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A B S T R A C T

The application of nature-based solutions to agriculture is promising because it allows the sustainable man-
agement of ecosystems and the reconciling of human well-being with the benefits of biodiversity. However,
scientists lack robust economic arguments and concepts in the area of nature-based solutions that are well
aligned with the expectations of the agricultural sector. This study addresses this gap by developing an inter-
disciplinary economic framework that integrates nature-based solutions and allows for an assessment of their
efficient use. The conceptual framework is derived from a standard agricultural production model, making it
possible to determine optimal levels of use and value. The framework is then applied to the establishment of
semi-natural habitats, using econometric calibration and simulations based on agronomic, economic, psycho-
logical, and ecological data from a single case study in western France. The estimations show that the optimal
semi-natural habitat coverage rate was 17.5% which was half the observed level, suggesting an underuse ac-
cording to this framework. The present framework, which builds on standard economic efficiency models,
demonstrates that ecosystems contribute to production similarly to conventional agricultural inputs, providing a
productivity-based justification for their conservation.

1. Introduction

Nature-based solutions (NBSs), defined as actions to sustainably
manage ecosystems and simultaneously support human well-being and
biodiversity (Cohen-Shacham et al., 2016), are a promising approach to
achieving the goal of feeding humanity while decreasing environmental
degradation (IPBES, 2019; Dunlop et al., 2024). In the context of agri-
cultural production, they correspond to productive and efficient strate-
gies based on biodiversity and the use of ecosystem services (i.e.,
pollination, nutrient cycling, and pest control) and thus constitute al-
ternatives to input-based conventional agriculture (Eggermont et al.,
2015; Garibaldi et al., 2018). For example, implementing semi-natural
habitat (SNH) as hedgerows or grassland is a well-known NBS, sup-
porting natural enemy organisms that help control pests threatening
crop yields, thereby reducing production loss (Albrecht et al., 2020;
Faure and Mouysset, 2025), increasing pollinator abundance, and

boosting insect pollination (Kremen et al., 2019). Although NBSs may
safeguard food production while simultaneously providing environ-
mental benefits, the slow pace of adoption by farmers needs to be
accelerated (Hasler et al., 2022; Dunlop et al., 2024).

The current literature suggests that better scientific communica-
tion––in the sense of matching the narratives of scientists working on
NBSs for agriculture with the language of the agricultural sector and
policies would be helpful, but few economic arguments have been
advanced for the adoption of NBSs (Velado-Alonso et al., 2024). Some
economic ideas central to the concept of NBS, such as economic effi-
ciency, have been excluded from the analysis in the context of agricul-
tural production (Sowińska-Świerkosz and García, 2022). Economic
efficiency, is a key concept in agricultural economics that reflects a
farmer’s ability to use inputs in optimal proportions given their
respective prices (Hall and Winsten, 1959; Lau and Yotopoulos, 1971;
Chavas and Aliber, 1993). To date, there has been no study that proves
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the economic efficiency of NBSs using standard economic methods. As a
consequence, it is not clear how NBSs can be used to optimal effect
alongside other inputs and how they contribute to well-being (i.e., their
value; Paul et al., 2020). Answering these questions requires extending
the standard agricultural modeling framework to integrate NBSs and
thereby address their efficiency conditions.

One of the most commonly used agricultural production frameworks
in contemporary research is that in Saha et al. (1997). This econometric
framework is widely applied to quantify agricultural input efficiency
with a high degree of accuracy (e.g., Zhengfei et al., 2005; Möhring
et al., 2020; Tran et al., 2023; Devilliers et al., 2024). Specifically, the
framework accounts for the fact that, in the presence of risk and
risk-mitigating inputs (such as NBSs), marginal productivities can be
overestimated, leading to biased estimates of input efficiency
(Lichtenberg and Zilberman, 1986). However, consistent with the
assessment by Paul et al. (2020), this study argues that the framework in
Saha et al. (1997) is not suitable for studying NBS efficiency as it does
not include ecological processes and dynamics and, as such, cannot
capture retroactions between ecosystems and agricultural production
(IPBES, 2016; Keesstra et al., 2018; Poggi et al., 2021, 2018). Never-
theless, as made by Chatzimichael et al. (2022) in a recent article about
pesticides and health, this framework can be easily amended.

The objective of this article is to extend the modeling framework of
Saha et al. (1997) by adding a model of ecological dynamics, and thus
define precisely the economic efficiency of NBSs. This interdisciplinary
approach bridges the disciplines of applied ecology and agricultural
economics and provides a foundation for dialogue between the two. It
also offers new economic-based narratives for scientists working on
NBSs and prompts agricultural economists to reflect on sustainable
agriculture. The study illustrates the efficiency of NBS by applying the
extended framework to a case study in western France using empirical
ecological, agronomic, economic, and psychological data and the
econometric-process simulation model of Antle and Capalbo (2001).
This involved first specifying and estimating empirical models before
using simulations to represent farmers’ decisions. The optimal use of
NBS and their value in the form of SNH preservation and restoration,
were then empirically estimated.

A methodological investigation was concurrently conducted to un-
derstand the consequences of alternative model specifications on NBS
efficiency and value. Model-related choices regarding the specification
of ecological dynamics may impact NBS efficiency conditions through
the benefits considered. Therefore, NBSs were compared either when
they encouraged only natural enemies (natural pest control service) or
when they simultaneously encouraged pollinators (pollination service;
Bengtsson et al., 2019; Albrecht et al., 2020). Finally, since NBSs in-
fluence the yield stochasticity through fostering natural enemy organ-
isms, the study considered how the decision model under risk affected
the efficient use and value of NBSs.

2. A framework for analyzing nature-based-solution efficiency

2.1. Theoretical model

This section introduces the framework in Saha et al. (1997) before
setting out the proposed extension (see Fig. 1 for an overview). The
model is developed in a stochastic context in which production (Box 2 in
Fig. 1) is subject to a pest-related risk and another risk related to all other
factors (Box 3 in Fig. 1). The pest-related risk depends on levels of
infestation of the pest of interest, the associated damage, and the
effectiveness of pest management solutions. The second type of risk
includes risks related to crop growth conditions, mainly those of a
meteorological nature, such as temperature and rainfall, and the overall
pest risk due to pests other than the one of interest; this second type of
risk is referred to here as “crop growth conditions” for simplicity. Saha
et al.’s (1997) model of production at the field scale is given by the
following:

y(XTBS,ϕ, ε)= f(XTBS,ϕ, ε) (1)

where the yield y is a function of a vector of the crop growth conditions ϕ
and the focused pest risk ε. It is assumed that output increases with
better crop growth conditions and lower pest pressure. The yield is also a
function of traditional agricultural inputs (such as pesticides or fertil-
izers), named technology-based solutions (TBSs), which are defined in
contrast to NBSs in this study’s framework, and denoted as XTBS.

The extension, and hence the main difference with Saha et al.’s
(1997) original framework, is that this study’s framework includes a
module in which the farmer can manage the focused pest risk using
either TBSs or NBSs, denoted as XNBS. Hence, Eq. (1) becomes,

y(XTBS,XNBS,ϕ, ε)= f(XTBS,XNBS,ϕ, ε) (2)

Following Saha et al. (1997), the model is then asymmetrized, and
the potential yield and pest damage are differentiated1:

y(XTBS,XNBS,ϕ, ε)= h(XTBS,ϕ) × (1 − d(XTBS,XNBS, ε)) (3)

where h(XTBS,ϕ) is the potential output (Box 2a in Fig. 1), and d(XTBS,

XNBS, ε) is the damage function (i.e., the proportion of crops damaged by
the pest of interest; Box 2b in Fig. 1). In this framework, the NBS is
considered a “pure” risk-abating input (Zhengfei et al., 2005). The
innovation here is that multiple ecosystem functions can be considered
simultaneously, and an NBS can thus be treated as a productive and
risk-abating input. Indeed, NBSs usually promote multiple ecosystem
services simultaneously (FAO, 2021; Manning et al., 2018). Within the
multiple-service perspective, Eq. (3) then becomes

y(XTBS,XNBS,ϕ, ε)= h(XTBS,XNBS,ϕ) × (1 − d(XTBS,XNBS, ε)) (4)

The production function, in its single or multi-service definition, is
then used to compute the gross margin gm (Box 4 in Fig. 1) as follows:

gm(XTBS,XNBS,ϕ, ε)= p× y(XTBS,XNBS,ϕ, ε) − C(XTBS,XNBS) (5)

where p is the output price and C( • ) is the variable cost function related
to the vector of farmer inputs (Box 5 in Fig. 1). Similar to the framework
in Saha et al. (1997), in this study, the farmer’s optimal decision is
modeled (Box 1 in Fig. 1). This makes it possible to explore the effect of
risk preferences through utility specification (Boxes 6 and 7 in Fig. 1).
The farmer’s decision module assumes the maximization of the expected
utility (Gollier, 2004):

max
XTBS ,XNBS

U=E[u(gm, ν)] (6)

where ν is the coefficient related to risk preference. In the framework
presented here, the farmers are assumed to be either risk neutral or risk
averse (Pennings and Garcia, 2001; Rommel et al., 2023). In solving Eq.
(6), the computation of the optimal use level of NBS gives an estimation
of the condition for NBS efficiency (Chavas and Aliber, 1993; Pindyck
and Rubinfeld, 2018), the primary objective of this study (Box 8 in
Fig. 1).

Efficiency arises from the marginal value attributed to NBS, that is,
its contribution to well-being, which concerns the study’s second
objective (Box 9 in Fig. 1). This is referred to as the total value (VT),
which can be divided into the economic (VE) value and the insurance
(VI) value (Baumgärtner and Strunz, 2014; Peled et al., 2020); the
former is related to the contribution to average production and the latter
is related to the contribution to risk reduction (Primmer and Paavola,
2021). Formally, VE is defined as the marginal increase in gross margin
resulting from a one-unit increase in input (Debertin, 2012) and VI is
defined as the marginal decrease of risk premium allowed by an

1 Saha et al. (1997) proposed this distinction to account for the fact that some
inputs, like insecticides, do not increase potential yield but rather decrease
losses.
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incremental unit of input (Baumgärtner, 2007). Their sum gives the total
value VT. This definition implies that the total value is defined local-
ly––that is, it depends on the extent of NBS use (XNBS). Formally, the
total value of input is given as follows:

VT(XNBS)=VE(XNBS)+VI(XNBS)=
∂gm

∂XNBS
+

(

−
∂RP

∂XNBS

)

(7)

The risk premium RP is defined as the amount of money that leaves
the farmer indifferent between an alternative that offers certain wealth
and another in which the wealth is risky (Zweifel and Eisen, 2012).

u(E[gm] − RP) = E[u(gm)]

⟺RP = E[gm] − u− 1(E[u(gm)])
(8)

2.2. Econometric specification

An application of the theoretical model is then proposed, using the
econometric-process simulation model of Antle and Capalbo (2001), in
which empirical models are first specified and then estimated. In this
subsection, the specifications are presented in a way that remains broad
and applicable to a wide range of NBS scenarios. The case-study esti-
mations are detailed in Section 3. The same yield specification as Saha
et al. (1997) and Möhring et al. (2020) was applied as follows:

yi = Fi
(
XTBSi ,XNBSi ,Xi,β

)
× exp(ϕ) × exp

(
− Ai

(
XTBSi ,XNBSi , α

)
× ε

)
(9)

with Fi(XTBSi ,XNBSi ,Xi,β) × exp(ϕ) being the production function for the i
th field, exp( − A(XTBSi ,XNBSi ,α)×ε) being the damage function, and Ai

the abatement function. Control variables such as meteorological or soil-

Fig. 1. Overview of the theoretical model. Solid arrows represent direct effects, while dashed arrows represent indirect effects. The final objective is to compute NBS
efficiency and value.

Fig. 2. Production model coefficient estimation. Data were ln-transformed and standardized. The points and lines represent the means and the corresponding 90%
confidence intervals. The p-values of the t-tests, which compare the estimations with zero, are shown (*p < 0.1; **p < 0.05; ***p < 0.01).
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fertility factors were included in Xi. For the specification of Fi( • ), the
simplified translog model was used2; that is, the quadratic terms were
excluded (Debertin, 2012). The abatement function was assumed to
decrease log-linearly with risk-abating inputs.3 The generic econometric
specification of the model for field i is thus given by the following:

where ϕ is the vector of residuals linked to factors excluded from the
specification, such as other stochastic events. Based on this identifica-
tion, the model residuals are assumed to represent the logarithm of the
crop growth conditions. This specification implies that ϕ follows a
normal distribution and that the two risks are independent (zero
covariance) because of the linear model assumptions. Regarding the pest
risk, the logarithm of the observed values is denoted by ε, the
pest-related risk factor. Contrary to other studies, such as Möhring et al.
(2020), the framework used maximum likelihood estimation rather than
assuming the theoretical distribution a priori. The stochastic gross
margin per ha of the field i is given by

gmi = p× yi − Ci, (11)

where Ci is the variable cost function expressed as follows:

Ci =Cbase +
∑

j∈inputs
cj,iXj,i, (12)

with inputs being the vector of inputs (i.e., the TBS and the NBS).
Following the specification of the yield function, the utility function was
specified. First, it was assumed that utility follows a constant relative
risk aversion (CRRA) specification that makes it possible to represent
farmers’ risk preferences (Hadar and Russell, 1969; Apesteguia and
Ballester, 2018). The risk aversion coefficient is denoted by νi.

ui =
gm(1− νi)

i

1 − νi
(13)

In combining Eqs. (8) and (13), the insurance value for this model was
obtained as follows:

VIi = −

(

E[gmi] − ((1 − νi)E[u(gmi)])
1

1− νi

)

. (14)

Eventually, the impact of modeling risk preferences was tested by
assuming that the utility is equal to the gross margin and, thus, that the
farmers are risk neutral.

ui = gmi (15)

In this specification, the insurance value is zero (see Eq. (8)).

3. Case study in western France

3.1. Case study

The study area is an intensive agricultural landscape, the Zone
Atelier Plaine and Val de Sèvre, located in the south of the Deux-Sèvres
department in France. It is a 450 km2 agricultural cereal plain
comprising around 435 farms and 12,000 fields (Bretagnolle et al.,
2018a). The main crops are cereals (~40% of the land use), oilseed rape
(~10%), sunflower (~10%) and corn (~10%). The site belongs to the
international network of long-term socio-ecological research platforms
(LTSER; Singh et al., 2013). The research infrastructure includes
detailed data on biodiversity––pests and wild and domestic polli-
nators––land use, farming practices, and economic factors, such as input
costs or risk preferences (Bretagnolle et al., 2018a, 2018b; Gaba and
Bretagnolle, 2021).

This study focused on the production of oilseed rape, which is a
pollinated plant and the second-largest source of vegetable oil in the
world, accounting for 39% of European biodiesel feedstock production
(Flach et al., 2019). This crop is highly sensitive to pests (Zheng et al.,
2020). The cabbage stem flea beetles (Genus: Psylliodes) that are the
focus here were the main pests identified in the study area (Perrot et al.,
2022).

The NBS in the model was represented by the preservation (or
restoration) of SNHs; in this study, the SNHs are grasslands and
hedgerows. The SNH proportion increases the abundance of natural
enemies and ultimately supports pest mitigation (Albrecht et al., 2020;
Bengtsson et al., 2019; Perrot et al., 2021, 2023). In addition, SNHs are
multifunctional since they also increase bee abundance and, thus,
pollination (Bengtsson et al., 2019). This makes it possible to test the
effect of the ecological dynamics specification on NBS efficiency.
However, in this study’s data, hedgerows and grasslands are highly
correlated (Pearson test: ρ = 0.63). Therefore, only the percentage of
grasslands is used as the input linked to the SNH rate and to the use of
NBS.

The empirical models are parametrized using the following data-
bases: (i) a farmers’ survey database containing information on yield
and farming practices (e.g., fertilizers measured in kg.ha− 1; or pesticides
measured by calculating treatment frequency indexes; see Möhring
et al., 2019 for more details) and their associated costs in 294 oilseed
rape fields surveyed in the study area from 2011 to 2018 (Catarino et al.,
2019); (ii) a biodiversity database where bee and pest abundance were
sampled in 124 fields from 2013 to 2018 (Perrot et al., 2022); (iii) a
geographic information system for which soil characteristics and com-
plete land use occupation (since 1994) have been recorded (Bretagnolle
et al., 2018a); and (iv) a risk preferences database where the farmers’
risk aversion coefficient distribution was evaluated in the study area
using lottery experiments on 138 farmers (Couture and Gaba, 2021).

ln(yi)= c+
∑

kTBS

βkTBS ln
(
XkTBSi

)
+
∑

kTBS

∑

kTBS

βkTBSkTBS ln
(
XkTBSi

)
ln
(
XkTBSi

)
+
∑

kNBS

βkNBS ln
(
XkNBSi

)
+
∑

kNBS

∑

kNBS

βkNBSkNBS ln
(
XkNBSi

)
ln
(
XkNBSi

)

+
∑

kTBS

∑

kNBS

βkTBSkNBS ln
(
XkTBSi

)
ln
(
XkNBSi

)
+
∑

kX

βkX
Xi +ϕ+ ε ×

[

αε +
∑

kTBS

αkTBS ln
(
XkTBSi

)
+
∑

kNBS

αkNBS ln
(
XkNBSi

)
]

,

(10)

2 While the Cobb–Douglas specification is commonly used in the literature, it
has limitations because it restricts all elasticities of substitution to one, which
may not accurately reflect the reality of the production process and the trade-off
between technology-based and nature-based risk mitigation faced by farmers. A
commonly used alternative specification is the translog, which has no a priori
restrictions.
3 The linear and quadratic specifications can also be used, but the log-linear

specification simplifies the function by homogenizing its expression. In addi-
tion, using the case study data, linear and quadratic specifications were tested
against the log-linear specification, but they did not show any statistical
improvement over the log-linear specification (see Supplementary Material 4).
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3.2. Production model

The production model (Box 2 in Fig. 1) was estimated in Eq. (10) by
combining the three former data sets and employing 124 observa-
tions––ecological data were not available for all 294 fields from 2011 to
2018. All data were ln-transformed for parametrization, standardized,
and analyzed using R Version 4.1.2 (R Core Team, 2018).

In the first step, the model was selected using Hendry’s (1995)
methodology: the general unrestricted model was defined and refined
using an algorithm based on the Akaïke criterion (see Supplementary
Material 1 for the detailed procedure). The model selection retained
three TBSs (insecticides, fungicides, fertilizers; herbicides were
excluded), the NBS (i.e., SNH proportion), as well as soil type and bee
abundance (i.e., control variables; Fig. 2; Table S3). This suggests that
extending Saha et al.’s (1997) model to NBSs was robust because two
biodiversity-related variables were retained in the final model (SNH and
bees).

The estimation of the model coefficients (Eq. (10)) shows that pests
have a negative effect on crop yield, while the presence of bees, as well
as the quantities of fertilizers, insecticides, and fungicides, have a pos-
itive effect (Fig. 2; Table S3 in Supplementary Material 2). Soil type also
has a significant impact on crop yield, with clay soils leading to higher
yields than calcareous soils. As expected, insecticides and SNHs both
have a positive effect on crop yield through pest damage reduction. A
linear hypothesis test regarding the equality of the two coefficients
yielded a non-significant difference between the magnitudes of risk-
abating inputs on average (F = 0.37; p > 0.1), suggesting that SNHs
are as effective as insecticides in coping with pest risk. Surprisingly,
pesticides do not have any noticeable impact on bees––the bee-pesticide
interaction was not retained in the model selection leading to the final
model (Fig. 2). Similarly, the SNHs–bee abundance interaction was not
retained in the model selection procedure despite the supposed effect of
SNHs on bees (Fig. 2; Table S3).

Given the observed positive impact of SNHs on bee abundance in the
study area (e.g., Perrot et al., 2022), this effect was retained in the
baseline model. A hierarchical multilevel model with a sub-model of bee
abundance was constructed that includes the SNH proportion in the
landscape, the estimate of which was then integrated into the produc-
tion model at the field scale; additional information is provided in
Supplementary Material 2. SNHs thus have the double role4 of reducing
the risk by killing pests through natural enemies while increasing yields
by increasing bees.

3.3. Risks and decision model

Next, the economic and decision-making modules of the model (i.e.,
Eqs (11)–(13); Boxes 4, 5, 6, and 7 in Fig. 1) and the production risks
(ϕ, ε in Eq. (10); Box 3 in Fig. 1) were estimated using the datasets
described above. This approach is original in bioeconomic modeling
because parameters––especially economic ones––are usually drawn
from literature and not estimated from the same case study as the data
used to estimate ecological parameters. The following provides a brief
overview of the methods and estimation results; a comprehensive pre-
sentation is contained in Supplementary Material 3.

The two risk distributions were then specified and estimated with
maximum likelihood estimation using the 2013–2018 database (i.e., 124
fields; see Section 3.1). This showed that the risk related to crop growth
conditions (Box 3b in Fig. 1) was normally distributed, while the pest
risk (Box 3a in Fig. 1) followed aWeibull distribution. This latter result is
in line with previous studies; the Weibull distribution commonly fits
aggregated pest distributions since it mainly describes survival curves
(Wagner et al., 1984).

The gross margin model and prices (Box 4 and 5 in Fig. 1) were then
estimated using the economic database on oilseed rape production (i.e.,
294 fields; see Section 3.1). The opportunity cost of implementing SNH
was included in its total cost to account for the fact that cultivating
arable crops would be more profitable. Finally, the decision models were
parametrized using the risk preferences database (i.e., 138 farmers; see
Section 3.1). The Couture and Gaba (2021) results confirm the use of the
CRRA5 specification (Eq. (13)) as the baseline decision model.

The specifications used in the model in this study were all validated
through different dominance tests (see Supplementary Material 4). In
addition, the production model output was validated by comparing the
yields obtained with simulations to those observed; these were found to
be significantly similar (Supplementary Material 4).

4. NBS efficiency, value, and impact of model specification

This section addresses the case study’s two questions: “How should
NBSs be used to maximize the well-being?” and “How do NBSs
contribute to well-being?” This is achieved by using the model to
simulate the efficiency condition, that is, the optimal rate of use of SNHs.
Then, through simulations, the values attributed to SNHs by the farmers
in the study sample were estimated. These two concepts were estimated
using three versions of the model, allowing an assessment of how
different modeling choices affect the final results.

The first version used for simulations was the one that best repre-
sented the reality of the case study. This baseline model is characterized
by farmers’ risk-averse behavior and the multiple-services perspective,
the latter being related to modeling the impact of SNHs on both pest risk
(natural pest control service) and bees (pollination service). The second
version excludes risk aversion: the impact of risk preference choices was
examined by modifying the CRRA specification (i.e., farmers are risk
averse, Eq. (13)) to one in which farmers are risk neutral (i.e., farmers
maximize their gross margin, Eq. (15)). The third version excludes
pollination: the impact of ecological process modeling choices was then
examined by removing the effect of SNHs on bees, that is, by eliminating
the benefit of insect pollination to cro

p yield in Eq. S(1).

4.1. Simulation plan

The following simulation plan was executed to capture the hetero-
geneity in years, fields, surrounding landscape characteristics, and
farmers’ risk preferences. Each of the 124 observed fields was associated

Fig. 3. Optimal rate of SNH use for the baseline model and the other two
models (without risk aversion and without pollination). The points and lines
inside a boxplot represent the mean and the median, respectively. The solid
blue-gray line represents the observed rate of SNH use, while the dashed blue-
gray lines are the corresponding 95% confidence interval.

4 Using the terminology of the modeling framework, the study moves from a
single service perspective (Eq. (3)) to a multiple-services perspective (Eq. (4)).

5 The constant relative risk aversion specification states that farmers are risk
averse and that this risk aversion depends on their revenue.
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with five values of the risk aversion coefficient, sampled in uniform
distributions calibrated using the aforementioned risk preferences ex-
periments (see Supplementary Material 3 for details). These values were
chosen arbitrarily to represent a reasonable trade-off between the vari-
ance of risk preferences and the computational time. This gives a total of
n = 620 “field-farmer” pairs. The farmers’ best decision (Eq. (6)) was
then computed with the R package, optim, for each couple to determine
the efficient level of SNH use (concurrently with optimal level of use of
fertilizers, fungicides, and insecticides). The value of the SNH imple-
mentation was also investigated, and the values (Eq. (7)) were computed
for each “field-farmer” pair. The outputs of each modeling context were
compared using nonparametric paired comparison tests (i.e., Wilcox-
on–Mann–Whitney tests).

4.2. Efficient rate of SNH use: how should nature-based solutions be used
to maximize well-being?

The optimal rate of use of the SNHs was computed for the baseline
model, the model without risk aversion, and the model without polli-
nation. First, the simulations using the baseline model provided an
optimal rate of SNH use of 17.5%, almost twice the observed rate of SNH
coverage in the case study (Fig. 3). We show that risk-neutral prefer-
ences (i.e., model without risk aversion in Fig. 3) lower this optimal rate
to 6%.We also show that not considering pollination in the model halves
the optimal rate of use of SNHs compared to the model where both
natural pest control and pollination are taken into account (Fig. 3).
These last two results demonstrate that the modeling choices in terms of
decision-making and ecological processes are crucial for determining
the efficient rate of use of SNHs.

4.3. Total value, economic value, and insurance value of SNHs: how do
nature-based solutions contribute to well-being?

Given that efficient use is implicitly guided by the value that farmers
attribute to the SNHs, this is estimated from the sample. This total value
is broken down by distinguishing the economic value––which quantifies
the well-being gained through increased average production––and the
insurance value––which quantifies the well-being gained through risk
reduction. These values were computed for the observed levels of SNHs,
depending on our different modeling contexts (Table 1). As expected,
the economic value of the NBS was unchanged by the removal of risk
aversion since the economic value belongs to the “certain-world” values
and can be objectively defined (Paul et al., 2020). On the contrary, the
estimations in this study show differing insurance values between the
baseline model and the model without risk aversion. While the latter
implies no insurance value, the former has significant positive insurance
value. Adding insurance value significantly increases the total value,

suggesting that models without risk preferences vastly underestimate
the real value of NBS.

The estimations also show that the insurance value was not signifi-
cantly modified by the number of ecosystem services considered (in-
surance value was not significantly different between Models 1 and 3;
Table 1). In contrast, the economic value was deeply affected by the
latter since not considering pollination makes the economic value drop
from 120.7 €.ha− 1 to − 86.8€.ha− 1. Modeling multiple ecosystem
functions increases the total value almost fourfold, which demonstrates
the impact of including an ecological perspective on NBS effectiveness
measures.

5. Discussion

NBSs are promoted by scientists as a sustainable and desirable path
for agriculture. However, scientists lack robust economic arguments and
concepts to support NBSs that would better align with the expectations
of the agricultural sector. This study aimed to fill this gap by integrating
NBSs into a standard agricultural economics framework. A novel and
innovative framework was provided by extending the original modeling
framework of Saha et al. (1997) to include ecological dynamics, in this
case, natural pest control and pollination. The NBS efficiency was then
illustrated using a case study in Western France and employing empir-
ical ecological, agronomic, and economic data to estimate a simulation
model. The NBS in this study, SNH implementation, is one of the solu-
tions that is most often advanced to support ecosystem services in
agricultural landscapes.

The modeling framework developed here originates from a classical
production econometric framework in Saha et al. (1997). This model
was initially developed to avoid the overestimation of damage-abating
input marginal productivity (Lichtenberg and Zilberman, 1986), but
some studies applied the framework to environmental questions (e.g.,
Zhengfei et al., 2005; Möhring et al., 2020). However, they systemati-
cally focused on the estimation of traditional input efficiencies, leaving
out any NBS. It should be mentioned that various ecological-economic
modeling studies included NBSs in their analysis and estimated the ef-
ficiency of NBS fostering regulating services, including natural pest
control (Martinet and Roques, 2022; Zhang et al., 2010) or pollination
(Kleftodimos et al., 2021; Faure et al., 2023). However, their modeling
frameworks are distinct from the framework presented here.

Even if existing frameworks include ecological dynamics, their
simplistic modeling choices may have biased the estimations of NBS
marginal productivity and, thus, of optimal use. More precisely, no study
has simulated decisions in a stochastic context. Yet, we have shown how
risk preferences impact efficiency: the optimal rate of NBS use is divided
by three when risk aversion is not considered. This is consistent with the
literature dealing with the influence of risk preferences on the optimal
use of agricultural inputs (Chavas, 2018). Additionally, all existing
studies have modeled a sole ecosystem service related to NBS use and
biasing estimations. Indeed, when only natural pest control was
considered, the optimal SNH use rate fell from 17.5% to 9%. Indeed,
accurate modeling of the ecological processes is a key element of ac-
curate biodiversity accounting (Paul et al., 2020). The Food and Agri-
culture Organization has recognized the potential of NBSs, citing the
associated benefits allowed by the multi-service perspective (FAO,
2021).

Empirical applications have not used agricultural economics
methods –econometrics––to estimate NBS efficiency. These models were
calibrated using different case studies because of the lack of exhaustive
data for a unique case study. The application in this study was thus
unprecedented because it is site-specific and because it uses a combi-
nation of ecological data on ecosystem services, agricultural practices
data, as well as production, economic, and psychological data. As
specified by Antle and Capalbo (2001), the more site-specific the cali-
bration, the more robust the model and its outcomes. With the
increasing interest in LTSER platforms (Singh et al., 2013), applications

Table 1
Means of value estimation (in €.ha− 1) of observed SNHs for the baseline model as
well as the two other models (without risk aversion and without pollination).
Standard errors are displayed in parenthesis (in €.ha− 1). Wilcoxon tests compare
the simulated values between the baseline and each alternative model.

Baseline
model

Without
risk

aversion

Without
pollination

p-value
for

Wilcox.
test

p-value
for

Wilcox.
test

(1) (2) (3) H0: (1)−
(2) = 0

H0: (1)−
(3) = 0

Economic
value

€120.7
(€8.0)

€120.7
(€8.0)

− €86.8
(€1.8)

1 < 0.001

Insurance
value

€155.9
(€12.7)

€0.0
(€0.0)

€158.4
(€12.8)

< 0.001 0.8

Total value €276.7
(€16.3)

€120.7
(€8.0)

€71.6
(€12.9)

< 0.001 < 0.001

Note: Values are estimated using observed values of inputs.
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of this study’s framework will likely emerge for two main reasons. First,
a broader panel of data, especially socio-economic data, will be
collected; this is often the limiting factor in applied ecology research as
practiced in these platforms (Kleijn et al., 2019). Second, these platforms
will enhance their expertise, including in social sciences, by developing
interdisciplinary and collaborative efforts, as promoted by the recent
eLTER project supported by the European Commission.6

The NBS efficiency quantification in this study gave an optimal
grassland coverage rate of 17.5%. In the case study, it was almost twice
as high as the current percentage. The study’s framework and empirical
estimation thus support the conclusion that this NBS is underused and
quantifies this underuse. The substantial underuse of grassland benefits
should be looked at in the context of the continuous decrease of grass-
land areas worldwide (Queiroz et al., 2014). Interestingly, recent studies
have advocated for coverage of a similar magnitude (15–20% SNH
coverage rate) for the adequate functioning of agroecosystems (Eeraerts,
2023; Tscharntke et al., 2021; Garibaldi et al., 2021; Montoya et al.,
2020). This study complements these ecology-based studies by adding
production-based arguments: this was the aim of the framework pre-
sented in this study. The underuse of grassland may have many causes,
including economic and cognitive factors that have been determinative
in farmers’ decisions (Dessart et al., 2019). Lack of knowledge about the
role of grasslands in ecosystem services may be one of the first causes, as
shown by Maas et al. (2021). The practical implications of our study are
that it gives economic-based arguments that support NBSs and can be
used to communicate with farmers about the role of ecosystems in
agricultural production. This study, and more broadly, the conceptual
framework, emphasizes that even from a productivity-focused perspec-
tive, ecosystem functions are crucial for production. In other words,
natural elements should be preserved not only for biodiversity conser-
vation or landscape aesthetics but also for their contributions to farmer’s
income and their stability.

Under the calibration in this study, the marginal total contribution to
the well-being of the SNH is estimated at €276.7ha− 1(SD : ± €181.5.
ha− 1), with 44% coming from the production-related value and 56%
coming from the insurance value. In terms of magnitude, our estimations
are close to those in Finger and Buchmann (2015); the authors calculate
the marginal benefit and insurance values of grassland species diversity
in Germany, concluding that the NBS value is largely underestimated if
insurance value is overlooked. We go further by providing the optimal
rates with (~17.5%) and without (~6%) insurance value––including the
insurance value resulted in a tripling of the efficient use rate. Method-
ologically, as shown by Saha et al. (1997) for pesticides, this illustrates
how the model specifications shape the NBS efficiency estimations.

This study applied the framework with SHN implementation, but the
framework can easily be adapted to other NBSs. However, because the
magnitude of the effect of ecological functions on yield varies consid-
erably depending on crop type or landscape, NBS efficiency is likely to
vary across agricultural landscapes and according to the type and cost of
implementation; for example, hedgerows have no direct impact on yield
(Albrecht et al., 2020). Many factors contribute to the impact of
ecological function on yields: ecological interactions, landscape spread,
and confounding effects make it challenging to isolate the NBS impact
on yield alone (Gagic et al., 2017). Moreover, the costs of NBSs can vary
significantly, especially when they provide few benefits beyond their
impacts on yield. For example, flower strips cannot be harvested like
hay, potentially leading to optimal levels of zero, suggesting the
framework’s limits. Here, the concept of externalities is critical, and
public policies like the Common Agricultural Policy should subsidize
“unproductive” NBSs (Mennig, 2024). Other than SNH implementation,
the framework is generally applicable to any NBS that contributes to the
production function, either directly or indirectly, for example, grazing
optimization or conservation agriculture (Iseman and Miralles-Wilhelm,

2021). However, NBSs aimed solely at carbon sequestration are not
compatible with this model. Finally, this study’s framework is fully
extendable to multiple NBSs, allowing for a portfolio approach where
they can be complementary or substitutable, similar to traditional in-
puts. Further research and empirical examples are needed on this point.

6. Conclusion

This study and its interdisciplinary approach contribute to two
research fields. For agricultural economists, this framework addressed
the pressing need for models for sustainable agriculture. Until now,
research has focused exclusively on traditional agricultural efficiency,
omitting NBSs. Here, a modeling framework is provided that quantifies
NBS efficiency and offers insights into alternatives to traditional inputs
to meet future challenges. In fact, the United Nations has recognized that
NBSs can help countries achieve multiple targets of the 2030 Sustainable
Development Agenda (FAO, 2021), revealing policymaker expectations
concerning NBSs. Thus, integrating NBSs into standard production
functions is essential to accurately identify the most efficient strategies.
For applied ecologists, this approach addresses a critical gap. Despite the
substantial evidence on biodiversity–agriculture win-wins, the agricul-
tural sector has shown limited receptiveness to NBS adoption (Kleijn
et al., 2019). In a recent article, leading researchers identified this issue
as a mismatch between scientists’ narratives and the language used in
agriculture (Velado-Alonso et al., 2024): our framework directly re-
sponds to this challenge by adapting the narrative, offering a vocabulary
and models that reflect agricultural sector concepts, particularly the
notion of efficient input use. By treating NBSs as an input within the
framework, it is possible to calculate their optimal use, demonstrating
that NBSs are currently underutilized relative to their value and con-
tributions to agricultural production.

Finally, this study also has implications for agricultural policies. The
concept of NBS is increasingly being adopted in national and interna-
tional policies (Sowińska-Świerkosz and García, 2022). For instance, the
European Union has integrated NBS into its new framework programme
for research and innovation, "Horizon 2020," providing a narrative that
aligns biodiversity and ecosystem services with goals of innovation,
growth, and job creation (Nesshöver et al., 2017). This political adop-
tion has swiftly brought the concept of efficiency into focus. For
example, the first comprehensive European Commission publication on
NBS emphasizes that NBS should be resource-efficient, highlighting the
importance of identifying the most effective and affordable solutions
while considering alternatives (Sowińska-Świerkosz and García, 2022).
In the context of agriculture, these alternatives often involve the use of
chemical inputs. By presenting the first conceptual framework linking
economic efficiency with NBS in agriculture, this study lays the
groundwork for discussions on how funding should be allocated. It
particularly highlights the productive and substitutive roles of NBS,
providing insights for more targeted and effective policy strategies.
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Devilliers, E., Möhring, N., Finger, R., 2024. Estimation and comparison of the
performance of low-input and conventional agricultural production systems. Q Open
4, qoad032. https://doi.org/10.1093/qopen/qoad032.

Dunlop, T., Khojasteh, D., Cohen-Shacham, E., Glamore, W., Haghani, M., van den
Bosch, M., et al., 2024. The evolution and future of research on Nature-based
Solutions to address societal challenges. Commun Earth Environ 5, 1–15. https://
doi.org/10.1038/s43247-024-01308-8.

Eeraerts, M., 2023. A minimum of 15% semi-natural habitat facilitates adequate wild
pollinator visitation to a pollinator-dependent crop. Biol. Conserv. 278, 109887.
https://doi.org/10.1016/j.biocon.2022.109887.

Eggermont, H., Balian, E., Azevedo, J.M.N., Beumer, V., Brodin, T., Claudet, J., et al.,
2015. Nature-based solutions: new influence for environmental management and
research in Europe. GAIA - Ecological Perspectives for Science and Society 24,
243–248. https://doi.org/10.14512/gaia.24.4.9.

FAO, 2021. Nature-based Solutions in Agriculture: Sustainable Management and
Conservation of Land, Water and Biodiversity. FAO and TNC. https://doi.org/
10.4060/cb3140en.

Faure, J., Mouysset, L., 2025. Natural insurance as a green alternative for farmers?
Empirical evidence for semi-natural habitats and methodological bias. Ecol. Econ.
227, 108415. https://doi.org/10.1016/j.ecolecon.2024.108415.

Faure, J., Mouysset, L., Gaba, S., 2023. Combining incentives with collective action to
provide pollination and a bundle of ecosystem services in farmland. Ecosyst. Serv.
63, 101547. https://doi.org/10.1016/j.ecoser.2023.101547.

Finger, R., Buchmann, N., 2015. An ecological economic assessment of risk-reducing
effects of species diversity in managed grasslands. Ecol. Econ. 110, 89–97. https://
doi.org/10.1016/j.ecolecon.2014.12.019.

Flach, B., Lieberz, S., Bolla, S., 2019. Biofuels Annual EU Biofuels Annual 2019. USDA.
Gaba, S., Bretagnolle, V., 2021. Designing multifunctional and resilient agricultural

landscapes: lessons from long-term monitoring of biodiversity and land use. The
Changing Status of Arable Habitats in Europe: A Nature Conservation Review.
Springer Nature Switzerland AG, pp. 203–224.
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Kleftodimos, G., Gallai, N., Rozakis, S., Képhaliacos, C., 2021. A farm-level ecological-
economic approach of the inclusion of pollination services in arable crop farms. Land
Use Pol. 107, 105462. https://doi.org/10.1016/j.landusepol.2021.105462.

Kleijn, D., Bommarco, R., Fijen, T.P.M., Garibaldi, L.A., Potts, S.G., van der Putten, W.H.,
2019. Ecological intensification: bridging the gap between science and practice.
Trends Ecol. Evol. 34, 154–166. https://doi.org/10.1016/j.tree.2018.11.002.

Kremen, C., Albrecht, M., Ponisio, L., 2019. Restoring pollinator communities and
pollination services in hedgerows in intensively-managed agricultural landscapes.
The Ecology of Hedgerows and Field Margins. Routledge, London.

Lau, L.J., Yotopoulos, P.A., 1971. A test for relative efficiency and application to Indian
agriculture. Am. Econ. Rev. 61, 94–109.

Lichtenberg, E., Zilberman, D., 1986. The econometrics of damage control: why
specification matters. Am. J. Agric. Econ. 68, 261–273. https://doi.org/10.2307/
1241427.

Maas, B., Fabian, Y., Kross, S.M., Richter, A., 2021. Divergent farmer and scientist
perceptions of agricultural biodiversity, ecosystem services and decision-making.
Biol. Conserv. 256, 109065. https://doi.org/10.1016/j.biocon.2021.109065.

Manning, P., van der Plas, F., Soliveres, S., Allan, E., Maestre, F.T., Mace, G., et al., 2018.
Redefining ecosystem multifunctionality. Nat Ecol Evol 2, 427–436. https://doi.org/
10.1038/s41559-017-0461-7.

J. Faure et al. Journal of Environmental Management 373 (2025) 123793 

8 

https://doi.org/10.1016/j.jenvman.2024.123793
https://doi.org/10.1016/j.jenvman.2024.123793
https://doi.org/10.1111/ele.13576
https://doi.org/10.1111/ele.13576
https://doi.org/10.1111/0002-9092.00164
https://doi.org/10.1111/0002-9092.00164
https://doi.org/10.1086/695504
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref4
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref4
https://doi.org/10.1016/j.ecolecon.2014.02.012
https://doi.org/10.1002/ecs2.2582
https://doi.org/10.1016/j.scitotenv.2018.01.142
https://doi.org/10.1016/j.dib.2018.05.028
https://doi.org/10.1098/rspb.2019.1550
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref10
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref10
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref11
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref11
https://doi.org/10.2305/IUCN.CH.2016.13.en
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref13
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref13
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref14
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref14
https://doi.org/10.1093/erae/jbz019
https://doi.org/10.1093/qopen/qoad032
https://doi.org/10.1038/s43247-024-01308-8
https://doi.org/10.1038/s43247-024-01308-8
https://doi.org/10.1016/j.biocon.2022.109887
https://doi.org/10.14512/gaia.24.4.9
https://doi.org/10.4060/cb3140en
https://doi.org/10.4060/cb3140en
https://doi.org/10.1016/j.ecolecon.2024.108415
https://doi.org/10.1016/j.ecoser.2023.101547
https://doi.org/10.1016/j.ecolecon.2014.12.019
https://doi.org/10.1016/j.ecolecon.2014.12.019
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref24
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref25
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref25
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref25
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref25
https://doi.org/10.1111/ele.12850
https://doi.org/10.1111/ele.12850
https://doi.org/10.1016/j.gfs.2018.03.006
https://doi.org/10.1016/j.gfs.2018.03.006
https://doi.org/10.1111/conl.12773
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref29
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref30
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref30
https://doi.org/10.2307/2227823
https://doi.org/10.1086/718212
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref33
https://doi.org/10.5281/zenodo.3831674
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref35
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref35
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref35
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref36
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref36
https://doi.org/10.1016/j.scitotenv.2017.08.077
https://doi.org/10.1016/j.scitotenv.2017.08.077
https://doi.org/10.1016/j.landusepol.2021.105462
https://doi.org/10.1016/j.tree.2018.11.002
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref40
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref40
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref40
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref41
http://refhub.elsevier.com/S0301-4797(24)03779-4/sref41
https://doi.org/10.2307/1241427
https://doi.org/10.2307/1241427
https://doi.org/10.1016/j.biocon.2021.109065
https://doi.org/10.1038/s41559-017-0461-7
https://doi.org/10.1038/s41559-017-0461-7


Martinet, V., Roques, L., 2022. An ecological-economic model of land-use decisions,
agricultural production and biocontrol. R. Soc. Open Sci. 9, 220169. https://doi.org/
10.1098/rsos.220169.

Mennig, P., 2024. A never-ending story of reforms: on the wicked nature of the Common
Agricultural Policy. Npj Sustain Agric 2, 1–7. https://doi.org/10.1038/s44264-024-
00027-z.
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Nesshöver, C., Assmuth, T., Irvine, K.N., Rusch, G.M., Waylen, K.A., Delbaere, B., et al.,
2017. The science, policy and practice of nature-based solutions: an interdisciplinary
perspective. Sci. Total Environ. 579, 1215–1227. https://doi.org/10.1016/j.
scitotenv.2016.11.106.

Paul, C., Hanley, N., Meyer, S.T., Fürst, C., Weisser, W.W., Knoke, T., 2020. On the
functional relationship between biodiversity and economic value. Sci. Adv. 6,
eaax7712. https://doi.org/10.1126/sciadv.aax7712.

Peled, Y., Zemah Shamir, S., Israel, A., Shechter, M., Ofir, E., Gal, G., 2020. Incorporating
insurance value into ecosystem services assessments: mitigation of ecosystem users’
welfare uncertainty through biological control. Ecosyst. Serv. 46, 101192. https://
doi.org/10.1016/j.ecoser.2020.101192.

Pennings, J.M.E., Garcia, P., 2001. Measuring producers’ risk preferences: a global risk-
attitude construct. Am. J. Agric. Econ. 83, 993–1009. https://doi.org/10.1111/
0002-9092.00225.

Perrot, T., Bretagnolle, V., Gaba, S., 2022. Environmentally friendly landscape
management improves oilseed rape yields by increasing pollinators and reducing
pests. J. Appl. Ecol. 59, 1825–1836. https://doi.org/10.1111/1365-2664.14190.

Perrot, T., Rusch, A., Coux, C., Gaba, S., Bretagnolle, V., 2021. Proportion of grassland at
landscape scale drives natural pest control services in agricultural landscapes.
Frontiers in Ecology and Evolution 9, 227. https://doi.org/10.3389/
fevo.2021.607023.

Perrot, T., Rusch, A., Gaba, S., Bretagnolle, V., 2023. Both long-term grasslands and crop
diversity are needed to limit pest and weed infestations in agricultural landscapes.
Proceedings of the National Academy of Sciences.

Pindyck, R.S., Rubinfeld, D.L., 2018. Microeconomics, ninth ed., global edition. Pearson,
Harlow, England London; New York Boston San Francisco Toronto Sydney Dubai
Singapore Hongkong Tokyo Seoul Taipei New Delhi Cape Town Sao Paulo Mexico
City Madrid Amsterdam Munich Paris Milan.

Poggi, S., Papaïx, J., Lavigne, C., Angevin, F., Le Ber, F., Parisey, N., et al., 2018. Issues
and challenges in landscape models for agriculture: from the representation of
agroecosystems to the design of management strategies. Landsc. Ecol. 33,
1679–1690. https://doi.org/10.1007/s10980-018-0699-8.

Poggi, S., Vinatier, F., Hannachi, M., Sanz Sanz, E., Rudi, G., Zamberletti, P., et al., 2021.
Chapter Seven - how can models foster the transition towards future agricultural
landscapes?. In: Bohan, D.A., Vanbergen, A.J. (Eds.), Advances in Ecological
Research, vol. 64. Academic Press, Cambridge, Massachusetts, USA, pp. 305–368.
https://doi.org/10.1016/bs.aecr.2020.11.004.

Primmer, E., Paavola, J., 2021. Insurance value of ecosystems: an introduction. Ecol.
Econ. 184, 107001. https://doi.org/10.1016/j.ecolecon.2021.107001.

Queiroz, C., Beilin, R., Folke, C., Lindborg, R., 2014. Farmland abandonment: threat or
opportunity for biodiversity conservation? A global review. Front. Ecol. Environ. 12,
288–296. https://doi.org/10.1890/120348.

R Core Team, 2018. R: A Language and Environment for Statistical Computing.
Rommel, J., Sagebiel, J., Baaken, M.C., Barreiro-Hurlé, J., Bougherara, D., Cembalo, L.,
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