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Opuntia  scrublands  are  important  socio-ecological  systems  (SESs)  in  the  Andean  area.  Opuntia  provides
a variety  of  products  employed  in  the human  diet  and  in animal  feed,  as well  as  cochineal  insects,  a  highly
valued  source  of  dyes.  Land  clearance  on  the  scrublands  promotes  changes  in the  use  of  the land  and  the
development  of new  economic  activities.  In this  article,  we describe  the development  a  numerical  model,
built as  a five  submodel  interactive  set  under  Stella® v9.1.4,  to  understand  the dynamics  of this  SES in
the  Andean  area  of  Ayacucho-Peru  in  terms  of  its vegetation,  scrubland  habilitation,  cochineal  collection,
puntia
ochineal
and clearance
ocial capital
yacucho
cological-economics

fruit  harvest  and  livestock  keeping.  Ecological  components  (cochineal  insects  and  vegetation)  are  mod-
eled considering  system’s  carrying  capacities;  social  components  (fruit,  livestock  and  land)  incorporate
economic  (investments,  costs  and  benefits)  and  social  (participation,  association)  parameters  and  pro-
cesses. The  model  highlights  the  role  of social  capital  on land  clearance  and  the  effect  of  the  latter  on the
livelihoods  of  local  farmers.
tella Research

. Introduction

Opuntia scrublands are one of the most important socio-
cological systems (SESs) in the Andean area. They contribute to
eople’s livelihoods by providing a large number of goods and
ervices such as edible fruits and young cladodes for human con-
umption, fodder for animal feeding, biomass for fuel, as well as
egulating runoff and maintaining soil fertility. Nevertheless, most
f the importance of Opuntia scrubs is a result of their capacity
o provide suitable living space, habitat and nursery sites for wild
lant and animal, especially for cochineal insects (Rodriguez et al.,
008). These insects are the source of carminic acid, a natural dye
sed in the food, textile and pharmaceutical industries (Le Houérou,
996). The collection of the insect is an important economic activity
or about 100,000 Andean families; currently most of the Peruvian
ochineal is collected from Opuntia scrubs located in the Andean
reas of Ayacucho (Flores-Flores and Tekelemburg, 1995).

After the end of the political violence in Ayacucho, the gov-
rnment policy was focused on a strategy of poverty alleviation,
econstruction, and repopulation mainly based on subsidized food
istribution, creation of social infrastructure, and support to edu-

ation, health and sanitation works (PROMUDEH 1997). However,
n more recent times official institutions and non governmental
rganizations are promoting productive activities in communal

∗ Corresponding author. Tel.: +56 2 2712978; fax: +56 2 2727363.
E-mail address: vmarin@antar.uchile.cl (V.H. Marín).

304-3800/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

lands including the participatory management of the Opuntia
scrublands for cochineal collection (e.g. MEF, 2008).

In the Andes of Ayacucho, Opuntia scrublands represent ca.
38,000 ha of sloping terrains covered with a dense vegetation
where cacti of the genera Cleistocerus and Azureocereus, and spec-
imens of Schinus molle, Caesalpina tinctoria and Agave americana
are interspersed among the dominant species Opuntia ficus indica
that reaches densities over 2000 plants/ha as slope increases (Piña-
Lujan, 1981). Opuntia scrubland may  be exploited for cochineal
collection, fruit harvest, livestock keeping, or biodiversity conser-
vation. Currently, the habilitation of Opuntia scrubland implies
altering the land cover by opening trails of access, pruning spiny
bushes, and clearing land to promote changes in land use from non-
productive native vegetation to areas where the flow of Opuntia
biomass allows the development of concomitant economic activi-
ties such as cochineal collection, fruit harvest and livestock keeping
(Gade, 1999).

Social capital is a broad concept that captures the idea that some
features of social organization such as networks, norms, and social
trust facilitate co-ordination and co-operation for mutual benefit
(Putnam, 1995). Social capital plays an important role on the habil-
itation of Opuntia scrublands in Ayacucho (Rodríguez and Pascual,
2004) and can contribute to the livelihoods of Andean farmers
(Swinton, 2000).
Considering the importance of the Opuntia scrublands and the
existing policies leading towards its habilitation, there is a need to
have better understanding of the land clearance process, as well
as the interactions between the different economic activities in

dx.doi.org/10.1016/j.ecolmodel.2011.12.010
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
mailto:vmarin@antar.uchile.cl
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ig. 1. Conceptual model of the socio-ecological Opuntia scrubland system. The mo
nd  the arrows among them the main interacting processes. The names inside the 

identified with its name in the top of each box) are shown in Figs. 2–6 using Stella

rder to develop recommendations for the sustainable use of the
crublands and protect the livelihoods of the local farmers. In this
aper we describe a model developed to understand the dynam-

cs of the scrubland SES, the role of social capital on scrubland
abilitation and its effect on the profits obtained by farmers from
ochineal collection, fruit harvest, and livestock keeping in the
ewly habilitated areas.

. Model description

.1. Overview of model structure

The model represents the dynamics of the scrubland in the
rovince of Huamanga, one of the most important areas of
ochineal collection in Ayacucho. Agriculture is the main economic
ctivity in the province. Land is communally owned, but for pro-
uction purposes it is divided into communal and individual family
lots. Communal holdings are communally farmed on an obliga-
ory basis, while individual plots are mainly exploited using family
abor and reciprocity relationships in the communal network. Land
learance (i.e. Opuntia scrubland habilitation) allows farmers to
btain benefits from the scrubland by harvesting fruit, collecting
ochineal, and keeping livestock.

Accordingly, the Opuntia scrublands socio-ecological model
as developed to simulate the dynamics of individual family

area = 2 ha) plots based on five interacting submodels representing
he dynamics of cochineal insects, vegetation, livestock, Opuntia
ruit harvest and scrublands habilitation. The conceptual model,
ncluding the main components (stocks) of each submodel and
he processes and components relating them is shown in Fig. 1.
ubmodels are shown individually in Figs. 2–6 using Stella iconog-
aphy. Stella includes, within its iconographic tools, one known as
ghost”, recognized in the graphics of a model or submodel as icons
ith pointed lines (e.g. Scrubland and scrubland consumption in

ig. 2). The purpose of these ghosts, which correspond to replicas
f model components, is to simplify the graphics. When they appear
n each submodel (Figs. 2–6)  and especially when they correspond
o components from other submodels, they have been specified
n the figures legend. The numerical model was  built on difference
quations (�t = 0.1 year) by means of Stella® 9.1.4, with a total time
orizon of 10 years. This time horizon considered the lack of con-
istency in longer term government policies, the large number of

GOs working in the area and the short life span of their spon-

ored projects. We  used Euler’s method of integration, instead of
he Runge–Kutta methods also included in the Stella Research Mod-
ling System, paying due consideration to the fact that the model
s  built using the software Stella Research 9.1.4. The boxes represent the submodels
odels correspond to the main components or stocks. The details of each submodel
ography.

includes several if-then-else logic functions (Marin et al., 2009). The
model was  calibrated with empirical data gathered in the province
of Huamanga, Ayacucho (Rodríguez and Pascual, 2004; Rodriguez
et al., 2008), complemented with literature information.

2.2. Habilitation submodel

The habilitation process comprises opening trails of access,
pruning spiny bushes, and clearing land to facilitate cochineal
harvest and to obtain fuel-wood and fodder from the vegetation
associated to Opuntia without affecting the arable soil layer (Fig. 2).
Social capital is an important parameter affecting the habilitation
of otherwise inaccessible Opuntia scrubland.

Analysis of field data showed that the age of the head of the
household, the number of days employed in the habilitation and
several social capital variables such as the number of associations
that the household is affiliated to, and the rate of meeting atten-
dance in the committee of cochineal collectors, significant affect the
amount of scrubland habilitated (Rodríguez and Pascual, 2004).

The habilitation submodel includes two  main components:
scrubland, which corresponds to a 2 ha area available for habilita-
tion, and habilitated scrubland (initial value = 0 ha). The relationship
between these two components was  modeled by a Stella’s “biflow”
process (scrubland habilitation) such that:

scrubland (t) = scrubland(t − �t) − (scrubland habilitation)�t  (1)

habilitated scrubland (t) = habilitated scrubland(t − �t)

+ (scrubland habilitation)�t  (2)

The scrubland habilitation process was modeled through an IF-
THEN-ELSE logic that includes all the social capital variables and
parameters quantified by Rodriguez and Pascual (2004) through a
statistical model, with the following format:

scrubland habilitation = 0 if scrubland = 0 or Labor hab

= 0 or age > 65

scrubland habilitation = e−0.88 + ln(N Asoc) ∗ Asoc coef

+ ln(Labor hab) ∗ Labor coef + P rate ∗ Part coef
− ln(Agr income) ∗ Agr coef − outfarm ∗ Out coef

+ ln(age) ∗ Age coef − (habilitated scrubland ∗ Regeneration)

otherwise.
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ig. 2. Habilitation submodel. Processes, parameters and stocks are shown using St
crubland consumption from the Livestock submodel (Fig. 4) and labor coll from the 

Numerical values and explanations for all parameters are shown
n Table 1. Regeneration represents the process of scrubland recov-
ry, modeled using an IF-THEN-ELSE logic, depending on whether
r not the vegetation components (see Section 2.3 and Fig. 1) are
onsumed by the livestock or used for cochineal collection by the
armers:

egeneration = 0.6 if scrubland consumption = 0 and

Labor coll = 0

egeneration = 0.05 otherwise

here Labor coll is a parameter representing the days per year
edicated to cochineal collection (see Section 2.6 below) and
crubland consumption represents the use of vegetation by the live-
tock. The values for the Regeneration parameter were provided by
xperts and farmers in Ayacucho during fieldwork.

.3. Vegetation submodel
The vegetation submodel (Fig. 3 and Table 2) corresponds to
 category known as “minimal models” (Scheffer and Carpenter,
003; Marin et al., 2009) representing a simplified dynamics of the
conography. The submodel includes two  ghost components from other submodels:
eal submodel (Fig. 6).

components of the Opuntia scrubland (i.e. Opuntia plants, grasses
and browse):

VEG(Ci, t) = VEG(Ci, t − �t) + (Growth(Ci) − Forage(Ci))�t (3)

where Ci corresponds to each of the three vegetation components
(Opuntia, grasses and browse). Growth of the vegetation sector was
developed considering the availability of rainfall in the area. Based
on 10-year records from the nearest climatic station located at Tam-
billo, Huamanga, the mean rainfall (MR) was  considered as 759 mm
per year. Vegetation growth is not only related to the mean rainfall
but also to the dependability of annual rains. Hence, a depend-
ability index (RD), given as the ratio of a given frequency to the
mean (Le Houérou et al., 1988), was  employed and set equal to
0.8 as in other parts of the Andes with similar rainfall records (e.g.
Guevara et al., 1996a).  A rain-use efficiency factor (RUE), which is
the relationship between maximum standing crop at the end of
the rainy season in kg of dry matter (DM) per hectare per year
and total annual rainfall (in mm/year), was used to estimate the
carrying capacity of every component of the vegetation sector, fol-

lowing Guevara et al. (1996a). Accordingly, for each vegetation
component:

Growth(Ci) = MR ∗ RD ∗ RUE(Ci) ∗ habilitated scrubland (4)
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ig. 3. Vegetation submodel. Processes, parameters and stocks are shown using St
host  in grasses and browse.

The RUE for grasses was conservatively considered equal to
.66 kg DM ha−1 year−1, which is the mean value for overall pro-
uctivity in geographic areas with lower levels of annual rainfall,
or which data is available (Le Houérou and Hoste, 1977). The RUE

or browse is usually 1.4 kg DM ha−1 year−1, in zones with mean
ainfall below 350 mm/year (Guevara et al., 1996a).  Nevertheless,
imilarly to Le Houérou (1989),  we used a conservative RUE factor of
.0 kg DM ha−1 year−1 since much of the available water might be

able 1
arameter values for the habilitation submodel. See Fig. 2 for submodel structure and text
eru  (Rodriguez and Pascual, 2004; Rodriguez et al., 2008).

Parameter Explanation 

N Asoc Number of associations that a household is affiliated 

Asoc  coef Scrubland habilitation coefficient for N Asoc 

P  rate Participation rate in cochineal collectors committee activities 

Part  coef Scrubland habilitation coefficient for P rate 

Labor  hab Labor habilitation 

Labor coef Scrubland habilitation coefficient for Labor hab 

Agr  income Agricultural income 

Agr coef Scrubland habilitation coefficient for Agr income 

Age Age  of household head (Initial value) 

Age  coef Scrubland habilitation coefficient for Age 

Outfarm Mean proportion of households with income from sources other th
Out  coef Scrubland habilitation coefficient for Outfarm 
iconography. Since Rainfall dependency affects all vegetation types it appears as a

used by the more abundant dominant species. Based on Guevara
et al. (1999),  the RUE for Opuntia was conservatively considered
equal to 15 kg DM ha−1 year−1. The carrying capacity for Opuntia
was set to 17,000 kg DM ha−1 year−1 (Guevara et al., 2003).
Forage for each component was  simply calculated as a fraction of
the available biomass through availability factors, evaluated based
on both field observations and literature reports. The herbaceous
layer accessible to livestock is about 80%, the rest being unavailable

 (Section 2.2) for equations. All values were obtained during fieldwork in Ayacucho,

Value Units

5 Dimensionless
0.14 Dimensionless
0.54 Proportion of meeting attendance per year
0.39 Dimensionless

26 Days yr−1

0.16 Dimensionless
1562 Nuevos soles yr−1

0.058 Dimensionless
40 Years

0.089 Dimensionless
an the farm 0.27 Dimensionless

0.07 Dimensionless
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ig. 4. Livestock submodel. Processes, parameters and stocks are shown using Stel
egetation submodel (Fig. 3). Available forage and scrubland consumption have been

ecause it lies below spine shrub species (Guevara et al., 1996b).
rowse availability to livestock is about half the annual yield (Le

ouérou et al., 1993). Opuntia consumption in the diet should not
xceed 10% of animal live weight when used as a sole feed during
he season. The nutrient content of the cladodes is altered as their

able 2
arameter values for the vegetation submodel. See Fig. 3 for submodel structure and text

Parameter Explanation Value 

RUE browse Rain use efficiency for browse 1.0 

RUE  Grass Rain use efficiency for browse 2.66 

RUE  Opuntia Rain use efficiency for browse 15 

RD  Rainfall dependability index 0.8 

MR Mean rainfall 759 

Browse availability Browse availability for livestock 0.5 

Grass  availability Grass availability for livestock 0.8 

Opuntia  availability Opuntia availability for livestock 0.3 
nography. The ghost components Opuntia, Grass and Browse forage come from the
ated as ghosts to simplify the graph.

age increases and cladodes over 3 years old are almost indigestible
with no feed value (Le Houérou, 1996). Field observations in Ayacu-

cho suggest that at least 30% of the livestock diet is obtained from
Opuntia; hence, the availability was  considered one third of the
total yield.

 (Section 2.3) for equations.

Units Source

kg DM ha−1 yr−1 mm−1 Le Houérou, 1989
kg DM ha−1 yr−1 mm−1 Le Houérou and Hoste (1977)
kg DM ha−1 yr−1 mm−1 Guevara et al. (1999)
Dimensionless Le Houérou (1989)
mm yr−1 Estación Tambillo, Huamanga, Peru
Dimensionless Le Houérou (1989)
Dimensionless Fieldwork at Ayacucho; Guevara et al. (1996a,b)
Dimensionless Fieldwork at Ayacucho
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ig. 5. Fruit harvest submodel. Processes, parameters and stocks are shown using St
rom  the Livestock submodel (Fig. 4); Opuntia and Opuntia availability from the vege

.4. Livestock submodel

The livestock submodel (Fig. 4), represents the dynamics of live-
tock keeping in the cochineal producing areas of Ayacucho: young

ivestock are bought, fed with scrubland resources as well as crop
yproducts, and sold usually after a year of stocking. Part of the
evenue is employed in buying new livestock and maintaining the

ig. 6. Cochineal submodel. Processes, parameters and stocks are shown using Stella’s i
ubmodel (Fig. 5).
iconography. Ghost components have the following origins: scrubland consumption
 submodel (Fig. 3) and habilitated scrubland from the habilitation submodel (Fig. 2).

cycle, while the remnant partially covers the need of cash to obtain
goods and services not available in the community. Due  to the dif-
ferent animal species involved in livestock keeping, we  opted to
transform the livestock owned by individual households to tropical

livestock units (TLU; Boudet, 1975). Following Pieri (1989),  one TLU
corresponds to one cattle, one horse, five donkeys, ten sheep, or ten
goats. TLU dry matter requirements were considered based on a diet

conography. The ghost component non grazed area comes from the Fruit Harvest
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Table 3
Parameter values for the livestock submodel. See Fig. 4 for submodel structure and text (Section 2.4) for equations. TLU, tropical livestock units (Boudet, 1975).

Parameter Explanation Value Units Source

TLU DM requirements TLU dry matter requirements 3650 kg DM yr−1 Guevara et al. (1996a,b)
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TLU  cost Maintenance cost of TLU
TLU  sell price TLU sell price at local market 

Proportion of TLU benefits Proportion of TLU benefits invested in buying n

f 2.5 kg per day per 100 kg of liveweight (Guevara et al., 1996b).
ccordingly, the value for the model was set to 3650 kg DM yr−1.

The livestock submodel was built based on economic parame-
ers related to cost, price, benefits and investment on one hand and
vailable forage from the vegetation submodel (see Figs. 3 and 4):

LU(t) = TLU(t − �t)  + (TLU increase − TLU to market)�t  (5)

here TLU increase corresponds to the yearly increase of TLU, a
rocess that depends on the scrubland consumption, forage and
conomic parameters in the following way:

LU increase = 0 if Scrubland consumption = Available forage

LU increase = Increment TLU otherwise

here Increment TLU = TLU investment/TLU cost. The parameters
elated to TLU investment can be seen in Fig. 4. All parameter values
Table 3) were obtained during fieldwork in Ayacucho.

Scrubland foraging (Fig. 4) was modeled as:

crubland forage(t) = Scrubland forage(t − �t)  + (Available forage

− scrubland consumption − dead vegetation)�t (6)

here Available forage corresponds to the sum of the three forages
vailable from the vegetation submodel (Fig. 3), scrubland consump-
ion is the sum of TLU and TLU for sale multiply by the dry matter
equirements (see above) and dead vegetation corresponds to the
esult of comparing available forage and scrubland consumption such
hat: IF Scrubland consumption < available forage THEN dead vegeta-
ion = scrubland forage;  ELSE dead vegetation = 0.

.5. Fruit harvest submodel

Opuntia fruit yields vary considerably with ecological condi-
ions, the management given to the plant, and the nature of the
ultivar. In the case of non-managed plants the fruit yields may
ary from 1 to 5 t ha−1 yr−1, and commonly yields reach between

 and 10 t after tilling and weed control (Le Houérou, 1996). Fig. 5
hows the fruit submodel structure; parameter values are shown in
able 4. Fruit production in habilitated Opuntia scrubland is high.
armers harvest just a small portion of the available fruit because
he enormous supply saturates local demand, and they are not able

o reach other fruit markets. The amount of harvested fruit is a func-
ion of both the available area of Opuntia and the labor involved in
ollection. Fruit benefits depend on the quality of the fruit that is
olely a function of the harvest cleanliness and not the fruit size.

able 4
arameter values for the fruit harvest submodel. See Fig. 5 for submodel structure
nd text (Section 2.5)  for equations. All values were obtained during fieldwork at
yacucho, Peru.

Parameter Explanation Value Units

FL per ha Fruit load per hectare 250 kg ha−1

kg fruit per ha Available amount of fruit 5000 kg ha−1

Labor harvest Labor fruit harvest 5 Days yr−1

AHC Area harvest coefficient 0.153 Dimensionless
LHC  Labor harvest coefficient 0.727 Dimensionless
298 Nuevos soles Fieldwork at Ayacucho
541.5 Nuevos soles Fieldwork at Ayacucho

imals 0.55 Dimensionless Fieldwork at Ayacucho

Fruit, fruit production and harvested fruit were modeled using IF-
THEN-ELSE logic and regression equations derived from field data
from eight farmer communities of Ayacucho:

Fruit(t) = Fruit(t − �t) + (Fruit production − Fruit harvest − Rotten fruit)�t
Fruit production = FL per ha × (non grazed area + 2.4)

(7)

where FL per ha corresponds to the fruit loads per hectare
(250 kg ha−1) and non grazed area is the area no used for the live-
stock that depends on habilitated scrubland (see Section 2.1), the
parameter Opuntia availability (see Section 2.2) and scrubland con-
sumption (see Section 2.3)  such that:

Non grazed area = habilitated scrubland

+ 0.01 if Scrubland consumption = 0

Non grazed area = (habilitated scrubland + 0.01)

× (1 − Opuntia availability) otherwise

Finally, Fruit harvest was modeled based on an empirical equa-
tion, dependent on the area being harvested and the intensity of
the labor, derived from field data:

Fruit harvest = e(ln(non grazed area+1.01)∗AHC)+(ln(labor harvest∗LHC)+2.6) (8)

where AHC corresponds to the area harvest coefficient and LHC to
the labor harvest coefficient.

2.6. Cochineal submodel

Cochineal submodel (Fig. 6) represents the dynamics of the
insect population and its relevant economic relationships. All sub-
model parameters are shown in Table 5. The growth of the cochineal
population was modeled based on a logistic equation. Intrinsic rate
of increase (rc) was  considered equal to 0.055 (Méndez-Gallegos
et al., 1993), while the carrying capacity (k) was defined as a func-
tion of the available area, the growing number of available plants
and the cochineal infestation level, which for the area of study was
observed to be 30% (Fig. 6):

Cochineal(t) = Cochineal(t − �t) + (Cg − Cc)�t (9)

where Cg corresponds to cochineal growth (Fig. 6) which is calcu-
lated as:

Cg = rc Cochineal
(

1 − cochineal

K

)
∗ 4 (10)

Cc corresponds to Cochineal collection which is a simplified harvest
function, defined considering the size of the cochineal stock, the
labor effort (Labor coll, in days yr−1) and a catchability coefficient
(Ccoef):

Cc = Cochineal ∗ Ccoef ∗ Labor coll (11)

Ccoef was defined as the fraction of the population collected by
a unit effort (Gulland, 1983), which in the present case, we  evalu-

ated as equal to 0.0033. Following Clark (1985),  the derived harvest
function assumes that catch per unit effort is directly proportional
to the density of cochineal in the scrubland, which in turn is directly
proportional to its abundance.
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Table  5
Parameter values for the cochineal submodel. See Fig. 6 for submodel structure and text (Section 2.6) for equations.

Parameter Explanation Value Units Source

rc Intrinsic cochineal growth rate 0.0055 Ind Ind−1 t−1 Méndez-Gallegos et al. (1993)
Infestation level Surface of the plant infested with cochineal 0.3 Dimensionless Fieldwork at Ayacucho
Ccoef Fraction of the cochineal population collected by unit of effort 0.0033 Dimensionless Fieldwork at Ayacucho
Labor coll Labor collection of cochineal insects 21 Days yr−1 Fieldwork at Ayacucho

1300 Plants ha−1 Fieldwork at Ayacucho
330 Nuevos soles kg−1 Fieldwork at Ayacucho

 price 0.666 Dimensionless Fieldwork at Ayacucho
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Table 7
Comparison of the output of the calibrated model (10-year simulation) and Ayacu-
cho data set.

Variable Units Model
output

Data set

Average Std. dev.

Habilitated Opuntia Scrubland Ha yr−1 1.2 0.96 0.72

the field because of the lack of demand. For the cochineal, under the
initial conditions of infestation level and collecting effort, the insect
stock initially decreases as a consequence of farmers collection and
Opuntia plant density Available Opuntia plants 

CPexp Cochineal price for export companies 

Int  traders Intermediary traders share of international cochineal

The cochineal submodel also contains the equations to esti-
ate the net benefits of the exploitation considering the price of

ochineal and the costs of harvest the insects (Fig. 6). The cochineal
ector assumes that harvest technology is fixed, and that the infes-
ation level of the habilitated scrubland is the same every year.
ochineal price and wage rates are assumed constant.

The benefits obtained by the collection of cochineal insects (CC
enefits) are calculated as:

C benefits = Cc ∗ CPF (12)

here CPF corresponds to Cochineal Price at farm, which in turn is
alculated as:

PF = CPexp ∗ (1 − Int traders) (13)

here CPexp corresponds to cochineal price for export companies
nd Int traders the proportion of export price retained by interme-
iary traders.

. Model evaluation

.1. Model calibration

Field data complemented with records from the literature were
sed to calibrate the model (Tables 1–5). The initial conditions for
ll components are shown in Table 6. Table 7 compares model
utputs with the observed values for scrubland habilitation, fruit
arvest, and cochineal collections. Due to the transformation of the
ifferent livestock species to TLU, there was no available field data
o compare this component by itself. Nevertheless, since all the
ubmodels are interdependent and their outputs fit well with their

bserved values we accepted that the livestock keeping submodel
as accurate enough, not altering the dynamics of the overall

ystem.

able 6
nitial values for all components of the Opuntia scrublands socio-ecological model.

Component Value Units Source

Opuntia scrubland
area

2 Ha per household Fieldwork at
Ayacucho

Habilitated
scrubland area

0 Ha

Browse stock 607 kg DM ha−1 Le Houérou (1989)
Grass stock 1615 kg DM ha−1 Le Houérou (1989)
Opuntia stock 9100 kg DM ha−1 Le Houérou (1989)
TLU  for stocking 1 TLU Fieldwork at

Ayacucho
TLU for sale 2 TLU Fieldwork at

Ayacucho
Fruit stock 250 Loads yr−1 Fieldwork at

Ayacucho
Harvested Fruit 0 Loads yr−1

Cochineal stock 940 kg yr−1 Fieldwork at
Ayacucho

Collected Cochineal 0 kg yr−1
Total fruit harvested kg 993.1 954.00 596.00
Cochineal collected kg 65.1 63.80 37.20

3.2. Simulation runs

We studied the behavior of the system in a ten-year simulation
run.

Fig. 7 shows that the two hectares of scrubland managed by each
household is habilitated in about two  years. As a consequence of the
enhanced accessibility to Opuntia plants the available biomass for
feeding livestock increases five times. At the same time farmers
are able to increase the amount of harvested fruit under the same
harvest effort, reaching about 50 kg per year, while the rest is left on
Fig. 7. Simulation run under a ten-year scenario of the effect of Opuntia scrubland
habilitation on cochineal stock, fruit harvest, and available Opuntia for livestock.
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Table 8
Sensitivity analyses for 10-year simulation run to changes in selected parameters (see text for parameter explanations). Values are expressed as NVP in Nuevos Soles. The
reference NVP output, corresponding to the calibrated model (Figs. 7 and 8), is 41,692 Nuevos Soles.

Parameter −20% −10% +10% +20%

TLU DM requirements 41,611 41,578 41,547 41,520
Infestation level 39,272 40,446 42,960 44,086

48,446 34,524 26,711
38,472 44,762 47,689
41,624 41,756 41,819

t
n
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Table 9
Sensitivity analysis for 10-year simulation run to changes in social capital param-
eters and habilitation labor (see Table 1 for parameter descriptions). Values are
expressed as NPV in Nuevos Soles. The reference NVP output, corresponding to the
calibrated model (Figs. 7 and 8), is 41,692 Nuevos Soles.

Parameter −20% −10% +10% +20%
Int  traders 54,844 

Labor  coll 35,099 

Labor  harvest 41,555 

hen gradually increases as the Opuntia scrubland is habilitated and
ew infested Opuntia plants become accessible.

.3. Sensitivity analysis

We analyzed the sensitivity of the net present value (NPV) of
he combined profits obtained by farmers from cochineal collec-
ion, fruit harvest and livestock keeping to ±10 and ±20% change
n several parameters that might be modified through governmen-
al programs and policies (Table 8). Profits were calculated as the
ifference between benefits and costs, applying a discount rate of
2%.

.3.1. Livestock submodel
We analyzed changes in the TLU dry matter requirements. A

ecrease in this parameter represents that livestock is using forage
rom sources other than the scrubland, e.g. crop byproducts, while
he opposite represents that other sources of forage are less avail-
ble, as after a poor crop harvest. Changes in this parameter did not
ignificantly affect NPV. However, model results showed that an
ncrease in one TLU could temporarily exhaust the available stock
f scrubland forage (Fig. 8). Nevertheless, considering that farmers
re strongly monetary constrained this is highly unlikely without
xternal aid. Changes in the magnitude of the use of scrubland
esources as forage are more likely.

.3.2. Cochineal submodel
Three parameters concerning the cochineal sector were

elected; one biological parameter (infestation level of the Opuntia
lants), a management parameter (cochineal collection effort), and a
arket chain parameter (proportion of the cochineal export price

etained by intermediary traders). The output of the analysis shows
hat a 10% increase in the infestation level or the cochineal collec-

ion effort respectively leads to a 3% and 7% increase in the NPV of
he profits obtained by farmers from habilitated scrubland.

Farmers receive ca. 30% of the price paid by cochineal
xport companies to the last intermediary (Flores-Flores and

ig. 8. Effect of the increase in grazing, from TLU = 1 to TLU = 2 on the available
crubland forage.
Labor hab 41,508 41,605 41,770 41,869
P  rate 41,472 41,583 41,798 42,030
N Asoc 41,531 41,615 41,761 41,820

Tekelemburg, 1995; PRA, 2002). Cochineal is an important prod-
uct and due to the small individual harvests there is a long chain
of intermediary traders between the producers and the export
companies. The sensitivity analysis for this parameter (intermedi-
ary traders) revealed that a 10% decrease in the portion of price
retained by intermediary traders, increase the net present value
of the peasant profits by 17%. Indeed, this was  the most sensitive
model parameter.

3.3.3. Fruit harvest submodel
The analysis of the effects of changes in fruit harvest effort (labor

harvest, Table 8) showed negligible changes on NPV.
In order to compare if social capital is as productive as other

inputs, we expanded the sensitivity analysis to evaluate the effect
of social capital and the number of labor days allocated to scrub-
land habilitation on the profits obtained by farmers by changing
the initial values of three parameters in ±10% and ±20% (Table 9).

For empirical purposes social capital is measured using proxy
variables; nevertheless there is no consensus about which variables
are the best (Grootaert and van Bastelear, 2002). Social capital indi-
cators differ geographically and sectorally, and the decision for the
selection of proxy variables is often inspired by the specific out-
comes of the social interaction. Based on Rodriguez and Pascual
(2004), membership in formal associations and meeting attendance
in cochineal producers committee were the proxies selected in this
study.

The outputs revealed that 10% increase in the social capital vari-
ables or 10% increase in the number of labor days has a negligible
effect (0.2% increase) on the profits of farmers. The most sensitive
parameter was P rate, the participation rate in committee activities
(see Table 1).

4. Discussion

Modeling socio-ecological systems is still in its infancy. As an
example, a literature search1 by means of the ScienceDirect web
(http://www.sciencedirect.com/) and using “socio-ecological” as
title keyword showed a total of 35 articles; 94% of them written
after 2004 and 31% in the last two  years. The same search, but
restricted to the journal Ecological Modeling, shows only five arti-

cles; four of them written after 2007. Grosmann (1994) proposes
that integration of socio-economic and ecology exists in a model
only if it contains at least one ecological and one socio-economic

1 Search conducted on 11-11-2011.

http://www.sciencedirect.com/
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ubmodel that interact. As shown in Fig. 1, the Opuntia Scrub-
and SES model fulfil this proposed requirement for integrated
ocio-ecological models since it is composed of five interacting
ubmodels representing the ecological dynamics of the Opuntia
crubland ecosystem (e.g. vegetation and cochineal submodels)
nd the socio-economy related to farmers activity (e.g. habilitation;
ivestock and fruit harvest submodels). It is interesting to note that
ll four SES modeling articles utilize different approaches; from dif-
erential equations (Lacitignola et al., 2007) to stochastic Markovian
pproaches (Lennox and Armsworth, 2011). Our model represents
till another approach for the modeling of complex socio-ecological
ystems; a difference equation system built on highly visual soft-
are (Stella 9.1.4) designed to facilitate the communication of
odel results. Thus, the model can be understood as a tool to under-

tand the dynamics of the Opuntia scrubland system in Ayacucho
nd to analyze the sensitivity of farmer’s economy to changes in

 broad range of parameters in ecological; social and economic
ontexts. Like any model, it necessarily involves a series of simplifi-
ations and assumptions due to the SES complexities. For example,
he vegetation was implemented as a “minimal model” (see Section
.3), a decision related to the amount of data available for its imple-
entation. Even then, we have shown that the full model could

e calibrated against data collected in Ayacucho, Peru. In what fol-
ows we discuss model results especially regarding its sensitivity to
hanges in parameters that could lead to alternative management
trategies of the Opuntia scrublands.

Model results suggest that policies and programs focused on
ncreasing livestock will be unsustainable due to the lack of feed-
ng resources and the fact that an additional TLU might deplete
he available scrubland forage. Programs aiming to provide farm-
rs with higher quality livestock which can be sold at greater prices
nd obtain by products such as milk might be more appropriate, as
ell as capacity building initiatives focused on improving the man-

gement of Opuntia in the animal diet (e.g. Guevara et al., 2003).
On the other hand, increasing the cochineal infestation level

ould the increase the benefits obtained by farmers. The assump-
ion behind is that the mentioned increase occurs naturally and it
s free, i.e. no artificial infestation is required. However, the value
f the ecosystem service of nursery and refugium (sensu De Groot
t al., 2002) for the Opuntia scrubland in Ayacucho was  estimated
n about 1589 Nuevos Soles ha−1 yr−1 (Rodriguez et al., 2008). If this
mount is included in the sensitivity analysis, the NPV would dras-
ically decrease. Thus, promoting artificial infestation to increase
he amount of collected cochineal and farmer’s income may  be a
iable option only if infestation costs are low. Indeed, the model fur-
her shows that under the current conditions, with the cochineal
rice very close to the wage rate, increases in the effort level of
ochineal collection will diminish the net revenues. This could be a
alid explanation for the low levels of cochineal harvest compared
ith the cochineal stock. However, although most of the cochineal

ollection is done using non-paid family labor, the model assumes
hat the effort cost is the wage rate in Ayacucho. Therefore, a more
ccurate measure of the opportunity cost of the time would be
seful.

Our analysis further suggests that improving the trading chan-
els between cochineal producers and export companies seems to
e the best policy to increase farmers’ benefits. Farmers are reg-
larly visited by traders involved in the commerce of cochineal.
hese traders buy cochineal and develop arrangements for future
ransactions in order to accumulate cochineal stocks and dis-
atch them to more wealthy traders who later transport and sell
he larger amount of insects demanded by export companies.

n that sense, several NGO’s have done efforts to substantially
nhance the cochineal gathering system in the communities, by
ncreasing the accuracy in the quantification of the amount of col-
ected cochineal, reducing the adulteration of the product, and
lling 227 (2012) 136– 146 145

diminishing their margin of benefits when acting as traders. Hence,
these NGOs are able to pay farmers higher prices than ordinary
intermediary traders. However, the debate about whether this
practice represents ethical trading is open, since most of the NGO’s
are non-profit organizations and are competing with intermediary
trader firms that require profits to subsist.

The sensitivity of the NPV to the labor involved in scrubland
habilitation and the selected social capital parameters is compa-
rable but small. Considering that social capital, like other forms
of capital, is productive (Coleman, 1990) and can be used as input
and argument of the production and utility functions (Schiff, 1992),
we had anticipated that increasing labor or social capital might
increase the rate of Opuntia habilitation. However, since land is
constrained to two  hectares per household, farmers with lower lev-
els of the selected variables will shortly also habilitate their total
available land obtaining the same level of profits. Thus, under the
current conditions, the sensitivity of NPV to social capital vari-
ables or labor is low. Nevertheless, since the benefits of Opuntia
habilitation are shared by the members of the community but the
potential negative impacts of land clearance are costs imposed on
non-members, the distribute effect of social capital or collective
action in the Andes might be subject of further research.

In summary, we  have shown that it is possible to built and cali-
brate, using a modeling approach that facilitate the communication
of model results, a socio-ecological model describing the dynamics
of an ecosystem (Opuntia scrublands in Ayacucho, Peru) and the
economic activities of the social actors depending on it. We  fur-
ther showed that by means of sensitivity analysis we can identify
parameters whose change would affect the benefits obtained by
farmers (e.g. trading) or generate negative changes in the ecosys-
tem (e.g. increases in the livestock). We  end this article proposing
that there is an urgency to develop SES models given the tight rela-
tionship between ecosystem’s health and human sustainability. In
this regard, modeling may  play an important role in the discussion
and evaluation of ecosystem integrated management.
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