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Abstract We developed a mathematical model with

two-way linked socio-ecological dynamics to study

farmland abandonment and to understand the regimes

shifts of this socio-ecological system. The model

considers that migration is a collective behavior

socio-economically driven and that the ecosystem is

dynamic. The model identifies equilibria that vary

from mass migration, farmland abandonment, and

forest regeneration, to no migration and forest

eradication; partial migration and/or coexistence of

farmland and forest also constitute possible equilib-

ria. Overall, the model reflects farmland abandon-

ment processes observed in the field and illustrates

the importance of the complex interlinked mecha-

nisms between the social and ecological systems

determining farmland abandonment, that are not

evident when approached independently. The model

dynamics show that the hysteresis on the social

dynamics renders regimes shifts difficult to reverse,

and that this difficulty is accentuated when consid-

ering the ecological system dynamic. Similar models

could be applied to other socio-ecological systems to

help their management.

Keywords Collective behavior � Deforestation �
Forest regeneration � Human decision � Hysteresis �
Linked social-ecological system � Migration �
Threshold � Rural exodus � Utility

Introduction

Ecosystems are often resistant to naturally occurring

changes and disturbances. However, occasionally

they display large regime shifts and reach a new

stable state, with a different community structure and

inherent feedbacks (Folke et al. 2004). Regime shifts

occur when gradual changes in the ecosystem, which

generally have little impact (Scheffer et al. 2001),

reach a threshold and the system undergoes a large

shift that is often difficult to reverse (Scheffer and

Carpenter 2003; Kinzig et al. 2006). Factors that may

lead to regime shifts include disruption of species

composition and trophic interactions, loss of connec-

tivity, and long term climatic and abiotic changes

(Suding et al. 2004). Examples of regime shifts

include the Caribbean coral reefs which shifted from

a coral to algal-dominated community after over-

fishing of herbivores (Hughes 1994; Mumby et al.
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2007); and a temperate lake shifting from oligo-

trophic to eutrophic due to increased agricultural

nutrient input (Carpenter 2005).

Models help to understand and diagnose regime

shift mechanisms (Scheffer and Carpenter 2003).

Conceptual models have been developed for several

ecosystems (see Hobbs and Suding 2009) and have

been useful for exploring fundamental mechanisms of

regime shifts such as spatial heterogeneity and envi-

ronmental fluctuations (Scheffer and Carpenter 2003).

Mathematical models can provide a more rigorous

analysis than the qualitative reasoning used in many

conceptual models by quantitatively predicting how

certain mechanisms can lead to alternate states/

regimes (Scheffer and Carpenter 2003). The effect of

a driver of change on the ecosystem can often be

described quantitatively using threshold models, as

they embody an ecosystem’s resistance to change until

a certain threshold after which a sudden and consid-

erable change occurs and the ecosystem establishes a

new regime and stability point (Walker and Meyers

2004; Scheffer 2008; Suding and Hobbs 2009).

To enhance management and allow restoration of

ecosystems and habitats, and to evaluate consequences

of human activities, we must recognize human social

dynamics associated with these ecosystems (Walker

and Meyers 2004; King and Whisenant 2009). The

development of socio-ecological models can help

management and restoration. Most social ecological

systems described in the literature are conceptual and

exhibit thresholds in the ecological system driven by

changes in the social system, but do not include

feedbacks to produce reciprocal shifts in the social

system (Walker and Meyers 2004; King and Whise-

nant 2009). According to the Resilience Alliance and

SFI (2010), a small number of socio-ecological

systems with reciprocity in the social system have

been described, and only a few have been the subject of

mathematical modeling (e.g., Bjørndal and Conrad

1987; Homans and Wilen 1997; Satake and Iwasa

2006; Iwasa et al. 2007; Satake et al. 2007a, b; Suzuki

and Iwasa 2009a, b; Iwasa et al. 2010). Here we

develop a mathematical model to describe farmland

abandonment dynamics, considering the reciprocal

feedbacks between the social and ecological dynamics

of farmland abandonment.

In Europe, natural forest has long been cleared for

agricultural purposes. However, in the last decades,

particularly in mountainous areas, we have been

observing human migration to urbanized areas (rural

exodus) and the abandonment of farmland (MacDon-

ald et al. 2000), followed by forest regeneration

(Poyatos et al. 2003; Bielsa et al. 2005; Nikodemus

et al. 2005; Gellrich and Zimmermann 2006; Keen-

leyside and Tucker 2010). Migration and farmland

abandonment are triggered by geo-physical and socio-

economic aspects such as differences in income

between farm and non-farm jobs, change in labor

markets, relative prices of agricultural products,

agriculture structures and policies, inability to mod-

ernize land-use (due to land steepness and/or inexis-

tence of road access to more remote areas), and

geographical and cultural isolation of settlements

(MacDonald et al. 2000; Poyatos et al. 2003; Bielsa

et al. 2005; Gellrich and Zimmermann 2006; Kanow-

ski et al. 2009; Keenleyside and Tucker 2010).

Migration to regions of greater wealth (Jokisch

2002) is often accentuated by the ongoing process of

globalization which has increased the competition

from other agricultural areas with lower productions

costs (Parés-Ramos et al. 2008; Keenleyside and

Tucker 2010).

We use our socio-ecological model of farmland

abandonment to examine the prevalence of regime

shifts in these systems and their degree of irrevers-

ibility. We start by presenting and analyzing separate

models for the ecological and social dynamics. Then,

we link both components in an integrated socio-

ecological model, and examine how the dynamics of

the integrated model differs from the analysis of each

component individually. We conclude by discussing

how the socio-ecological model exhibits a higher

degree of irreversibility than what would be expected

by considering the social dynamics alone.

Ecological model

Our ecological model has one state variable: the

forest area, F. We assume that the total potential

farmable area is a constant T, and therefore the

farmland area A equals T - F. The forest system is

subject to two processes of interest: growth and

deforestation (logging). We assumed forest cover

grows logistically (Tsukada 1981; Bennett 1983;

MacDonald and Cwynar 1991) since after an initial
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exponential increase (Bennett 1986), growth will be

limited by the total area available; e is the forest rate

of increase and T is the maximum area available. We

assume that deforestation depends on the following:

each resident’s ability to deforest (remove native

vegetation for agricultural purposes), k, the number

of residents, R, and the existing forest area, F, i.e.,

residents will tend to deforest more if there is a

greater area available to deforest. This assumption

relies on humans utility-maximizing behavior theory

that states that, if possible, individuals are willing to

maximize the utility they can obtain (Aleskerov et al.

2007), and that this determination will be greater the

larger the utility (forest area) available to explore is;

also, the probability of an individual to find land to

deforest also increases with forest area. Therefore, the

forest dynamics is given by:

dF

dt
¼ eF 1� F

T

� �
� kRF ð1Þ

Equilibria and stability analysis

This equation has two equilibria, F̂ ¼ 0 and F̂ ¼
T
e e� Rkð Þ: Stability analysis reveals that if Rk[ e,

F̂ ¼ 0 is a stable equilibrium (and the other equilib-

rium is unstable), i.e., when the deforestation rate

exceeds forest rate of increase, the forest disappears;

if Rk\ e, F̂ ¼ T
e e� Rkð Þ is the stable equilibrium

(and the other equilibrium becomes unstable), i.e.,

when the intrinsic forest growth rate exceeds the

deforestation rate, forest area at equilibrium increases

with the forest rate of increase, e, and decreases with

residents’ increased deforestation ability, k, or with

increasing number of residents (Fig. 1).

Social model

Our social system has one state variable: the number of

migrants, M. We assume that the population size is a

constant, P, and therefore, the number of residents, R,

is equal to P - M. Individuals migrate at rate given by

dM

dt
¼ f

M

P

� �
ð2Þ

where f is the function that describes how the rate of

migration depends on the proportion of individuals that

have already migrated, M/P. This reflects the reality of

migration being a collective behavior (MacDonald

et al. 2000; Jokisch 2002; Bielsa et al. 2005; Gellrich

and Zimmermann 2006; Kanowski et al. 2009): an

individual’s decision is frequently affected by the

decision of others (Fischbacher et al. 2001).

Granovetter (1978) developed a threshold model

to describe collective behaviors which can be applied

to situations where actors have two alternatives and

the costs and/or benefits of each depends on how

many other actors choose each alternative (such as

migrating, voting, abandoning a party, or joining a

riot). The key concept of Granovetter’s model is the

‘‘threshold’’, or the proportion of others who must

make one decision before a given actor does so. In a

population, each individual has a certain threshold,

and only once this threshold is reached, this individ-

ual will change his/her decision (and choose the other

alternative).

Fig. 1 Ecological model dynamics: effect of forest rate of

increase, e (with T = 100 ha, R = 20 individuals, k = 0.05

resident-1 year-1), individual’s deforestation ability, k (with

T = 100 ha, R = 20 individuals, e = 5 year-1), and number

of residents, R (with T = 100 ha, k = 0.05 resident-1 year-1,

e = 5 year-1), on forest area (ha) in equilibrium
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Therefore, we assume that, at any given time, an

individual’s probability of migrating depends on the

proportion of individuals of the population that have

already migrated, M/P i.e., an individual will only

migrate if the proportion of migrants equals or

exceeds its personal threshold. We assume that, in

the population, thresholds have a bell-shaped distri-

bution and follow the logistic distribution, which has

been used to describe other human decision processes

(Carpenter et al. 1999; Satake and Iwasa 2006; Satake

et al. 2007a, b; Suzuki and Iwasa 2009a). Suppose

that each individual has a probability per unit time, x,

of making a decision of whether to migrate. The

proportion of individuals that will decide to migrate

will be the proportion that has a threshold less than

M/P, which is given by the cumulative distribution

function of the logistic distribution, minus the

proportion of individuals from the population that

has already migrated (see a similar algorithm in

Iwasa et al. 2010). The number of individuals that

migrate is equal to this proportion multiplied by the

population size, P. Therefore we have that

f
M

P

� �
¼ x � CDF

M

P

� �
�M

P

� �
� P ð3Þ

where

CDF
M

P

� �
¼ 1

1þ e
l�M

Pð Þ
s

ð4Þ

The full dynamics of the number of migrants is:

dM

dt
¼ x

1

1þ e
l�M

Pð Þ
s

�M

P

2
4

3
5P ð5Þ

The parameters of the logistic distribution l and

s determine the probability of migration. The param-

eter l represents the average threshold in the popula-

tion, i.e., the average proportion of migrants that

triggers the others to migrate too. We develop below an

economic sub-model to determine this parameter and

link it to the ecological component of the system. The

parameter s is proportional to the variance of the

thresholds in the population, and therefore we will use

it to characterize the strength of personal connections

(social bonding that leads to higher levels of confor-

mity) in the population (i.e., a smaller s represents a

population where individuals have similar thresholds,

and therefore, a greater synchronism of migration).

Equilibria and stability analysis

Since the equilibria of this equation cannot be

analytically determined, we estimated it numerically.

Depending on the combination of l and s, the

number of migrants can have different equilibria. For

high values of s (i.e., individuals of the population

have dissimilar thresholds), the number of migrants

in equilibrium, M̂; decreases with increasing l
(Fig. 2a). For small values of s (i.e., individuals

have similar thresholds), the social system can have

one or three equilibria: when l is small, there is one

stable equilibrium, M̂ � P and all or most individ-

uals will abandon farmland; when l is high, there is

one stable equilibrium,M̂ � 0 which will trigger a

return of all or most of the migrants to the farmland;

when l has an intermediate value, there are three

equilibria, one of the equilibria is unstable and the

other two are stable (M̂ � 0 and M̂ � P) (Fig. 2b). In

the latter case, the social dynamics is partially

irreversible because it exhibits a hysteresis. For

example, a population of 100 individuals with a

similar threshold (small s corresponding to high

social bonding, e.g., s = 0.1) will initiate a process

of migration if the mean threshold (l) is smaller than

0.3, however in order for those individuals to return,

it would not suffice to increase l to 0.3, instead l
would have to increase to 0.7 (Fig. 2b).

The economics of migration

Migration is triggered by socio-economic conditions

(MacDonald et al. 2000; Jokisch 2002; Bielsa et al.

2005; Gellrich and Zimmermann 2006; Kanowski

et al. 2009). Hence, we will use l (average threshold

in the population) to characterize the socio-economic

dynamics. Let the farmland utility (this is the

satisfaction that one individual derives from being a

farmer) including income and other non-financial

benefits, be the product of the farmland area, A, and

the utility per agricultural area unit per year, h. The

farmland utility per resident is given by Ah/(P-M),

where P is the total population. Let the city utility per

capita be c. When the farmland utility equals the city

utility, the economics reasons to migrate are irrele-

vant; in this case, the reasons to migrate would be

strictly social and motivated by social-bonding.

Studies in diverse research fields, such as social
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psychology, politics, and economy, reveal that

humans tend to ‘‘follow the crowd/majority’’. For

instance, voters will tend to be influenced by election

polls and vote for the party to which the polls

attributed the majority (Callander 2007). The social

scientists name it conformity behavior (Nemeth and

Wachtler 1983). Hence, we assume that, in this

situation, individuals only migrate if more than half

of the population already did so. Hence, when Ah/(P-

M) = c , the average threshold should be l = 0.5,

and therefore the mean threshold in the population is

given by

l ¼
Ah

P�M

2c
ð6Þ

Therefore, the final equation of the social model,

representing the migrants dynamics, is:

dM

dt
¼ x � P

1þ e

Ah
P�M

2c �
M
P

� �
s

�M

2
664

3
775 ð7Þ

Socio-ecological model

The equations of the socio-ecological model for the

farmland-forest ecosystem result from the combina-

tion of the equations of the ecological and social

models (Eqs. 1 and 7, respectively). Since the

number of residents, R, used in the ecological model,

is equal to P-M, and the farmland area, A, is given by

T-F, the equations of the socio-ecological model are:

dF

dt
¼ eF 1� F

T

� �
� k P�Mð ÞF

dM

dt
¼ x:

P

1þ e

ðT�FÞh
P�M½ �

2c �M
P

� �
s

�M

2
6664

3
7775 ð8Þ

Note that in the integrated socio-ecological model

(Eq. 8), the number of residents, R, of the ecological

model equation (Eq. 1) and the farmland area, A (or

T - F), of the social equation (Eq. 7) are no longer

parameters, but state variables. The two variables

may now change over time and affect both social and

ecological dynamics, generating reciprocal influence

between the ecological and social systems.

Equilibria and stability analysis

The equilibria of the socio-ecological model can be

determined by plotting on the same graph (with the

variables of interest, F and M, in the axis) the zero

isoclines of the ecological and social models. The

points of intersection of the zero isoclines of the

social and ecological models constitute the equilibria

Fig. 2 Phase portrait of social model dynamics: effect of l on

the number of migrants in equilibrium M̂
� 	

and stability

analysis with P = 100 individuals, x = 1 year-1, and a

s = 0.5 (M̂ decreases with increasing l; stable equilibrium),

and b s = 0.1 (two stable equilibria: M̂ � P and M̂ � 0; and an

unstable equilibrium in the diagonal). Thick and thin lines
represent stable and unstable equilibria, respectively; arrows
represent vectors of change
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of the socio-ecological model. The stability of these

equilibria is determined by the sum of the vectors of

change of the social and ecological models: if the

sum vectors point to the equilibrium, this will be

stable; if they point in opposite directions, the

equilibrium will be unstable (Figs. 3, 4). For a given

combination of parameters, the socio-ecological

model can have one to four equilibria. Not only the

number but also the position of the equilibria varies

with the parameters. Overall, the SES has five types

of stable equilibria: (1) M̂ � P and F̂ � T; i.e., all

individuals migrate and forest area grows to occupy

Higher 
social 

bonding 
(s = 0.05)

Low city utility 
(γ = 1)

High city utility 
(γ = 3)

Low 
forest 

growth 
rate 

(ε = 0.1) 

(a) (b)

Medium 
forest 

growth 
rate 

(ε = 2) 

(c) (d)

High 
forest 

growth 
rate 

(ε = 4) 

(e) (f)

Fig. 3 Phase portrait of

socio-ecological dynamics

with higher social bonding

(s = 0.05): equilibria and

stability with low to high

forest growth rate (e = 0.1,

2 or 4 year-1), and low and

high city utility (c = 1 or 3

utility year-1 individual-1)

with k = 0.02

individual-1 year-1, h = 1

utility year-1 ha-1,

P = 100 individuals, and

T = 100 ha (lines represent

the social and ecological

model zero isoclines, full
circles indicate the socio-

ecological model’s stable

equilibria, empty circles
indicate the socio-

ecological model’s unstable

equilibria, and arrows
indicate the trend to achieve

the equilibrium)
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all the area previously occupied by farmland (e.g.,

situations with high city utility and medium–high

forest growth rate, Figs. 3d, f, 4d–f); (2) M̂ � 0 and

F̂ � 0; i. e., individuals do not migrate and all

farmable area is farmed (forest is decimated) (e.g.,

situation with high social bonding, slow forest growth

rate and low city utility, Fig. 3a); (3) M̂ � 0 and F̂ ¼
T
e e� Pkð Þ; i.e., individuals do not migrate but do not

have the ability to deforest all farmable area, letting

some area be occupied by forest (e.g., situation with

high social bonding, elevated forest growth rate, and

low city utility, Fig. 3e); (4) M̂ 2 �0; 100½ and F̂ � 0;

Lower 
social 

bonding 
(s = 0.2)

Low city utility 
(γ = 1)

High city utility 
(γ = 3)

Low 
forest 

growth 
rate 

(ε = 0.1) 

(a) (b)

Medium 
forest 

growth 
rate 

(ε = 2) 

(c) (d)

High 
forest 

growth 
rate 

(ε = 4) 

(e) (f)

Fig. 4 Phase portrait of

socio-ecological dynamics

with lower social bonding

(s = 0.2): equilibria and

stability with low to high

forest growth rate (e = 0.1,

2 or 4 year-1), and low and

high city utility (c = 1 or 3

utility year-1 individual-1)

with k = 0.02

individual-1 year-1, h = 1

utility year-1 ha-1,

P = 100 individuals, and

T = 100 ha (lines represent

the social and ecological

model zero isoclines, full
circles indicate the socio-

ecological model’s stable

equilibria, empty circles
indicate the socio-

ecological model’s unstable

equilibria, and arrows
indicate the trend to achieve

the equilibrium)

Landscape Ecol (2011) 26:737–749 743

123



i.e., part of the population migrates, all farmable area

is occupied by farmland activities (e.g., situations

with low social bonding and low forest growth rate,

Figs. 4a and b), (5) M̂ 2 �0; 100½ and F̂ 2 �0; 100½;
i.e., part of the population migrates and part of the

farmable area is occupied by forest (e.g., situation

with low social bonding, low city utility, and medium

forest growth rate, Fig. 4c). Hence, the system can

display an intermediate stable equilibrium, i.e., cases

when only part of the population migrates and

farmable area is divided by farmland and forest, as

well as the extreme cases (no migration or mass

migration in the social system and decimation of the

forest or complete forest regeneration in the ecolog-

ical system).

A broad range of parameter combinations were

explored, with forest growth rate (e) ranging from 0.1

to 5, resident’s ability to deforest (k) ranging from 0

to 0.25, annual farmland ha utility (h) ranging from

0.1 to 3, annual city utility (c) ranging from 1 to 5,

and social bonding (s) ranging from 0.01 to 0.5. The

parameter exploration (e.g., Figs. 3, 4) reveals that:

(i) a decrease in social bonding contributes to an

increase in the frequency of the equilibria with partial

migration; (ii) the increase in social bonding poten-

tiates the extreme situations of no migration at all or

mass migration events; (iii) the increase of forest

growth rate, increases the frequency of equilibria

where forest cover is larger; (iv) mass migration (and

consequent farmland abandonment) processes are

more frequent with increasing city : farmland utility

ratio; (v) the equilibria of no migration or mass

migration in the social system and decimation of the

forest or complete forest regeneration in the ecolog-

ical system, respectively, are more frequent than the

other equilibria; (vi) when city and farmland utilities

are similar, two stable equilibria are possible

(e.g., Figs. 3b, c, e, 4c), particularly when social

bonding is strong.

Socio-ecological model linked dynamics

and (ir)reversibility of regime shifts

The socio-ecological model dynamics and mecha-

nisms of (ir)reversibility were evaluated through

manipulation of city utility, c. In the scenario

presented in Fig. 5a, initially, residents and forest

area are in equilibrium: there are no migrants and

farmland occupies 99% of the farmable area (forest

occupies only 1%). The relative increase of the city

utility at time t = 10 (from c = 2 to 2.7) leads to

migration, farmland abandonment, and forest regen-

eration. A posterior decrease in city utility to a level

equal to the initial state (c = 2) does not suffice to

trigger the return of the individuals to the farmland

Fig. 5 Social dynamics (number of migrants over time) with

city utility, c, changing over time (c = 2, 2.7, 2, and 1.9

utility individual-1 year-1, respectively for t [ [0, 10[, [10,

40[, [40, 50[, and [50, 80[ years), when considering that the

a the social dynamics are linked to a dynamic ecological

system (SES) (Mt=0 = 0 individuals, T = 100 ha, P = 100

individuals, h = 1 utility ha-1 year-1, s = 0.05, e = 2 year-1,

k = 0.02 individual-1 year-1, x = 1 year-1, and

Ft=0 = 1 ha), and when considering that b ecological system

is static, i.e., not dynamic (Mt=0 = 0 individuals, T = 100 ha,

P = 100 individuals, h = 1 utility ha-1 year-1, s = 0 util-

ity year-1, s = 0.05, x = 1 year-1 and F = 1 ha for t [ [0,

80[ years)
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due to the hysteresis of the social dynamics (Fig. 5a).

The return of the residents would only be possible if

the city utility reduced significantly (e.g., decrease to

c = 0.6, not represented on Fig. 5). This example

(Fig. 5a) illustrates the characteristic resistance of

each stable state/regime and the high chances of

irreversibility of regime shifts of this socio-ecological

system. In order to investigate if this irreversibility is

due to the hysteresis in the social dynamics (Fig. 2b)

and/or to the interaction between the social and

ecological dynamics, we compared the social dynam-

ics linked to a dynamic ecological system, (socio-

ecological model here developed, Eq. 8, Fig. 5a) with

the social dynamics linked to a static ecological

system (Fig. 5b). The comparison of the two shows

that not only the social equilibria are different

between the two cases, but also that the consideration

of a dynamic ecological system increases the irre-

versibility of the regime shift on the social system;

without the link to a dynamic ecological system, the

social system would revert to the initial state if city

utility was reduced to 1.9. (Note that the change in

the threshold might not be universal, this is just an

example where we show that this is likely to occur for

some parameter combinations). On the other hand,

whether considering the ecological system static or

dynamic, we show that a reduction to the initial city

utility, c = 2, would not suffice to reverse the regime

shift. Therefore, we can conclude that the irrevers-

ibility is caused by the social dynamics, but its effect

can be enhanced by its link to a dynamic ecological

system. In other words, once the individuals abandon

the farmland to migrate to the city, it is very difficult

to make them return. This is not only due to the

hysteresis in the social system (caused by individual’s

decision being influenced by the other members of

the community), but also due to the fact that farmland

area is gradually overtaken by the forest, and thus its

utility (and farmland utility: city utility ratio) is also

gradually reduced. Therefore, chances to revert the

regime shift diminish progressively.

Discussion

One of the most interesting novelties of this model is

the ability to reproduce the two-way coupling of the

social and ecological dynamics. We present one of

the few socio-ecological models which explores the

effect of the ecological dynamics on the social system

(Carpenter et al. 2009; Resilience Alliance and SFI

2010). The socio-ecological model for farmland

abandonment mathematically expresses human

migration as a collective behavior which is socio-

economically driven (Satake et al. 2007a, b;

Kuemmerle et al. 2008; Parés-Ramos et al. 2008;

Lakes et al. 2009) and forest as a dynamic system

(Gellrich and Zimmermann 2006; Verburg and

Overmars 2009). To our knowledge, this is the first

model of farmland abandonment exploring both of

these key aspects simultaneously. The model pro-

vides a framework to better understand how these

processes interact and why (and when) do they lead

to regime shifts within the system. In the farmland

abandonment model, the ecological dynamics can be

vital in reinforcing the irreversibility of the regime

shift generated by the social dynamics.

Overall, the socio-ecological model for farmland

abandonment is able to describe the dynamics

observed in previous field studies, such as: rapid

socio-economic changes lead to general farmland

abandonment (Poyatos et al. 2003; Parés-Ramos et al.

2008); farmland abandonment is more common in

regions where land has low profitability (Gellrich

et al. 2007 and forest re-growth); trees and shrubs

occupy the abandoned land, which hampers its

re-occupation (Bielsa et al. 2005). The model equi-

libria range from mass migration and forest regener-

ation to no migration and complete deforestation

(with intermediate cases of partial migration and/or

partial farmland abandonment). In addition, the

model reproduces the (ir)reversibility mechanisms

of the regime shifts we often find in the field.

In the model, the area occupied by farmland

depends on the balance between forest growth and

deforestation, the latter being a result from the

number of residents and their ability to deforest. In

average, individuals decide to migrate when they can

attain a greater utility in the city than in the farmland;

the greater the difference between the city and

farmland utility, the more likely they are to migrate.

However, migration can be more or less synchronous

depending on the strength of social bonds within the

population.

The parameter exploration identified situations

where, for the same set of parameters, there are two

possible stable equilibria (Figs. 3b, c, e, 4c). These

represent conditions where a regime shift can occur
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and in which reversibility is likely difficult. When we

are in a region of parameters with multiple stable

equilibria, dynamics do not respond linearly to

external parameters (such as utility ratio, e.g.

Fig. 5a). When the system is at one of its two stable

equilibriums and is perturbed by a change in the

external parameter, it is attracted to the other stable

equilibrium. Then, even when the external parameter

is restored, the internal dynamics have already

changed and thus, reversing to the initial equilibrium

can only be possible if the system is again signifi-

cantly perturbed. Under these conditions (combina-

tion of parameters that leads to multiple stable

equilibria), in the farmland model, when the social

system shifts, a regime shift will also be triggered in

the ecosystem, i.e., once population migrates to new

areas and abandons the farmland, forest gradually

regenerates. The regime shift created by the social

system exhibits a clear hysteresis which explains the

difficulty to reverse it. Furthermore, the resilience of

the new steady state in the social system can be

amplified by the ecological dynamics; allowing the

ecological system to be dynamic not only may

increase the amplitude of the regime shift as it may

enlarge its irreversibility (Fig. 5). Therefore, one can

categorize this system as a linked socio-ecological

system with regime shifts in both systems and

reciprocal influences (Walker and Meyers 2004;

Resilience Alliance and SFI 2010). In our model,

when city and farmland utility are similar, a situation

where two stable equilibria are possible is common.

When city has high utility, but forest grows slowly

(e.g. Fig. 3b), farmland area tends to remain stable

and therefore its utility remains high. In this case, the

system can alternate between total migration with

forest regeneration and forest eradicated and signif-

icant migration. When city utility is low, but forest

grows very fast (e.g., Figs. 3c, e, 4c) and takes over

farmland area, the residents need to deforest very

often which reduces farmland utility. In this case, the

system can alternate between very significant migra-

tion with significant forest regeneration, and reduced

migration with complete (or partial) forest regener-

ation. The greater the social bonding, the less similar

the farmland and city utility need to be to still have

two stable equilibria.

In mountainous areas, agriculture productivity and

profitability is usually low due to geographical

constraints. Therefore, farmland is rarely sold after

being abandoned (Keenleyside and Tucker 2010).

The individuals that do not abandon their parcel of

farmland generally do not have physical conditions to

explore an extra parcel. Still, the model developed

allows for some change in the farmland utility that

could alter the migration dynamics. Despite not

presented in the results section, there are parameters

in this model, such as the resident’s ability to deforest

(k) and annual farmland profit per ha (h), which, if

changed over time, can alter the model outcomes.

The access to machinery to help deforestation and

plantation would boost k and h, which would increase

farmland profit and reduce abandonment. In addition,

the change of crop to achieve higher profit (h) could

also contribute to it.

Understanding the dynamics of the socio-ecolog-

ical system allows us to identify the tipping point

that leads to a rapid change in the system. A better

understanding of the mechanisms generating farm-

land abandonment will hopefully help to better

manage this socio-ecological system (both to avoid

change or to restore forest ecosystems). Farmland

abandonment can be considered desirable or unde-

sirable since, on one hand, it may increase connec-

tivity between forest patches and restore the natural

ecosystems, but on the other hand, it may lead to

declines or local extinctions of several flora and

fauna species associated with farmland, and increase

frequency of fires (Bielsa et al. 2005; Proença and

Pereira 2010). Since the tipping point of ecological

system is mainly dependent on the farmland: city

utility ratio, migration could be avoided by increas-

ing subsidies to agricultural production. If the

objective is to restore the forest ecosystem, one

could instead decrease existing agricultural subsidies

in these regions, although the negative social impacts

of such measure would have to be considered

beforehand.

The model here developed focused on rural exodus

and was inspired by small rural communities, partic-

ularly in mountainous regions away from major

economic centers, in which each individual or small

group of individuals (e.g. family) owns a relatively

small land parcel that they personally explore. The

conditions assumed by the model are currently

observed, in several mountainous regions in Europe

(Poyatos et al. 2003; Bielsa et al. 2005; Gellrich et al.

2007; Kuemmerle et al. 2008; Parés-Ramos et al.

2008). In addition, this trend is expected to intensify
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over the century and spread to other parts of the

world such as USA, China, and Australia (van

Vuuren et al. 2006; Proença and Pereira 2010).

However, this model might not be so suitable to

explain other farmland systems, particularly systems

where individuals commute daily or weekly to their

place of work and behave as weekend farmers, or in

systems where the possibility of aggregation of land

parcels allows for increased economic viability of

farming and a different socio-ecological dynamics.

We used a simple mean-field model, i.e., a

coupled differential equation model, to describe the

behavior of two variables: resident population and

farmland area. More complexity and realism can be

added by using other approaches. For instance, one

can make the model spatially explicit by simulating

the land use transitions in each grid cell using a set

of rules related to the location suitability for farming

and the local spatial neighborhood context (Verburg

and Overmars 2009). Variation in individual deci-

sion-making can be explored by developing an

individual-based model (Tilman and Kareiva 1997).

These more complex models require more parame-

ters and the full range of dynamics can be, as a

result, difficult to explore. Our analysis of the mean-

field model dynamics can be used to set parameter

boundaries of interest and guide the future explora-

tion of more complex models.

Models constitute simplifications of the real world

and therefore they can always be improved to attain

higher realism. Future developments of the model

presented could include more realistic population

dynamics, namely, considering an age-structured

population. This configuration would allow the

incorporation of a specific farmland:city utility ratio

for each generation (as this is expected to vary,

Pereira et al. 2005). In addition, it would be

interesting to develop a study of social decision-

making in farmland abandonment to test the ideas

presented in this model.

In coupled socio-ecological systems, humans and

nature interact reciprocally and form complex feed-

back loops (Liu et al. 2007). Most studies of socio-

ecological systems do not explore the human com-

ponent of the system, considering only the ecological

dynamics (Resilience Alliance and SFI 2010). Others

address the impact of humans on the ecosystem, but

fail to address the impact of ecological dynamics on

the social system (Resilience Alliance and SFI 2010,

a few exceptions include fisheries (e.g. Bjørndal and

Conrad 1987; Homans and Wilen 1997) and lake

models (Iwasa et al. 2010). The management of a

socio-ecological system with lack of understanding of

the complexity of its socio-ecological dynamics

might lead to unexpected outcomes (Liu et al.

2007). For instance, conservation policies which

intended to protect the panda habitat through the

establishment of a reserve and attribution of subsidies

to local residents (to reduce logging) failed. Manag-

ers overlooked the fact that when residents’ income

increases, the number of households increases and the

number of persons per household decreases. This

policy led to an increased need for fuelwood and land

for house construction, and consequently further

destruction of the panda habitat (Liu et al. 2007).

The socio-ecological model of farmland abandon-

ment is also a good example of how social and

ecological dynamics have to be explored concur-

rently when studying a socio-ecological system in

order to illustrate their complex interactions that are

not evident when studied independently. Figure 5

illustrates that ignoring the fact that both social and

ecological systems are dynamic, may lead to incon-

sequent management efforts. For instance, if the

ecological system dynamics are not considered,

managers interested in maintaining farmland may

attribute a certain value in agricultural subsidies to

farmland residents in order to reduce farmland:city

utility ratio to a particular target that would reverse

farmland abandonment. However, since they are not

considering the ecosystem to be dynamic, the value

of subsidies attributed will likely be insufficient to

reverse farmland abandonment. We believe models

with a similar framework to the one here presented

(coupled socio-ecological dynamics two-way linked,

in opposition to models focusing solely on the

ecological dynamics or on the humans’ impacts on

the ecosystem) could be applied to other interlinked

socio-ecological systems, such as lakes and wetlands

(Gunderson et al. 2006), marine reserves (Pollnac

et al. 2010), fisheries (Peterson 2000; Cinner et al.

2009), and ecological conservation and community-

based ecotourism (Walker et al. 2004). Mathematical

models of linked social-ecological systems are fun-

damental as they may contribute to implement an

appropriate management and effective restoration

policies (Bielsa et al. 2005; Liu et al. 2007; Carpenter

et al. 2009).
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economic, social and political factors on the landscape

structure of the Vidzeme Uplands in Latvia. Landsc Urban

Plan 70:57–67

Parés-Ramos IK, Gould WA, Aide TM (2008) Agricultural

abandonment, suburban growth, forest expansion in

Puerto Rico between 1991 and 2000. Ecol Soc 13(2):1–19

Pereira E, Queiroz C, Pereira HM, Vicente L (2005) Ecosystem

services and human well-being: a participatory study in a

mountain community in Portugal. Ecol Soc 10(2):14

Peterson G (2000) Political ecology and ecological resilience:

an integration of human and ecological dynamics. Ecol

Econ 35:323–336

Pollnac R, Christie P, Cinner JE, Dalton T, Daw TM, Forrester

GE, Graham NAJ, McClanahan TR (2010) Marine

reserves as linked social-ecological systems. Proc Natl

Acad Sci USA 107:18262–18265

Poyatos R, Latron J, Llorens P (2003) Land use and land cover

change after agricultural abandonment, the case of a

Mediterranean Mountain Area (Catalan Pre-Pyrenees). Mt

Res Dev 23:362–368

Proença V, Pereira HM (2010) Mediterranean forest. In:

Leadley PW, Pereira HM, Alkemade R, Fernandez-Man-

jarrés JF, Proença V, Scharlemann JPW, Walpole M (eds)

Biodiversity scenarios: projections of 21st century change

in biodiversity and associated ecosystem services. Secre-

tariat of the Convention on Biological Diversity, Mon-

treal, pp 60–67

Resilience Alliance and Santa Fe Institute (2010) Thresholds and

alternate states in ecological and social-ecological systems.

Resilience Alliance (Online). http://www.resalliance.org/

index.php?id=183

Satake A, Iwasa Y (2006) Coupled ecological and social

dynamics in a forested landscape: the deviation of indi-

vidual decisions from the social optimum. Ecol Res 21:

370–379

Satake A, Leslie HM, Iwasa Y, Levin SA (2007a) Coupled

ecological–social dynamics in a forested landscape: spa-

tial interactions and information flow. J Theor Biol

246:695–707

Satake A, Janssen MA, Levin SA, Iwasa Y (2007b) Synchro-

nized deforestation induced by social learning under

uncertainty of forest-use value. Ecol Econ 63:452–462

Scheffer M (2008) Critical transitions in nature and society.

Princeton University Press, Princeton

Scheffer M, Carpenter SR (2003) Catastrophic regime shifts in

ecosystems: linking theory to observation. Trends Ecol

Evol 12:648–656

Scheffer M, Carpenter SR, Foley JA, Folke C, Walker B (2001)

Catastrophic shifts in ecosystems. Nature 413:591–596

Suding KN, Hobbs RJ (2009) Models of ecosystem dynamics

as frameworks for restoration ecology. In: Hobbs RJ,

Suding KN (eds) New models for ecosystem dynamics

and restoration. Island Press, Washington, pp 3–21

Suding KN, Gross KL, Houseman G (2004) Alternative states

and positive feedbacks in restoration ecology. Trends Ecol

Evol 193:46–53

Suzuki Y, Iwasa Y (2009a) The coupled dynamics of human

socio-economic choice and lake water system: the inter-

action of two sources of nonlinearity. Ecol Res 24:479–489

Suzuki Y, Iwasa Y (2009b) Conflict between groups of players

in coupled socio-economic and ecological dynamics. Ecol

Econ 68:1106–1115

Tilman D, Kareiva PM (1997) Spatial ecology: the role of

space in population dynamics and interspecific interac-

tions. Princeton University Press, Princeton

Tsukada M (1981) Cryptomeria japonica Don I. Pollen dis-

persal and logistic forest expansion. Jpn J Ecol 31:

371–383

van Vuuren D, Sala O, Pereira HM (2006) The future of vas-

cular plant diversity under four global scenarios. Ecol Soc

11:25

Verburg PH, Overmars KP (2009) Combining top-down and

bottom-up dynamics in land use modeling: exploring the

future of abandoned farmlands in Europe with the Dyna-

CLUE model. Landscape Ecol 24:1167–1181

Walker B, Meyers JA (2004) Thresholds in ecological and

social–ecological systems: a developing database. Ecol

Soc 9(2):3–18

Walker B, Holling CS, Carpenter SR, Kinzig A (2004) Resil-

ience, adaptability and transformability in social–ecolog-

ical systems. Ecol Soc 9(2):5

Landscape Ecol (2011) 26:737–749 749

123

http://www.resalliance.org/index.php?id=183
http://www.resalliance.org/index.php?id=183

	Regime shifts in a socio-ecological model of farmland abandonment
	Abstract
	Introduction
	Ecological model
	Equilibria and stability analysis

	Social model
	Equilibria and stability analysis
	The economics of migration

	Socio-ecological model
	Equilibria and stability analysis

	Socio-ecological model linked dynamics and (ir)reversibility of regime shifts
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


