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Abstract

Ecological intensification, i.e. relying on ecological processes to replace chemical inputs, is often presented as the ideal
alternative to conventional farming based on an intensive use of chemicals. It is said to both maintain high yield and
provide more robustness to the agroecosystem. However few studies compared the two types of management with respect
to their consequences for production and robustness toward perturbation. In this study our aim is to assess productive
performance and robustness toward diverse perturbations of a Cacao agroecosystem managed with two contrasting
groups of strategies: one group of strategies relying on a high level of pesticides and a second relying on low levels of
pesticides. We conducted this study using a dynamical model of a Cacao agroecosystem that includes Cacao production
dynamics, and dynamics of three insects: a pest (the Cacao Pod Borer, Conopomorpha cramerella) and two characteristic but
unspecified beneficial insects (a pollinator of Cacao and a parasitoid of the Cacao Pod Borer). Our results showed two
opposite behaviors of the Cacao agroecosystem depending on its management, i.e. an agroecosystem relying on a high
input of pesticides and showing low ecosystem functioning and an agroecosystem with low inputs, relying on a high
functioning of the ecosystem. From the production point of view, no type of management clearly outclassed the other and
their ranking depended on the type of pesticide used. From the robustness point of view, the two types of managements
performed differently when subjected to different types of perturbations. Ecologically intensive systems were more robust
to pest outbreaks and perturbations related to pesticide characteristics while chemically intensive systems were more
robust to Cacao production and management-related perturbation.
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Introduction

New paradigms in agriculture based on ecological intensifica-

tion such as natural farming [1], agroecology [2,3], the evergreen

revolution [4], or the doubly green revolution [5] are presented as

challenging alternatives to more conventional farming relying on a

high level of chemical input. They are presented as being more

respectful of the environment while ensuring a high level of

production. A central idea behind these paradigms is that

associated biodiversity is strongly impacted by the use of chemicals

in conventional farming [6,7] while the associated biodiversity

could provide a large range of ecosystem services that often have

the same effect as the chemical used (e.g. pest regulation, [8]).

According to these paradigms, reducing the amount of chemicals

used would maintain biodiversity and ecosystem services at a high

level and ensure high yields with lower economic costs. Moreover,

based on the ecological concept of stability of ecosystems [9],

agroecosystems with high levels of biodiversity are considered

more robust, stable and resilient toward perturbations. In other

words, such systems have the advantages of a high productivity

due to the maintenance of high levels of ecosystem services [10]

and of a strong capacity to resist to perturbations [11].

The three concepts of resilience, stability and robustness,

although related, slightly differ: resilience is ‘‘the persistence of

relationships within a system and is a measure of the ability of

these systems to absorb changes of state variables, driving

variables, and parameters, and still persist’’ [12], stability is ‘‘the

ability of a system to return to an equilibrium state after a

temporary disturbance’’ [12] and robustness is: ‘‘the ability to

maintain performances in the face of perturbation and uncertain-

ty’’ [13]. In this study we consider the issue of robustness that

addresses the performance of the system when the perturbation

occurs.

The overall production of an agroecosystem is quite easy to

quantify but its behavior in face of a perturbation is much more

difficult to assess as it strongly depends on the perturbation

considered [14].

In this study our aim is to assess productive performance and

robustness toward diverse perturbations of an agroecosystem
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managed with two contrasting strategies. More precisely, we

address the following two questions:

1 1: What is the shape of the relationship between robustness to

perturbations and yield of an agroecosystem under a broad

range of different management schemes?

2 2: Where are the management strategies based on ecological

processes (hereafter called ecological strategies, ES) and the

ones based on pesticide use (hereafter called chemical-based

strategies, CBS) located within the range of outcomes found in

1) and which of these two types of strategies performs better

with respect to yield and robustness?

To answer these questions, we developed a model based on a

case study of the Cacao agroecosystem in Central Sulawesi

(Indonesia). The aim of this model was to capture some general

patterns of the interactions between an agroecosystem, its

environment and its management by the farmer. Hence, the

product of this study is not intended for direct application in the

field, but rather for informing management decisions on a general

basis. To calibrate and parameterize this model, the Cacao case

study was chosen as it captures the main above-ground ecosystem

services and disservices and therefore represents a wide variety of

agroecosystems well. Cacao crops were introduced in South East

Asia 200 years ago. First records of Cacao production in Indonesia

date back to 1848 (15) but production remained low (,5000

t.year21 until the late 1970’s; [15,16]). Production strongly

increased in the last decades to reach more than 800 000 t.year21

in 2010 [16]. In Indonesia, Cacao production is continuous but

yield is not constant through the year and shows a main peak in

January and in some cases a minor peak six months later. Two

main pests impact Cacao production: Helopeltis theobromae and the

Cacao Pod Borer Conopomorpha cramerella [17]. Cacao pollination is

done by midges (Ceratopogonidae) and is a limiting factor for

production [18].

After briefly describing the model that we used, we determine

the relationship between ecosystem functioning and the number of

spraying events and define two groups of strategies, ES and CBS.

Then we determine the relationship between yield and robustness

for the set of all possible management strategies and six types of

perturbations. We then look more precisely at the relative

positions of the two subsets of management strategies ES and

CBS on the production-robustness relationship. Our results show

that ecosystem functioning is strongly negatively correlated to the

number of spraying events and show how both production and

robustness of the two extreme types of strategies depend on both

the type of pesticide used and the type of perturbation.

Materials and Methods

Model overview
Robustness of agroecosystems is difficult to address in the field

due to the high complexity of agroecosystems and their low

reproducibility for experimental purposes. In this context,

modeling approaches are powerful tools. In silico experiments

can cope with the complexity and their high level of reproduc-

ibility makes them useful frameworks to represent complex

agroecosystems and to study their robustness to perturbations.

The study that we present here is based on a model developed

and presented in [19]. This model gives an agroecological

representation of a Cacao plantation (Figure 1). It is a discrete

time model with a time step of one month and a time horizon of

20 years (T = 240 months). It links the Cacao pod dynamics to the

population dynamics of a pest species (the Cacao Pod Borer,

Conopomorpha cramerella) and two characteristic but unspecified

beneficial insect populations (a pollinator of Cacao and a

parasitoid of the Cacao Pod Borer). The Cacao Pod Borer and

parasitoid parts of the model were inspired by both the Cacao

model of [20] and the more general Nicholson and Bailey host-

parasitoid model [21].

The insects impact the Cacao yield in several ways. The

pollinators NPol positively affect the number of pods of age 0 Pods0

by pollinating the obligately outcrossing Cacao plants. The Cacao

Pod Borer population reduces the amount of Cacao beans

eventually harvested. The Cacao Pod Borer population NCPB is

regulated by a parasitoid NPar. All three insect populations are

affected by the use of pesticides by the farmer. We distinguish two

effects of spraying: the efficiency g (the effect on the Cacao Pod

Borer) and its selectivity h (the ratio of effects on beneficial and on

pest populations). Efficiency and selectivity range from 0 to 1,

g= 1 means that 100% of the Cacao Pod Borer are killed by the

pesticides, h= 1 means that the effect of pesticide application on

beneficial insects is as strong as its effect on the Cacao Pod Borer.

Since the aim of pesticide application in the field is to control the

Cacao Pod Borer, we limited the study to pesticides having a

stronger effect on the target species (Cacao Pod Borer) than on the

other species (beneficial insects). We therefore implicitly assume

that farmers would not use pesticides that have a net negative

impact. In this sense, we avoided the trivial situation where

pesticides should be banned due to net negative effects. The model

computes the Cacao yield dynamics Y through time as well as the

dynamics of the three insect populations for different types of

pesticides (characterized by their selectivity and efficiency), and for

different timings of spraying.

The model can be described by the following system:

Pods0 tz1ð Þ~f1 t,NPol tð Þð Þ
Y tð Þ~f2 Pods0 t{5ð Þ,NCPB t{2ð Þð Þ
NCPB tz1ð Þ~ 1{1l Sprayf g tð Þg

� �
f3 Pods0 t{3ð Þ,NPar tð Þ,NCPB tðÞð Þ

NPar tz1ð Þ~ 1{1l Sprayf g tð Þg 1{hð Þ
� �

f4 NPar tð Þ,NCPB tð Þð Þ
NPol tz1ð Þ~ 1{1l Sprayf g tð Þg 1{hð Þ

� �
f5 NPol tð Þð Þ

8>>>>>><
>>>>>>:

ð1Þ

Cacao Pod Borers preferentially attack pods of age 3, pods are

harvested at age 5. {Spray}, the characteristic function related to

Figure 1. Overview of the model structure. CPB stands for Cacao
Pod Borer. Bold black arrows stand for the processes considered in the
ecosystem functioning index (EFI; eqn 4).
doi:10.1371/journal.pone.0080352.g001
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the spraying event is defined as follows:

l Sprayf g tð Þ~1 if spraying is true at time t

l Sprayf g tð Þ~0 if spraying is false at time t

(
ð2Þ

f1–f5 are the functions related to the different natural dynamics (see

Appendix S1, eqn S.1.1, S.1.11, S.1.8, S.1.9 and S.1.6)

Model calibration and sensitivity analysis
Most parameter values were taken from the literature, when

possible from studies conducted in central Sulawesi (Table 1); [19].

Data on pollinators of the Cacao (ceratopogonid midges) are

very scarce and we could not calibrate this dynamics on data from

any of the pollinating species. Therefore we relied on available

data from another tropical species of the same family: Leptoconops

albiventris. Although it concerned a different species than the

pollinators of our system, we considered these data suitable

enough regarding the ambitions of the model. These data [22]

provide a 6-months survey of a population of midges subjected to

regular pesticide applications and were used to calibrate the

equation corresponding to pollinator dynamics. Pesticide applica-

tions are followed by an instantaneous drop of the midge

population followed by a fast recovery of the population. Given

Table 1. List of parameters.

Name Description Value Unit Reference

Intra-annual dynamic of Cacao pod production (eqn S.1.2)

a1 Mean sinusoid 1 7.176 pods.ha21 [23]*,[24]*

b1 Amplitude sinusoid 1 1.425 pods.ha21 [23]*,[24]*

V Time period sinusoids 12 months [23]*,[24]*

Inter-annual trend of Cacao pod production (eqn S.1.3)

aA Age dependence parameter 1 3.82 - [42]

bA Age dependence parameter 2 0.086 - [42]

cA Age dependence parameter 3 1.33 - [42]

A0 Initial age 120 months [42]

QA Standardization coefficient 2.5 1023 - [42]*

Pollination effect (eqn S.1.4, eqn S.1.5)

aP Pollination factor 1 20.83 kg. ha21. [18]

bP Pollination factor 2 0.34 kg. ha.21 pollinated flower21 [18]

cP Standardization coefficient 2.36 ha.kg21 [18]*

ay Pollinated flowers per pollinator unit 40 pollinated flower.pollinator21 [18]

Effects of management (eqn S.1.6)

g Spraying effect on pests (efficiency) [½0,1� - -

h Spraying effect on beneficial insects (selectivity) [½0,1� - -

Pollinator dynamics (eqn S.1.6)

lP Growth rate 100 - [22]*

cP Competition rate 99 pollinator21 [22]*

Cacao Pod Borer (CPB) dynamics (eqn S.1.8)

aCPB Number of eggs per female 130 egg.female CPB21 [20]

bCPB Egg predation rate 0.15 - [20]

S0 Larvae survival 0.1 CPB.egg21 [20]*

sCPB Adult sex-ratio 0.5 female CPB. CPB21 Wielgoss &
Clough (unpub)

dCPB Adult predation rate 0.41 - [20]

m Density dependence coefficient 1 0.69 pod.CPB21 [20]

r Density dependence coefficient 2 1.92 - [20]

Parasitoid dynamics (eqn S.1.9, eqn S.1.10)

aPar Parasitism probability 0.003 - [20]*

Yield function (eqn S.1.12)

v Weight of dry beans per pod 0.03 kg.pod21 Clough
(unpub)*

aY Yield loss parameter 1 0.01 CPB.pod21 [20]

bY Yield loss parameter 2 6.33 - [20]

*refers to parameters calibrated from the cited reference.
doi:10.1371/journal.pone.0080352.t001
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that we do not aim at quantitative prediction but at qualitative

understanding, we only modeled relative abundances and

standardized the midge population in the absence of spraying to

1000 at equilibrium.

A sensitivity analysis was then conducted to test the effect of a

variation of +/2 10% of each parameter of the model on the

average Cacao yield and on the average population sizes of each of

the three insects (for details, see [19]). The sensitivity analysis

showed a high sensitivity of the model to the two parameters of the

intra-annual dynamics of Cacao pod production (parameters a1,

and b1 in appendix S1). Calibration of these key parameters was

then adjusted using data from a survey of the Cacao yield of two

plots in central Sulawesi [23,24]. Initially conducted to compare

rainfall treatments, this database provided us with six control

subplots that we used for calibration. The survey was conducted

from January to December 2007 with a two-week time step.

Calibration was obtained by minimizing the Root Mean Square

Error (RMSE) of the full model compared to the Cacao yield data.

To ensure a periodic pattern of the dynamics, calibration was

made on two successive years. This sensitivity analysis made it

possible to isolate the most sensitive parameters. Once the

sensitivity to input data had been tested, all simulations were

run in a deterministic manner, to keep the number of simulation

within feasible limits.

Simulations
Indices. The model that we used made it possible to compute

the agroecosystem dynamics for the whole set of possible

management strategies. For each simulated spraying strategy, we

recorded the average yearly yield and the number of spraying

events as well as two specific indices to record information on

robustness and ecological functioning of the system. The

Robustness index records the average deviation (in absolute

values) of the productive output for a given set of perturbations. It

reads as follows:

Robustness~
YM{M Y{yij jð Þ

YM

ð3Þ

with Y M the maximum reachable yield (750 kg.ha21), Y the yield

without perturbation and yi the yield with perturbation i (i belongs

to the set of studied perturbations). Function M stands for the

mean and | | for the absolute value.

The Ecosystem Functioning Index (EFI) relates to the ecological

functioning of the agroecosystem. It synthesizes the different

ecological processes at stake and reads as follows:

EFI~PF zPCPBzPPods ð4Þ

with PF the pollination rate, PCPB rate of parasitism of the Cacao

Pod Borers and PPods the infestation rate of the Cacao pods. This

index synthesizes all ecological functions at stake in our modeled

agroecosystem and does not only focus on ecosystem services. We

decided to consider all functions regardless of their effects on

production to reflect information available in real systems. Indeed,

in real systems it is difficult to put a number on services specifically,

especially when the distinction between services and disservices is

not clear [25] or when the services are not known well.

Typology of the management strategies. To identify

spraying strategies that combine extreme intensities of manage-

ment and ecosystem functioning we built two contrasting groups of

strategies, depending on their position in the ecosystem function-

ing (EFI) - number of spraying events (NS) - plane. The set of

Ecological Strategies (ES) encompass all strategies that are within

both the 10% EFI upper quantile and the 10% NS lower quantile.

The set of Chemical Based Strategies, i.e. the CBS-management

strategies encompass all strategies that are within both the 10%

EFI lower quantile and the 10% NS upper quantile.

Production and robustness of the management

strategies. We analyzed the relationship between yield and

robustness of the system under six types of perturbations related to

management or environmental conditions. More precisely, we

subjected the system to the following perturbations.

Perturbations related to modifications of the environmental

conditions.

– Pest outbreak: For each management strategy, we simulate two

alternative perturbations via a sudden increase in the Cacao

Pod Borer population by 500 and 1000 individuals.ha21 at

month 3 (time of the year where the number of pods sensitive

to this pest is the highest).

– Variation in Cacao production: For each management

strategy, we simulate four alternative situations with each of

the two parameters of the Cacao pod dynamics (mean and

amplitude of the pod production sinusoid) increased or

decreased by 10%. This perturbation could reflect diverse

environmental variations, including climatic ones.

Perturbations related to modifications of the management

strategies.

– Event shift: For each management strategy, we simulate 12

alternative, modified strategies involving the shift of one of the

12 spraying/non-spraying events (i.e. 1 spraying event was

replaced by a non-spraying event and vice versa).

– Temporal shift: For each management strategy, we simulate

two alternative strategies by shifting the entire spraying

sequence by one month (either shifted one month earlier or

one month later).

Perturbations related to the pesticide characteristics.

– Pesticide efficiency: This scenario corresponds to a modifica-

tion of the pesticide efficiency. For each management strategy,

we simulate two alternative situations with a pesticide whose

efficiency is either increased or decreased by 20%.

– Pesticide selectivity: This scenario corresponds to a modifica-

tion of the pesticide selectivity. For each management strategy,

we simulate two alternative situations with a pesticide whose

selectivity is either increased or decreased by 20%.

These six perturbations were tested on the 212 possible

management strategies. Then the relative performances of the

ES and CBS defined were assessed. To compare the performances

of ES and CBS, we compared all possible pairs of strategies (always

one from the ES set and one from the CBS set) and computed the

proportion of ES that performed better than CBS (hereafter called

Comparison Index, CInd).

We first give a detailed analysis of the response of the Cacao

agroecosystems to these perturbations for a single type of pesticide

(Efficiency = 0.5, Selectivity = 0.5). Then, we conduct the same

analysis for 81 different pesticide types (Efficiency and Selectivity

ranging from 0.1 to 0.9 with a step of 0.1) so as to test the range of

validity of these first findings.

Numeric computations and statistical analyses were performed

with Python 2.7.2 (http://www.python.org/).

Cacao Robustness and Production
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Results

Calibration
After calibration, our model gave a reasonable visual fit

(Figure 2). Comparison of the model outputs with the Cacao

yield data showed that we managed to capture the general

behavior of the system.

Typology of the management strategies
We logically observed a strong relationship between the number

of spraying events NS and the functioning of the agroecosystem

EFI (Figure 3; EFI = 1.6320.05 NS, p,1023, R2 = 0.68). The

management strategies built a continuum. At the two extremes of

this continuum, we distinguished two subsets of trajectories: the

Chemical Based Strategies (CBS) that corresponded to a high

number of spraying events and a low functioning of the ecosystem

and the Ecological Strategies (ES) that corresponded to a low

number of spraying events and a high ecosystem functioning

(Figure 3).

Production and robustness of the management
strategies

The relationship between yield and robustness differed between

the different types of perturbations (Table 2). Negative relation-

ships were found for environment- and management-related

perturbations while a positive relationship was found for

pesticide-related perturbations.

On average, the yield obtained with ES was higher than the

yield obtained with CBS (Figure 4, CInd = 0.71). The robustness of

CBS was lower than the one of the ES under perturbations due to

a pest outbreak (Figure 4.a.; CInd = 1.00) as well as under pesticide-

related perturbations (Figure 4e, CInd = 0.99 and Figure 4f,

CInd = 0.80). However, robustness of CBS was higher than the

robustness of ES under perturbations related to management
(Figure 4c, CInd = 0.12 and Figure 4d, CInd = 0.32) or to

production (Figure 4b, CInd = 0.02).

These results can be qualitatively explained in the following

way. Systems managed with ES have a high level of ecosystem

functioning. This gives a higher capacity of self-regulation to the

system, which explains its high robustness to pest outbreaks and to

the pesticide characteristics. However ES are very specific

strategies aimed at ‘‘driving’’ the system instead of ‘‘controlling’’

it. This explains their low robustness to both production- and

management-related perturbations.

Effect of the type of pesticide
Comparison of the robustness of CBS and ES showed similar

results for the different types of pesticides as for the first pesticide

detailed in the former section (Figure 5). Due to the non-linearity

of model dynamics, the patterns observed are not necessarily

Figure 2. Model output and data from the study area (zoom on
year 10). The solid black curve corresponds to the model output, the
gray dots to the average monthly yields observed in the six plots of the
study area. The grey bars around these dots correspond to the average
values +/2 standard deviation.
doi:10.1371/journal.pone.0080352.g002

Figure 3. Intensity of spraying and ecosystem functioning of
the different spraying strategies. The x-axis is the Ecosystem
Functioning Index (EFI) and the y-axis is the number of spraying events
per year. Each symbol represents one of the possible spraying
strategies. Black symbols stand for the subset of Chemical Based
Strategies (CBS; high spraying intensity and a low ecosystem
functioning), white symbols stand for the subset of Ecological Strategies
(ES; low spraying intensity and a high ecosystem functioning). Gray
symbols stand for all other strategies.
doi:10.1371/journal.pone.0080352.g003

Table 2. Relationship between yield and robustness for four
types of perturbation (linear models).

Perturbation Trend Intercept Slope R2 P-value

Environment (pest outbreak) Negative 600 2160 0.03 ,10-3

Environment (production) Negative 1158 21018 0.65 ,10-3

Management (event shift) Negative 2478 22053 0.14 ,10-3

Management(temporal shift) Negative 859 2413 0.03 ,10-3

Pesticide (selectivity) Positive 2270 747 0.37 ,10-3

Pesticide (efficiency) Positive 2478 944 0.19 ,10-3

doi:10.1371/journal.pone.0080352.t002

Cacao Robustness and Production
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Figure 4. Relationship between yield and robustness under different perturbations. Under environmental perturbation (a: pest outbreak;
b: production variation), under a modification of the management strategy (c: shift in one of the spraying/non spraying events; d: temporal shift) or
under a perturbation linked to the type of pesticide (e: selectivity; f: efficiency). Each white symbol represents one of the 4096 possible spraying
strategies. Dark red symbols stand for the subset of Chemical Based Strategies (CBS, high spraying intensity and a low ecosystem functioning), light
blue symbols stand for the subset of Ecological Strategies (ES, low spraying intensity and a high ecosystem functioning).
doi:10.1371/journal.pone.0080352.g004

Cacao Robustness and Production
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Figure 5. Comparison of the robustness of the agroecosystem managed by Chemical Based Strategies (CBS) or Ecological
Strategies (ES) under 6 different perturbations. Figures a and b correspond to an environmental perturbation (a: pest outbreak, b: production
perturbation). Figures c and d correspond to perturbation of the management (c: shift of one spraying/non spraying event, d: temporal shift of the

Cacao Robustness and Production
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smooth but general conclusions can still be drawn. For most

pesticides, CBS were more robust than ES to Cacao production-

related perturbations (average CInd = 0.22) as well as to manage-

ment-related perturbations (event shift, average CInd = 0.24,

temporal shift, average CInd = 0.32) and ES were more robust

than CBS to pest outbreaks (average CInd = 0.88) as well as to

pesticide-related perturbations (efficiency, average CInd = 0.80,

selectivity, average CInd = 0.96).

However, yield showed a more balanced pattern (Figure 6,

average CInd = 0.51). ES showed higher yields with pesticides of

high efficiency and low selectivity while CBS showed higher yields

with pesticides of high selectivity and low efficiency. This illustrates

the non-trivial role of pesticides in a complex agroecosystem.

Discussion

Our results showed two opposite behaviors of the Cacao

agroecosystem that we modeled depending on their management:

First, Cacao agroecosystems relying on a high input of pesticides

and showing low ecosystem functioning that fit to the conventional

model of chemical intensification inspired by the Green Revolu-

tion; second, Cacao agroecosystems relying on ecosystem func-

tioning with a low level of chemical input that fit to the model of

ecological intensification inspired by agroecology-like paradigms.

These two types of management led to different levels of

production as well as different robustness. From the production

point of view, no system clearly outclassed the other and their

ranking depended on the type of pesticide used. From the

robustness point of view, the two types of systems performed

differently when subjected to different types of perturbations.

Ecologically intensive systems were more robust to pest outbreaks

and pesticide-related perturbation while chemically intensive

systems were more robust to management perturbation and

production-related perturbations.

Generality of the results
Our results were obtained with a simplified model of a Cacao

agroecosystem and the generality of our results should be

discussed. The agroecosystem that we modeled only includes

three insects, which is far less than what can be found in the Cacao

agroecosystem of the study area [26] and in agroecosystems in

general (e.g. [27]). However, ecosystem properties depend much

more on functional diversity than on species richness per se [28]

and agroecosystems are no exception [29]. Choosing these three

species, we focused on the three main above-ground ecosystem

services and disservices commonly found in agroecosystems (pest

management strategy). Figures e and f correspond to perturbations of the pesticide characteristics (e: selectivity; f: efficiency). Color indicates the
comparison index calculated, i.e. the percentage of pairs of strategies in which the ES performs better than the CBS.
doi:10.1371/journal.pone.0080352.g005

Figure 6. Comparison of the yield obtained in agroecosystems managed by Chemical Based Strategies (CBS) or Ecological
Strategies (ES). Color indicates the comparison index calculated, i.e. the percentage of pairs of strategies in which the ES performs better than the
CBS.
doi:10.1371/journal.pone.0080352.g006
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damage, pest regulation and pollination; [10]). In this sense, even

though the quantitative outputs of our models may differ when

applied to other agroecosystems, the following qualitative results

should remain valid to a broad range of agroecosystems:

– There is a strong negative correlation between the frequency of

spraying events and the functioning of the agroecosystem.

– Higher yields can be reached with farming practices based on

ecosystem functioning when broad-spectrum pesticides (high

efficiency and low selectivity) are used.

– Farming practices based on ecosystem functioning are more

robust to pest outbreak perturbations than farming practices

based on chemical inputs.

– Farming practices based on ecosystem functioning are more

sensitive to management perturbation than farming practices

based on chemical inputs.

We see two ways of validating these general findings through

modelling. These general results could be tested by applying our

modeling framework to other types of agroecosystems (e.g.

orchards, oil palm plantations,…). The application of other

models of agroecosystems (e.g. [30–33]) to the question raised in

this article would also be a way of testing the generality of these

results. However, most of these models would first have to be

extended to explicitly include crop dynamics and the effects of

insects on production. The use of such models developed in

different scientific contexts would contribute to the cross-validation

of our results.

Limits and perspectives
In this article, we only focused on Cacao agroecosystem

management at the field scale through the use of pesticides.

Therefore, our model could be developed in two main directions

to improve our understanding of the mechanisms of ecological

intensification: adding new dimensions to management and

increasing spatial scale.

With respect to new dimensions, the dynamics of shade trees

could be added to the model. In the specific case of agroforestry

systems such as Cacao, the management of shade trees is a strong

driver of ecosystem services and disservices [34,35]. Including this

aspect in our model would improve its predictive power and allow

us to address the paradox raised by [36]: on the one hand, several

studies highlight the strong importance of shade trees for the

sustainability of the production system, but on the other hand,

farmers tend to remove shade trees to improve yields and do not

notice any major drawback.

With respect to scaling-up, several studies have emphasized the

importance of the landscape scale when considering ecological

dynamics of agroecosystems [37]. Especially, the spatial distribu-

tion of insects involved in ecosystem services such as pest control

has a strong effect on pest populations [38,39]. In our study area,

parasitism rate, for instance, has been shown to depend strongly

on the distance to forest [40] and pollination also depends strongly

on landscape structure [41]. Transferring our model to the

landscape scale would make it possible to consider both ecological

and economic interactions between different fields. Refining the

management component of our model and transferring it to

greater spatial scales would increase the number of tools available

to balance between ecosystem services and disservices and give a

better understanding of how ecological intensification could be put

into practice.

Conclusion

We modeled a Cacao agroecosystem under two management

scenarios. The Cacao agroecosystem managed in an ecologically

intensive way strongly differed from the one managed in a more

conventional way using high quantities of chemical inputs. The

ecologically intensive Cacao agroecosystem was more robust to

pest outbreaks. It also showed higher yields when broad spectrum

pesticides were used. However, the ecologically intensive Cacao

agroecosystem was more sensitive to management-related pertur-

bations and Cacao production perturbations, which confirms the

high level of expertise needed to conduct such a management.

Supporting Information

Appendix S1 Description of the model.
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29. Moonen A-C, Bàrberi P (2008) Functional biodiversity: An agroecosystem
approach. Agric Ecosyst Environ 127: 7–21. doi:10.1016/j.agee.2008.02.013.

30. Chatterjee S, Isaia M, Venturino E (2009) Spiders as biological controllers in the

agroecosystem. J Theor Biol 258: 352–362. doi:10.1016/j.jtbi.2008.11.029.
31. Ives AR, Settle WH (1997) Metapopulation dynamics and pest control in

agricultural systems. Am Nat 149: 220–246.

32. Drechsler M, Settele J (2001) Predator–prey interactions in rice ecosystems:

effects of guild composition, trophic relationships, and land use changes—a

model study exemplified for Philippine rice terraces. Ecol Model 137: 135–159.

33. Bambaradeniya CNB, Edirisinghe JP (2008) Composition, structure and

dynamics of arthropod communities in a rice agro-ecosystem. Ceylon J Sci Biol

Sci 37: 23–48.

34. Steffan-Dewenter I, Kessler M, Barkmann J, Bos MM, Buchori D, et al. (2007)

Tradeoffs between income, biodiversity, and ecosystem functioning during

tropical rainforest conversion and agroforestry intensification. Proc Natl Acad

Sci 104: 4973–4978. doi:10.1073/pnas.0608409104.

35. Tscharntke T, Clough Y, Bhagwat SA, Buchori D, Faust H, et al. (2011)

Multifunctional shade-tree management in tropical agroforestry landscapes – a

review. J Appl Ecol 48: 619–629. doi:10.1111/j.1365-2664.2010.01939.x.

36. Ruf FO (2011) The myth of complex cocoa agroforests: the case of Ghana. Hum

Ecol 39: 373–388. doi:10.1007/s10745-011-9392-0.

37. Tscharntke T, Klein AM (2005) Landscape perspectives on agricultural

intensification and biodiversity – ecosystem service management. Ecol Lett 8:

857–874.

38. Bianchi F, Schellhorn NA, Buckley YM, Possingham HP (2010) Spatial

variability in ecosystem services: simple rules for predator-mediated pest

suppression. Ecol Appl 20: 2322–2333.

39. Ricci B, Franck P, Toubon J-F, Bouvier J-C, Sauphanor B, et al. (2009) The

influence of landscape on insect pest dynamics: a case study in southeastern

France. Landsc Ecol 24: 337–349. doi:10.1007/s10980-008-9308-6.

40. Klein A-M, Steffan-Dewenter I, Tscharntke T (2006) Rain forest promotes

trophic interactions and diversity of trap-nesting Hymenoptera in adjacent

agroforestry. J Anim Ecol 75: 315–323. doi:10.1111/j.1365-2656.2006.01042.x.

41. Priess JA, Mimler M, Klein AM, Schwarze S, Tscharntke T, et al. (2007)

Linking deforestation scenarios to pollination services and economic returns in

coffee agroforestry systems. Ecol Appl Publ Ecol Soc Am 17: 407–417.

42. Juhrbandt J (2011) Economic valuation of of land use change-A case study on

rainforest conversion and agroforestry intensification in Central Sulawesi,

Indonesia. Available: https://ediss.uni-goettingen.de/handle/11858/00-1735-

0000-0006-AB32-C. Accessed 7 August 2013.

Cacao Robustness and Production

PLOS ONE | www.plosone.org 10 December 2013 | Volume 8 | Issue 12 | e80352


