn practices.

The decisions to deforest or reuse (i. e., slash-and-burn)smw
an area D or R are determined as follows. First, the re-
spective savings for covering the conversion costs c¢p or cg
have to be available. The conversion can only take place,
if there is enough forest F; or secondary vegetation S;.
For the extensive strategy, the managed pasture cannot
exceed a fixed fraction of the total area pp,., because the,,
rest is set aside as fallow land. Finally, the expected ad-
ditional income ngp = peleDqa/Ty (or 17, = pliRvi /T,
for reuse) from the additional pasture is compared to the
cost. If the investment is paying back within a time pe-
riod Tyec, the investment is made. If both deforestation,,,
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Figure 2: Sample trajectory for illustration of the dynamics of a sin-
gle ranch with extensive strategy, showing (a) the areas of different
land use: pasture (light green), forest (dark green), and secondary
vegetation (magenta) and (b) savings (blue), pasture productivity
(brown), and secondary vegetation fertility (magenta), which are dis-
played in arbitrary units (a.u.).

and reuse are profitable, then the option with the higher
expected additional income is chosen. The latter depends
on the expected cattle price times the expected amount of
cattle that can be produced on the new pasture. An area
A of land is abandoned if pasture productivity falls below
a certain threshold gy, and this land was used as pasture
before.

The extensive strategy does not use the pasture man-
agement option (m; = 0) and the stocking rate is fixed
at a low level I; = lept. The logic of the decisions are
illustrated as two decision trees in Fig. [d] For the imple-
mentation of the model, we used Heaviside step-functions.
The equations are given in the supplementary material.

Fig. 2| shows a sample trajectory of a single ranch with
the extensive strategy. The strong oscillations in the tra-
jectory result from the thresholds in the decision functions.
The agent has to reinvest into deforestation and reuse of
secondary vegetation in order to improve the pasture pro-
ductivity every few years.

2.6. Semi-intensive strategy

The semi-intensive strategy, corresponding to cattle
ranching with various industrial inputs and pasture im-
provement techniques, has higher stocking densities but
also higher costs for inputs. Agents invest in inputs for
pasture maintenance such as fertilizers and fencing for pas-
ture rotation, but also in measures such as better adapted
grass and cattle species, improved pasture seeding with
legumes, or additional concentrated feed to improve pas-
ture and livestock productivity.
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The semi-intensive strategy is implemented in the fol-
lowing way: Deforestation D occurs if there is enough pri-
mary forest on the property left and the agent has sufficient
savings to cover the deforestation cost. Furthermore, the
agent evaluates whether it is possible to recover the invest-
ment within a certain time period T}, assuming that the
economic circumstances remain constant: The agent com-
pares the expected income Igmp = pcliDqa/Ty, — ey D
from using a newly deforested area to the deforestation
cost. The agent uses a similar logic to determine whether
it is profitable to convert an area of secondary vegetation
R back to pasture. As for the extensive strategy, the de-
cision between deforestation or reuse to get new pasture
results from a comparison of the expected income increases
of both options. An area A of pasture is abandoned if the
ranching activity is not profitable anymore.

For the semi-intensive strategy, the deforestation costs
are higher by the intensification cost ¢;. This also has to be
considered in Eq. [] by subtracting the intensification cost
cr(dy + r¢) for converted areas. Similarly, when adopting
this strategy, the cost for converting existing pasture cy Py
has to be subtracted from the savings stock, Eq. []] A
formulation of these rules in terms of Heaviside functions
is provided in the supplementary materials.

The semi-intensive strategy uses the pasture manage-
ment option m; = M, where M is a constant. The stocking
rate is higher than in the extensive case l; = [t > legt.
A sample trajectory for this strategy is shown in Fig.
Here, one can observe that most of the forest is deforested
quite fast and the decline of pasture productivity is much
slower because of pasture management.

Evidence for the proposed kind of heuristic behavior
was obtained in personal interviews by one of the co-au-
thors (E.D.-N., unpublished fieldwork carried out in 2016
in the states of Parda and Mato Grosso along the highway
BR-163). Ranchers tend to invest in new pasture if they
can recover their initial investment in a time period below
a threshold of about 5-8 years. Furthermore, the valuation
of land is an important factor for decision making of ranch-
ers. Because our model does not contain a description of
the land market, we do not consider this in our analysis.

2.7. Local interaction: strategy imitation between agents

In the abacra model, we reduce the potentially com-
plex process of adopting a land-management strategy to a
social imitation process on a geographic network and as-
sume that the adoption of a certain management strategy
only depends on the agent’s own success and its compari-*°
son with the neighbors (cp. (Traulsen et al. [2010; Wieder-
mann et al., [2015). The agents are modeled on a network
that represents neighbor relations as illustrated in Fig.
This simplifying assumption is motivated by evidence from
the literature that neighbor interactions play an important*s
role in deforestation decisions (Robalino & Pfaff] |2012) and
the role of networked social interactions in various envi-
ronmental contexts (Currarini et al.,|2016|). Furthermore,
word-of-mouth recommendation has been identified as one
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Figure 3: Sample trajectory for illustration of the dynamics of a sin-
gle ranch with the semi-intensive strategy: (a) areas of different land
use: pasture (light green), forest (dark green), and secondary vege-
tation (magenta). (b) savings (blue), pasture productivity (brown)
and secondary vegetation fertility (magenta), which are displayed in
arbitrary units (a.u.).

of the most important determinants for the participation
in sustainable ranching programs (zu Ermgassen et al.|
2018)).

We implement the neighbor interactions as follows: The
simplest assumption for the timing of interaction events is
that they are equally probable for every point in time,
i.e., they occur with a constant imitation rate A. Such
a stochastic process is called Poisson process and is de-
scribed by a rate A (Van Kampen) 2007). The number of
interaction events K in one time step of the model is then
given by a random number drawn from a Poisson distri-
bution with rate A. For each interaction event, a random
node i of the network and a random neighbor j of this
node are chosen. Then, i imitates the strategy of j with a
probability given by a hyperbolic tangent function of the
difference between the agents’ consumption C; (cp. Wie-
dermann et al.l 2015)):

P, = % (tanh(o/(C — C1)) +1) . (8)
However, the imitation of the intensive strategy is only
possible if an intensification cost per area ¢y can be cov-
ered. This cost can also be payed by a credit (modeled as
negative savings) up to a certain limit k,,,;,,. The imitation
process results in a faster spread of production strategies
that generate more income.

2.8. Interaction between all agents: the cattle market

Additionally to the local imitation, the model captures
how ranchers interact on a cattle market, which determines
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the price that ranchers can realize when selling their cattle.
We model the price as given by a demand curve that rep-ss
resents the demand side of a local market for cattle. The
price response to changes in cattle quantity Y = 3" ¢; P;l;
is modeled by a constant elasticity function

e, (9)s00
with price elasticity of demand . A high price elasticity
means that a slight change in price leads to a high change
in demand. Put the other way around, a large change
in the quantity leads to a slight change in price. A low
elasticity thus implies a strong price reaction to a change
in the produced quantity. This relation is illustrated in
the upper right of Fig. [5| where the yellow demand curve
corresponds to a lower elasticity than the green one.

The price elasticity allows modeling different market,_
settings: The price elasticity is lower and thus prices are
more sensitive to changes in quantity in regions with a
market that is not well integrated into national or inter-
national markets. If markets are well connected to bigger
markets, the prices will not be affected much by changes,_
in locally produced quantities but rather by external price
fluctuations. The special case of fixed prices (ranchers be-
ing price takers) is effectively equivalent to very high price
elasticities: in this case, the exponent in Eq. [J] gets close
to zero such that the dependence on Y becomes negligi-_
ble and the curve approaches the constant a,. Instead of
studying the case of fixed prices separately, we will look at
very high values for the price elasticity.

De = apY
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2.9. Input data and parametrization o5

We use different data sources to estimate parameters
of the abacra model. The details are given in Table
Some of the parameters, especially those related to deci-
sion making, cannot be determined from the data. We
analyse the sensitivity of model outcomes on such inputss
parameters further in Sec.

The model uses the following input data for initial con-
ditions and set-up of the network: Initial values for pas-
ture areas are approximated from deforestation data from
PRODES| using the data from 2000 as initial conditions.ss
For comparison with other initial conditions, we also test
initial conditions corresponding to the deforestation extent
in 2016. The initial conditions for secondary vegetation
are set to zero. Initial values for the soil productivity ¢
are randomly drawn from a uniform distribution of valuesss,
between 0 and 1. Furthermore, we allocate initial sav-
ings to the ranchers drawn from a log-normal distribution
with mean 200 and standard deviation 100 BRL per ha of
property area.

We apply the model framework on the study region
around Novo Progresso in the Brazilian Amazon. We
choose the region because it is characterized by strong
deforestation in recent years and a high share of cattle
ranching on deforested areas. However, the model should

be easily adapted to other regions and could be scaled to
larger regions.

We use property data from the Rural Environmental
Registry (Cadastro Ambiental Rural,|CARJ 2018)), a geoin-
formation tool that helps the administration to monitor
land owners’ compliance with the Forest Code (Azevedo
et al., [2017)). Between 2000 and 2016, average deforesta-
tion on CAR-registered properties in the Novo Progresso
region was 9.5 ha/year with an average property size of
563 ha. In total, about 28% of the forest area on registered
properties has been cleared by 2016 (own calculations us-
ing PRODES|and |CAR)).

We use the CAR data to get a representative hetero-
geneity of property sizes and construct different neighbor-
hood networks. However, the CAR data is incomplete and
contains unsettled land claims, which leads to overlapping
properties. To avoid inconsistencies, we remove properties
with large overlap by via visual inspection of the data set
in a GIS program. Like this, we remove properties that
overlapped with more than a small part of their total area.
Figure @(a) shows the municipality of Novo Progresso and
its adjacent municipalities as well as the limits of proper-
ties in the CAR data.

To construct the network, we apply a function on the
distance between properties (nodes) determining whether
they are connected or not. The simplest method connects
all properties closer than a specific threshold. We test the
model with networks for different thresholds and chose 10
km because this results in a good balance between overall
connectivity of the network and an average degree that is
in a reasonable range for social contacts. This network has
4012 nodes and an average degree of about 81.

We also test probabilistic methods for constructing neigh-
borhood networks, for which the probability of being con-
nected decays exponentially with the distance between prop-
erties. Furthermore, we constructed geographic networks
that have a proportion « of links replaced by random links.
We call these links teleconnections because they are in-
dependent of the spatial embedding of the network and
therefore represent social interactions over distance. Fig-
ure@ (b) shows the network constructed from the property
data without teleconnections. For the model simulations,
the initial strategies are set as follows: all properties start
with the extensive strategy except the ones within a range
of 10 km from the major cities, which start with a 50%
probability with the semi-intensive strategy. The colors of
the network nodes in the figure indicate initial conditions
for the agents’ strategies.

3. Model analysis and results

After introducing the model design in the previous sec-
tion, this section discusses system-level outcomes of model
simulations with interacting agents.



Table 1: Description, symbols, and values of parameters in the presented ABM. Where applicable, ranges in the literature for the parameter-
ization with the corresponding sources or own calculations are indicated.

parameter symbol default range unit sources and comments
value

deforestation cost 15 1500 1000 - 3000 BRL/ha* difference in land prices
between pasture and forest
from [FGVIBRE

reuse cost CR 500 500 - 2000  BRL/ha

pasture maintenance cost Cm 150 150 - 300 BRL/ha estimated using IMEA

intensification cost cr 500 300 - 1000 BRL/ha zu Ermgassen et a1.| 42018|)

live cattle price 5 34-64 BRL/kg SEAB

slaughter age T, 3 25-3 years Tab. 4 in [Pacheco & |
[Poccard-Chapuis| (2012)

cattle weight at slaughter (3 500 470 - 520 kg Tab. 4 in [Pacheco & |

years) [Poccard-Chapuis| (2012)

initial life cattle price p:(0) 2500 1600 - 3330 BRL/head live cattle price x weight at
slaughter

average stocking rate lexty line 0.8, 1.6 0.5-2.0 head/ha Tab. 3 & 4 in Ml
[Poccard-Chapuis| (2012)

saving rate S 0.25 0.15-0.3 gross domestic savings
World Bail)

natural recovery parameter T 0.013 1/year corresponding to a half-life
of about 50 years

regeneration of soil quality of rs 0.06 1/year corresponding to a half-life

secondary vegetation of about 10 years (Davidson |

parameter of pasture 15} 0.15 corresponding to a half-life

degradation 1/head/year of 3 - 4 years for degradation

productivity of pasture after qd 1 arbitrary determines scale

deforestation units (a.u.)

threshold on ¢ for abandonment gy, 0.2 a.u.

relative deforested, abandoned D/X, 0.05 0.02 - 0.1 relative for deforestation, estimations

and reused areas R/X, area with yield 0.08

A/ X

maximum relative pasture for Pmaz 0.5 relative

extensive strategy area

timeperiod for investment Tree 7 years information from personal

decisions interviews: 5 - 8 years

management effort M 1.5 a.u.

maximal credit for Kmmin 200 BRL/ha

intensification

imitation rate A 1 0.001 - 10 1/year

price elasticity of demand € 10 0.1 - 1000

share of teleconnections «a 0.02 0-0.1

* Prices are in 2010 Brazilian Real (BRL), areas are in hectare (10,000 m?)
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3.1. System-level dynamics

For parameter settings with a high imitation rate A and
high elasticity of demand &, the initially small number of
agents with a semi-intensive strategy increases over time®®
until almost all agents use this strategy. This happens
because the increase in produced cattle does not decrease
the revenue per area significantly. Further deforestation
allows more cattle to be raised and thus increases overall
income, which can be reinvested to deforest more. 610

Fig. [7| shows the key variables of an ensemble of model
runs with such a parameter setting (the other parame-
ters are given in Table . The shaded ranges indicate
the variation of variables due to different realizations of
the stochastic processes in the model. The figure shows
that most of the forest is already deforested and converted®s
to pasture in the first 30 to 40 years of the simulation
(panel a). Panel [7{b) shows that after an initial peak in
pasture productivity stemming from newly deforested pas-
tures with a high initial productivity, ¢ drops because of
ongoing pasture degradation. Later, it increases as more®®
and more agents use pasture management to improve their
pasture productivity. The productivity of secondary vege-
tation is initially low, but increases as the soil regenerates.
The agents’ savings are low at the beginning and accumu-
late at the end of the simulation as many agents have al-°%°
ready deforested all of their area and cannot invest in more
pasture. The fraction of ranchers that adopted the semi-
intensive strategy in panel c) increases rapidly, because
they have the possibility to borrow money for intensifica-
tion. In a scenarios in which this option is not available,®*°
they first have to accumulate the savings to cover intensi-
fication costs, which slows down the increase. For higher
imitation rates and higher cattle prices, this fraction in-
creases more rapidly. Panel [7(d) finally shows how the
produced cattle quantity Y increases rapidly in the first®s
40 years. After all forest has been converted to pasture,
there is a slow decay due to pasture degradation. The
cattle price p. hardly changes because of the high price
elasticity.

For comparison, Fig. [§] displays the results of model®
simulations with similar parameterization except for a lower
imitation rate and lower elasticity. Here, one can ob-
serve that because of the low imitation rate, the number
of ranchers with a semi-intensive strategy increases only
slowly (Fig. [8c). This leads to the abandonment of de-5
graded pasture and an increase in secondary vegetation
(Fig. ) Furthermore, the low price elasticity of demand
leads to a strong reaction of prices to increasing produc-
tion at the beginning of the simulation, as a comparison
of Figs. [7| and [§ in panels (d) illustrates. As the pastures®®
degrade and production goes down, the price recovers to-
wards the middle of the displayed simulation time. At the
end of the simulation, prices decrease again because inten-
sification sets in and cattle production increases. In the
long run, the lower revenues lead to less savings (Fig. )655
and thus slow down deforestation, as Panela) illustrates.

A formal analysis of the asymptotic dynamics of the
model is difficult because the system is very heterogeneous
and stochastic. Long-term simulation results suggest that
there are (quasi) stable states and cyclic asymptotic dy-
namics, depending on the parameter regime. They are
only reached after long transients (several hundred years)
as an effect of the slow forest recovery dynamics. We do
not analyze them in detail, because we are interested in
deforestation, which is mainly a transient phenomenon.

3.2. Sensitivity analysis

Here, we present an analysis of how model results de-
pend on specific model parameters. Several parameters are
difficult to estimate due to a lack of data and therefore a
sensitivity analysis is crucial. Parameters may also change
over time and an analysis of the dependence of model out-
comes can illustrate how trends in external drivers of the
system might influence model outcomes. We focus our
analysis on six parameters describing costs and prices as
well as the imitation process. An exploration of further re-
sults indicates that variations of other parameters do not
lead to qualitatively different model behavior.

Price elasticity of demand and deforestation cost are
crucial for the revenues and production costs of ranch-
ers. They have a direct influence on the production of
cattle and the rate of deforestation. A lower elasticity in-
hibits the expansion of cattle production and deforestation
(Fig. E[), while higher deforestation costs slow down defor-
estation (see Fig. S1). The former is due to a saturation
of the local cattle market. The effect of both parameters
on intensification is limited.

The four parameters imitation rate, intensification cost,
limitations to intensification credit, and teleconnection share
influence the imitation of strategies and therefore directly
impact the speed of the spread of the semi-intensive pas-
ture management strategy. Fig. shows how a lower
imitation rate leads to a considerably slower spread of
the semi-intensive strategy. This also leads to a lower
cattle production and deforestation. A higher intensifi-
cation cost inhibits fast intensification and thus the ex-
pansion of pasture and cattle production (Fig. S2). The
same applies for low limits to credit that a rancher can ac-
cess (parameter k). If ranchers cannot access credit at
all (kynin = 0), the intensification process is considerably
slowed down (Fig. S3). Finally, the share of teleconnec-
tions has only limited influence on the speed of intensifi-
cation. However, if we do not add teleconnections to the
network of neighboring ranches, some of the ranches are
isolated. Therefore, they cannot adopt the semi-intensive
strategy at all. This leads to a saturation of the intensifi-
cation share below 1 (Fig. S4).

To make it more systematic, we extended the analy-
sis to aggregate measures of the transient model behavior.
Because this study analyzes on the interaction between
intensification and deforestation, we focus on the impact
of different parameter combinations on the average defor-
estation. Figures [I1] and [I2] show the mean over the first
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50 years after model initialization, because this is the pe-
riod in which most of the deforestation happens (compare
Figs. |7 and . 715

In Fig. the average deforestation is plotted depend-
ing on the elasticity of the cattle demand function as well
as the imitation rate (both on a log-scale). The results
match with observed mean deforestation rates on proper-
ties ranging between 3 and 20 ha/year (own calculationsro
using [PRODES| and [CAR)). The figure shows that for low
imitation rates and elasticities, the average deforestation
is in the medium range of 3-4 ha/year. For low elasticity,
this decreases with a higher imitation rate, which is as-
sociated to faster intensification. For a high elasticity ofrs
demand, this relationship is reversed: A higher imitation
rate increases the higher deforestation rate even further.

If there are high intensification costs and agents do
not have access to credit, the intensification under high
imitation rates is hampered. Therefore, such conditions
will not result in an increase of deforestation under high
imitation rates (see Fig. S5). 730

We also test other parameter ranges indicated in Ta-
ble [I] and find that even though they may influence the
results quantitatively, they do not change the model out-
comes in a relevant way. For instance, variation of the
parameter determining the relative areas that agents caniss
deforest preserves our main findings(see Fig. S6).

The results presented here are properties of the tran-
sient dynamics of the system, not equilibrium or asymp-
totic states. Therefore, they depend on the initial condi-
tions of the system, especially on the initial pasture areas,mo
pasture productivity, and savings. We test the dynamics
for different settings of initial conditions and find for all
of them that an increase in imitation rate does not reduce
deforestation rates if elasticity is high.

745

3.83. Network effects

Apart from the influence that certain parameters and
initial conditions have on the model outcome, we also in-
vestigate the influence of the topology of the underlying
neighborhood network. To account for long-range social™®
ties (i.e., family and friendship relations independent of
geographic distance), we test how the spreading of land-
management strategies on the social network changes. For
this we replace a fraction of local links by teleconnections,
i.e., random links that are independent of the spatial em-°
bedding (cp. Sect. [2.9).

For random initial conditions with a spatially uniform
distribution, the spreading does not change strongly when
replacing a fraction a of local connections with telecon-
nections. With initial conditions for which ranches with7®
semi-intensive strategies are spatially concentrated (e.g.,
around local cities or main roads), the additional telecon-
nections accelerate the spreading of the strategies consid-
erably. Under parameter settings where the semi-intensive
strategy is favored, the intensification process is therefore’
accelerated by the introduction of teleconnections.

10

Figure [I2 displays the average deforestation rate de-
pending on the share of teleconnections in the network
and the imitation rate. For medium imitation rates, the
influence of the teleconnection share on the deforestation
outcome is small compared to other effects in the model.
The figure suggests that adding teleconnections has the
same effect as slightly rescaling the imitation rate.

In addition to the network construction as described
in Sect. we also test a method for network construc-
tion that links nodes with a probability that decays expo-
nentially with distance (Waxman, [1988). This results in
changes in the network structure because the threshold on
the distance is replaced by a characteristic length for the
decay. It has only very limited effect on model outcomes
and does not change them in a relevant way.

4. Discussion

The model analysis above showed that already a styl-
ized model including a few feedbacks and representing
the heterogeneity of agents yields rich non-linear dynam-
ics. The model design implies that only price effects, lim-
ited access to credit, high costs for investments, and con-
straints on decision making impede total deforestation in
the abacra model. For these assumptions, we find that
deforestation can only be curbed by intensification if price
elasticity of demand in the model is high and the cattle
market saturates at some point.

The elasticity in the model can be interpreted as a mea-
sure of integration of the local cattle market into national
or international markets. With ongoing globalization and
building of infrastructure in the Amazon (de Toledo et al.,
2017)), the elasticity of demand for local markets rises such
that markets will not easily saturate.

Especially with the pavement of the BR-163 highway,
our example region around Novo Progresso is increasingly
well accessible and connected to the rest of Brazil (Fearn-
sidel 2007)). Therefore, a high degree of integration of the
local cattle market into national and international markets
is probable (Gollnow et all |2018). In our model, this is
represented by a high elasticity of demand approximating
a purely price-taking supply side. However, there may be
differences also within the region, for example regarding
the accessibility of properties far away from the highway
(Weinhold & Reis| 2008).

We can similarly interpret the share of teleconnections
in the network: with ongoing technical progress, the inter-
action between ranchers that are not located in the same
neighborhood will increase. The model results suggest that
this only has a minor effect on the deforestation outcomes.
Furthermore, if the costs for intensification are high, lim-
itations on credit hamper the increase of deforestation in
the model. This may reflect the success of policies lim-
iting access to agricultural credits in municipalities with
high deforestation rates (Assungao et al., 2013)).

The model analysis indicated that the exact trajecto-
ries depend on the parameterization of the implemented



770

775

780

785

790

795

800

805

810

815

820

decision processes and initial conditions. The decisionss
rules used in this model are derived from a survey of the
literature and are tuned to reproduce observed land-use
patterns in the region. However, there are no empirical
studies on the motives, goals and decision procedures of
agents, which makes it difficult to construct sound deci-s:
sion functions. Further research in this direction is needed
to improve the validity of model results, especially the col-
lection of evidence on how agents in frontier regions make
decisions about land use. Furthermore, there often remain
many indeterminacies when deriving decision rules fromsss
empirical observations even if plenty of data is available.
This gap can be bridged by comparing different decision
making strategies of agents in a model with empirical data,
for instance using inter-temporal or myopic optimization,
satisficing, and individual learning approaches. Separat-swo
ing between single intensification practices and techniques
would furthermore result in a characterization of inten-
sification as a continuous process, helping to answer for
instance the question which level of intensification would
be individually and socially optimal. 845

To date, intensification of cattle ranching in the Ama-
zon is slow (Sparovek et all |2018]). Especially in remote
areas, there is limited access to transportation infrastruc-
ture, energy, and labor. Furthermore, the land tenure sys-
tem and land market play an important role for deforesta-sso
tion dynamics because deforestation is a means for agents
to lay claim to land and later get land titles through regu-
larization processes (Barretto et al., [2013; |Sparovek et al.)
2015)). This can make deforestation a speculative invest-
ment. We did not account for these factors in the abacrasss
model, but future extensions focusing on any of these is-
sues could be used to investigate their interplay with in-
tensification further.

The adoption of intensification techniques for cattle
production also generates new environmental problems notsso
captured in our model. Intensified systems are associated
with heavy nitrogen pollution, water usage, and soil deple-
tion (Tilman et al.,[2011)). Including such impacts into the
model would allow analyzing the environmental trade-offs
between intensified and extensive cattle production fur-ses
ther. The aim of such modeling could be to identify agri-
cultural practices that are both economically viable and
sustainable over long time scales.

In the past, Brazilian conservation policies like the ex-
tension of legal reserves from 50 to 80% of private landssw
in 1996 (Alston & Mueller} |2007)) and the monitoring and
sanctioning of deforestation activities have reduced defor-
estation considerably (Nepstad et al., [2014)). But current
legislation provides low incentives for full compliance with
the law, especially regarding reforestation (Azevedo et al.|
2017)). The internationalization of agricultural commodity875
markets increased pressure on producers to comply with
environmental legislation (Nepstad et al., [2006]). This re-
sulted in industry initiatives to monitor compliance such as
the zero-deforestation agreement from 2009 (Gibbs et al.,
2016)). However, recent research shows that the positive ef-
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fect of the zero-deforestation agreement is undermined by
leakage effects (“cattle laundering” |Alix-Garcia & Gibbs|
2017 Klingler et al.|[2018). To effectively exclude violators
of environmental law from the beef supply chain, monitor-
ing of the entire life cycle of cattle would be necessary.

Measures to foster land-use intensification have been
debated as an alternative anti-deforestation policy. How-
ever, as Merry & Soares-Filho| (2017) convincingly argued,
intensification policies alone will not lead to better conser-
vation outcomes, i.e., less deforestation. Intensification is
rather the result of effective conservation policies. This
is consistent with our model results for well integrated
markets. Given the model results in this study and de-
spite the limitations of our model, we conclude that anti-
deforestation policies only aiming at intensification of cat-
tle ranching will not have the desired result if they are not
accompanied by measures that limit the agents’ access to
new land. Policies aiming to increase intensification can-
not replace conservation policies.

An important issue for the design of future anti-de-
forestation policies is the huge heterogeneity of actors in
frontier development. The roles of various types of agents
with respect to deforestation outcomes changes as a re-
sponse to new policy implementations and their effective-
ness. Recent studies comparing the contributions of small-
holders and large land-owners found opposing trends, de-
pending on the time and location they focused on (Go-
dar et al., 2012, |2014; |[Richards & VanWeyl 2015)). For
example, large-scale ranchers, who drive land concentra-
tion in more consolidated areas, are susceptible to other
incentives than small-holders in remote areas, mainly in-
volved in subsistence farming. To investigate the different
effect of intensification policies and economic drivers on
this heterogeneity of agents is a challenge for future mod-
eling studies.

In general, development and environmental policies for
the Amazon have to face the various trade-offs between
social and environmental issues (de Toledo et al., |2017)).
Cattle ranching remains an important source of income
for land holders in the Amazon. As the demand for cattle
products is increasing world-wide (Thornton,2010)), ranch-
ing provides an economic perspective for the region. Poli-
cies have to guarantee that local incomes are maintained or
increased while conserving the ecosystems. Therefore, it is
essential that they can anticipate the multiple feedbacks
in the system that could undermine the effectiveness of
policies. It remains an open question how cattle ranching
in the Amazon will become an environmentally and so-
cially sustainable economic activity in the long term, with
or without intensification.

5. Conclusion

This study presents and analyzes a new agent-based
model that conceptualizes the intensification of cattle ranch-
ing as a socially mediated process. With this approach, we
shed light on the interplay between ecological dynamics,
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economic conditions, decision making of agents, and in-
teractions on a social network. We show how even from
very stylized assumptions about these dynamics, a rich
non-linear behavior arises at the system level, which caness
be explained by the various feedback loops between them.
We use recent data sets on land properties (CAR) and de-
forestation (PRODES) in a frontier region to demonstrate
the model dynamics for specific initializations and param-
eterizations.

In particular, we highlight the effect of the imitation
rate and price elasticity of demand for cattle. We show
that higher imitation rates, which lead to faster intensi-
fication, can only reduce deforestation in a market that
saturates. On the other hand, under conditions of less
responsive prices, faster intensification can even lead to
higher deforestation. Our model shows these effects on a
regional scale but similar rebound effects have been dis-
cussed for the global food system (Lambin & Meyfroidt,
2011)).

The model presented here is only a first step towards
including local social interaction into models of land-use
change in the context of tropical deforestation. Future
work with agent-based models could focus on evaluating
the effectiveness and resilience of anti-deforestation poli-
cies accounting for heterogeneities of actors in the defor-
estation process (Godar et al.; 2014). Agent-based models
are a powerful tool for such analyses because they can
represent heterogeneities and account for the various feed-
backs in the system. Thereby, they might help developing
an economic perspective for the region that provides im-
provements in livelihoods and at the same time reduce
deforestation.
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Appendix

Table 2: Overview of variables, symbols, and units in the model.

variable symbol unit
pasture area P, ha
forest area F; ha
secondary vegetation area Sy ha
pasture productivity qt a.u.
secondary vegetation on a.u.
productivity

savings of rancher ky BRL
income I BRL
consumption on BRL
deforestation dy ha/year
abandonment ag ha/year
reuse T ha/year
management effort my a.u.
stocking rate for pasture I head/ha
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bedded social network. They sell their cattle on a market that deter-
mines the cattle price and thus their income, depending on the price
elasticity of demand (yellow curve: low price elasticity, green curve:
high price elasticity).
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