
Natural insurance as a green alternative for farmers? Empirical evidence for
semi-natural habitats and methodological bias
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A B S T R A C T

Natural insurance based on the provision of ecosystem services is a promising tool for the future of agriculture.
However, empirical evidence of the role it can play is lacking, and its integration into standard insurance
strategies – for example, the use of pesticides or market-based insurance – has been understudied. To begin to fill
this gap, this study developed an original conceptual framework to estimate the insurance value provided by
semi-natural habitats in a crop production context. The framework was then applied to a case study in western
France, focusing on the value of natural pest control provided by grassland areas in the context of oilseed rape
production. We evaluated the insurance role of grasslands for pest control and estimated this at a value of €50 per
hectare. However, this estimation varied greatly according to the farmer’s risk-mitigation strategies considered.
We found that omitting agricultural inputs (e.g. risk-mitigating inputs such as pesticides) overestimated the
insurance value of grassland areas due to the substitution effect between different types of insurance tools.
Despite this variation, the findings show that it is nonetheless always optimal for farmers to maintain grassland
areas to manage risk. This study provides empirical evidence of the insurance role of semi-natural habitats in an
agricultural production context and offers new arguments for the ecological intensification of agriculture.

1. Introduction

Agriculture is exposed to many environmental risks that are expected
to increase in the next years due to global changes (Deutsch et al., 2018).
Farmers have used to rely on risk management instruments to cope with
pests, droughts or hail (Hardaker et al., 2015). The most traditional
instruments are subscribing to market-based insurance (MI) and the use
of risk-mitigating inputs (e.g. insecticides). While the former offers
economic compensation for potential losses (Meuwissen and van
Asseldonk, 2018), the latter tends to reduce variation in production by
controlling the production context (Ehrlich and Becker, 1972; Pannell
and D., 1991). Both types of instruments have adverse impacts on the
environment. Market-based insurance may result in the intensification
of agriculture with perverse impacts on the environment (Horowitz and
Lichtenberg, 1993; Möhring et al., 2020b), while the use of inputs can
directly negatively affect biodiversity and soil conditions (McLaughlin
and Mineau, 1995; Sánchez-Bayo and Wyckhuys, 2019). Developing
greener tools to reduce variability in revenues is thus at the core of
current issues in agricultural development (Finger et al., 2024).

Natural insurance (NI), a tool based on the strategic use of biodi-
versity and ecosystem functioning, has recently appeared as a promising
environmentally friendly risk-mitigating instrument that may reduce
risk without destabilizing ecosystems (Dallimer et al., 2020; Primmer
and Paavola, 2021). Natural insurance tools can be classified into two
main types (Koellner and Schmitz, 2006). First, the diversification of
species in crop rotations and crop genetics to make use of diversity
against risks (Di Falco and Chavas, 2006, 2009; Baumgärtner and Quaas,
2010). Diversification makes an agroecosystem productive over a wider
range of conditions (Naeem et al., 1994) and hedges risks including
droughts, high temperatures and pests (Perrot et al., 2023; Renard et al.,
2023). The second form of NI aims at stimulating the natural regulatory
processes that mitigate risks through the management of semi-natural
habitat (SNH; Baumgärtner, 2007). It is based on the implementation
of grasslands, hedgerows, herbaceous strips, or other habitats that
enhance regulation services (Bengtsson et al., 2019; Perrot et al., 2023).
For instance, such habitats can host beneficial organisms that prey on
pests that threaten crop yields, ultimately reducing production losses
(Landis et al., 2000). Such habitats can also mitigate adverse effects of
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droughts and floods (Milazzo et al., 2023; Sánchez et al., 2010) and lead
to co-benefits and positive externalities (Bengtsson et al., 2019; Holland
et al., 2017), and even play a role in crop diversification, such as in the
case of grasslands. In that context, some authors argue that these in-
surance tools are widely underused by farmers, as well as understudied
by scientists compared to diversification methods (Faure et al., 2024;
Schaak et al., 2023; Staley et al., 2023). We have identified two gaps that
hinder widespread support from policymakers and adoption by farmers
for risk management: a lack of empirical evidence demonstrating the
risk mitigation role of semi-natural habitats, coupled with insufficient
knowledge on how these habitats can be integrated alongside well-
established insurance tools. (Kleijn et al., 2019; Paul et al., 2020).
This study aims to fill these gaps by addressing the research question: do
semi-natural habitats offer an alternative solution for risk mitigation?

Exploring SNH management as an alternative solution requires
modelling risk-management strategies, which we refer to as portfolios.
The modelling of risk-management strategies is well established; it is
widely accepted that the availability of one insurance tool modifies the
demand for others (Ehrlich and Becker, 1972; Markowitz, 1991). In the
context of agricultural insurance, it has been shown that inputs and MI
can either replace each other (Smith and Goodwin, 1996) or comple-
ment each other in some instances (Horowitz and Lichtenberg, 1993;
Möhring et al., 2020b). Regarding the integration of NI tools based on
diversification, it has been shown that they substitute for inputs and MI,
reducing negative environmental impacts (Baumgärtner and Quaas,
2010; Di Falco and Chavas, 2006). Yet there is a knowledge gap
regarding the use of NI based on SNH in risk-mitigation strategies:
specifically, how this can replace or complement other tools. Most
studies have focused on simplified insurance portfolios only considering
MI (Baumgärtner, 2007; Quaas and Baumgärtner, 2008), overlooking
inputs. However, not taking into account inputs in farmers’ alternatives
may bias the value of and the demand for NI, and ultimately the
assessment of its efficient use by farmers (Finger et al., 2024; Paul et al.,
2020) – a bias this study sought to evaluate.

We hypothesized that there may be two contrasting effects of inte-
grating inputs on the economic properties of NI. Inputs and NI may
substitute for one another as the use of pesticides or ecosystem services
might both reduce production risks, as has been shown between MI and
NI tools (Baumgärtner, 2007). On the other hand, inputs and NI could be
complementary due to ecosystem complexity: enhancing one regulating
service may increase the provision of others (e.g. pollination), leading to
higher expected production. Furthermore, there are different forms of
agricultural inputs: productive inputs (e.g. fertilizers) may enhance the
expected production and so affect the insurance value and therefore the
economic properties of NI. In this context, the overall effect resulting
from adding agricultural inputs (risk mitigating and/or productive) is
unpredictable and is likely to depend on the economic context, including
price, effectiveness and risk distribution of alternative insurance in-
struments and inputs.

In this study we assessed, for the first time, the insurance value of
SNH provided by the natural regulatory processes, when considering
multiple insurance instruments and inputs – i.e. the possibility for
farmers to conjointly use NI, MI, risk-mitigating and productive inputs to
produce food and to cope with the environmental risks. We also assessed
the methodological bias associated with considering certain instruments
and not others. To do so, we developed an original conceptual frame-
work that allowed the modelling of a farmer’s portfolio in a risky crop-
production context. The framework focused on a single crop in order to
isolate each effect more easily, however, this prevented the integration
of crop-diversification strategies. We applied the framework to a case
study located in western France to empirically estimate three aspects of
NI performance: the marginal effectiveness to increase and stabilize
yields, the insurance value, and the optimal demand of NI. We used a
model, estimated with econometric methods, where grassland areas can
influence pest risk and various risk mitigation strategies can be
employed.

In Section 2, a conceptual framework in which SNH insurance value
can be evaluated is presented. Then, Section 3 presents the application
with the case study and data. Section 4 presents the estimations of the
insurance value, the optimal demand for SNH and the methodological
bias. The concluding section discusses the implications of the results.
Our estimates showed that grassland areas reduce risk through natural
predation by beneficial organisms. We valued this service at 50 €/ha− 1,
although estimates vary widely depending on the set of strategies
considered. Regardless of the alternatives (i.e., chemical inputs and/or
market-based insurance), our simulations demonstrated that the use of
grassland areas is optimal and can partially substitute for other
alternatives.

2. Conceptual framework

2.1. Economic farmer’s program

A general graphical overview of the conceptual framework devel-
oped below is available in Appendix 1. Farmer’s production takes place
in a risky crop-production context defined as follows:

Y = F(XPI,XRI ,XNI)× (1 − D(XPI,XRI,XNI, θ) ) (1)

where Y is the yield at the field scale, which depends on productive
inputs (PI; XPI), the risk-mitigating inputs (RI; XRI), the inputs related to
the role of natural insurance (NI; XNI) implemented by the farmer in the
landscape (here the SNH), as well as on the variable θ representing the
production risks. In line with Saha et al.’s framework (1997), we
distinguished the potential yield F, mainly impacted by XPI, and the
damage rate D, mainly impacted by XRI However, depending on which
risks are modeled or the interactions that can exist between the two
types of inputs (see e.g., Möhring et al., 2020a; Möhring et al., 2020b),
both can influence the two yield components. Furthermore, we used the
extension developed by Faure et al. (2024), in which SNH can act on
both risks and potential yield due to multiple ecosystem services. As a
consequence, natural insurance XNI also has an impact on the output F
and on the damage D. Hence, in this framework – such as in
Baumgärtner and Strunz (2014), Schaub et al. (2020) and Peled et al.
(2020) – natural insurance might positively act on the farmer’s expected
income and negatively on the farmer’s income risk.

This yield is then used to compute the gross margin gm, which is
given by:

gm = p×Y(XPI ,XRI,XNI) − C(XPI,XRI ,XNI,XMI)+ψ(XMI,D) (2)

where p is the deterministic output price, C is the cost function,
depending on inputs (XPI ,XRI), deterministic input and insurance prices,
as well as natural and market-based insurance (XNI,XMI). ψ is the reve-
nue function from the market-based insurance XMI and the damage D. ψ
is based on the model developed by Quaas and Baumgärtner (2008),
who studied the relationship between NI and MI. They used a form of
indemnity insurance where payouts are based on assessed losses, which
is a common type of crop insurance (Bucheli et al., 2023).

The portfolio is defined as the vector of inputs and insurance tools
P = (XPI,XRI,XNI,XMI), which represents the whole decision set of the
farmer. Portfolio A, denoted P A(XNI,XMI,XPI ,XRI) is the portfolio in
which all inputs and insurance tools are available: the full portfolio. To
explore the effect of integrating PI and RI, three reduced portfolios can be
defined: B (P B = (XNI,XMI,XPI = 0,XRI = 0)), C (P C =

(XNI,XMI,XPI = 0,XRI)) and D (P D = (XNI,XMI,XPI ,XRI = 0)). Portfolio
B is similar to the model usually studied in the literature on natural
insurance, with XNI and XMI (e.g. Baumgärtner, 2007; Quaas and
Baumgärtner, 2008), in which RI and PI are excluded. Portfolios C and D
are variations of the full portfolio excluding either PI (P C), or RI (P D).

To represent the farmer’s best decision concerning portfolios, the
expected utility framework is used, to represent risk preferences vis-a-
vis agricultural risk (Rommel et al., 2023). The farmer’s program
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relies on an expected utility function which takes into account the
farmer’s risk preferences ν:

max
P p | p∈{A,B,C,D]

U = E[u(gm, ν) ] (3)

2.2. Model specification

Following Saha et al. (1997) and Möhring et al. (2020a); Möhring
et al. (2020b), we specified the yield function in Eq. 1 as follows

Y = F(XPI,XRI,XNI, β) × exp(ϕ)× exp( − A(XPI ,XRI,XNI, α)× ε ) (4)

with F(XPI ,XRI,XNI, β) × exp(ϕ) being a stochastic production function,
and exp(A× ε) the damage rate with A the abatement function. We
assumed that the potential yield F is subject to random crop growth
conditions ϕ such as rainfall or temperatures, while the damage depends
on pest abundance ε.

A quasi-Cobb-Douglas form is used to specify the production function
F

F = expβ0 ×
(
gβ(XNI)

)βN
×

∏

k∈{PI,RI}

Xβk
k × exp(βcXc) (5)

with k representing the kth productive or risk-mitigating input, and Xc
and βc denoting the control variables and their respective coefficients.
The impact of natural insurance on potential yield is indirect as it
operates through a biodiversity-related vector (e.g., pollinating insects;
Paul et al., 2020). Thus, the effect is conveyed by gβ(XNI), with gβ́ ≥ 0,
gʹ́β < 0.

In line with Faure et al.’s model (2024), the damage decreases in a
log-linear manner with risk-mitigating inputs. The abatement function A
(A ≥ 0) is thus given by

A = α0+ αNlngα(XNI)+
∑

k∈{RI}

αklnXk (6)

with gα(XNI) representing the risk-mitigating effect of using natural in-
surance, with gά ≥ 0, gʹ́α < 0. Combining Eqs. (4, (5 and (6 provides the
yield function Y (Table 1, Eq. A). While the complete yield model

(Table 1, Eq. A) is associated to the full portfolio A defined above, we
defined three reduced yield models (Table 1, Eqs. B, C, D) associated
with portfolios B, C, and D respectively. Finally, we considered a utility
function following a constant relative risk aversion (CRRA) specifica-
tion. The risk aversion coefficient is denoted by ν.

u(gm, ν) = gm1− ν

1 − ν (7)

2.3. Natural insurance analysis

2.3.1. Natural insurance effectiveness
The elasticity of production of the NI in portfolio P p, denoted

E p(XNI), is given by combining Eqs. 4, 5 & 6:

E p(XNI) =
∂lnYp

∂lnXNI
= βpN

∂lngβ(XNI)

∂lnXNI
+ ε.αp

N
∂lngα(XNI)

∂lnXNI
(8)

where Yp is the yield function associated with portfolio P p, and βpN and
αp
N are the model coefficients in portfolio P p. The first term βpN

∂lngβ(XNI)
∂lnXNI is

the NI productive effectiveness linked to the contribution of natural
insurance to the potential yield. The second term ε.αp

N
∂lngα(XNI)

∂lnXNI is the risk-
mitigation effectiveness of NI.

2.3.2. Insurance value
The insurance value of NI is defined as the marginal decrease of risk

premium allowed by an incremental unit of XNI (Baumgärtner, 2007).
Thus, the insurance value is measured in units of income, and can be
interpreted as the well-being the farmer benefits from due to the
reduction of uncertainty, allowed by an incremental unit of NI. The
insurance value thus has a subjective dimension: the more risk averse
the farmer, the higher the value (Baumgärtner and Strunz, 2014).
Formally, the insurance value of NI at the use level XNI is given by:

VI(XNI) = −
∂RP
∂XNI

(XNI) (9)

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

RP = E[gm] − u− 1(E[u(gm) ] ) (10)

The insurance value of NI can be computed both at the observed and
at the optimal use levels of inputs.

2.3.3. Optimal demand for natural insurance
From the program in Eq. 3, we derive the optimal demand for NI. It is

formally defined as:

X*NI = argmax
XNI≥0

U (11)

which describes how the farmer will optimally use the natural in-
surance within the insurance portfolio.

3. Application

3.1. Case study and data

We applied the framework to a case study located in western France,
which is a typical intensive agricultural landscape, the Zone Atelier
Plaine & Val de Sèvre. This is a 450-km2 cereal crop plain that includes
about 435 farms and 12,000 fields (Bretagnolle et al., 2018a). The site is
part of the international network of long-term socio-ecological research
platforms (LTSER; Singh et al., 2013). The model in our study focused on
oilseed rape, which is the second-largest source of vegetable oil in the
world (USDA, 2023), accounts for 39 % of European biodiesel feedstock
production (Flach et al., 2019), and is one of the riskiest crops, with

Table 1
Specifications of the yield function used to test the impact of the availability of
agricultural inputs. Each model corresponds to a portfolio configuration. The
notations of the coefficients are simplified by giving them unique notations
regardless of the model. The estimates differ between reduced models (Clogg
et al., 1995).

Yield model Equation Model Portfolio

Full (with NI,
RI, PI)

lnY = β0 + βNlngβ(XNI)+
∑

k∈{PI,RI}
βkln

Xk + ε×
(

α0 + αNlngα(XNI) +
∑

k∈{RI}
αkln

Xk

)
+ ϕ

(A) P A

Reduced – No
agricultural
inputs (with
NI, without
RI, PI)

lnY = β0 + βNlngβ(XNI)+ ε× (α0 + αNln
gα(XNI) ) + ϕ

(B) P B

Reduced – No
productive
inputs (with
NI, RI,
without PI)

lnY = β0 + βNlngβ(XNI)+ ε×
(

α0 + αNln

gα(XNI) +
∑

k∈{RI}
αklnXk

)
+ ϕ

(C) P C

Reduced – No
risk-
mitigating
inputs (with
NI, PI,
without RI)

lnY = β0 + βNlngβ(XNI)+
∑

k∈{PI}
βklnXk +

ε× (α0 + αNlngα(XNI) )+ ϕ
(D) P D

J. Faure and L. Mouysset Ecological Economics 227 (2025) 108415 

3 



highly variable yields (Zheng et al., 2020). It should also be noted that
oilseed rape yields are partly dependent on pollination (Woodcock et al.,
2019). We modeled two agricultural risks. First, an endogenous pest risk
related to flea beetles, which can severely damage oilseed rape crops.
The exogenous second risk included crop growth conditions, mainly
meteorological conditions such as temperature and rainfall, and the
overall pest risk due to other pests such as weeds or other insects.

In the model, the farmer could increase production potential through
fungicide and fertilizer application, both considered productive inputs
(XPI in Eq. 4). The risk-mitigating input was associated with insecticide
application (XRI in Eq. 4). The farmer could increase the portion of semi-
natural habitats (SNHs; i.e. grassland areas and hedgerows) in the
landscape, which have proven benefits for natural enemies of pests and
for bees (Albrecht et al., 2020; Bengtsson et al., 2019), as they are
compatible with natural enemy and bee nesting and rich in melliferous
resources. As SNHs are associated with the natural insurance tool, their
proportion in the landscape was therefore denoted XNI ∈ [0, 1]. In this
model, we assumed that the natural insurance role of grassland areas
was limited to pest risk, excluding the possibility of substituting for
oilseed rape (diversification) and treating other risks as exogenous.
Lastly, the farmer could choose a fraction XMI of the crops to cover by
market insurance.

In this case study, we used three databases: (i) a farmers’ survey
database containing information on yield and farming practices (e.g.
fertilizers or pesticides) as well as the associated cost of these practices
from 294 oilseed rape fields surveyed in the study area from 2011 to
2018 (Catarino et al., 2019), (ii) a biodiversity database containing bee
and pest abundance sampled in 124 fields from 2013 to 2018
(Bretagnolle et al., 2018b; Perrot et al., 2022), and (iii) a Geographic
Information System containing complete land use occupation recorded
since 1994, as well as soil characteristics (Bretagnolle et al., 2018a). The
description of the data is available in Supplementary Material 1. All data
was ln-transformed and standardized for estimations. The NI – that is,
the SNH use rate – corresponded to the percentage of grassland areas
within a buffer zone automatically selected by the siland package in R
(Carpentier and Martin, 2021).

3.2. Parameter estimations and simulation plan

Testing the impact of portfolios on insurance value and optimal de-
mand involved simulating decisions that are outside the range of
observed data and strategies within the case study. In that respect, we
used the process established by Antle and Capalbo (2001), in which the
data collected in the case study was used to estimate econometric pro-
duction models, and then incorporated into a simulation model that
represented the decision-making process of the farmer. This protocol
allowed decision-making to be simulated in a way that is consistent both
with economic theory and with site-specific biophysical constraints and
processes. We adapted it to our analysis, which focused on NI.

Following Faure et al. (2024), we specified the yield (Table 1; Eq. A)
as follows:

where Bees and Pests represent the abundance of bees and pests. Fung,
Insc and Fert are respectively the use of fungicide, insecticide and fer-
tilizer. Soil stands for the soil quality, and SNH is the SNH imple-
mentation rate. The reduced yield functions (Table 1; Eqs. B, C, D) are
built in the same way as Eq. 12 (Supplementary Material 2). We assumed
that bee abundance is impacted by the SNH use rate (Bengtsson et al.,
2019). To account for this, we built a hierarchical multilevel model, with

a sub-model of bee abundance that includes SNH, the estimate of which
was then integrated in the production model (more details in Supple-
mentary Material 3).

The parameters of the yield functions (Eq. 12, S1, S2, S3) as well as
the gross margin model (Eq. 2; results reported in Table S2) were esti-
mated using ordinary least squares (OLS) regression (using R version
4.1.2; R Core Team, 2018) in combining the datasets described in Sec-
tion 3.1. All linear model assumptions were checked.

The four estimated yield models (Table 1) were then used, in com-
bination with the site data, to simulate farmers’ optimal decisions,
including the optimal demands for NI. The simulations were designed to
capture the heterogeneity between years, fields, and surrounding land-
scape characteristics, as well as risk preferences and the resulting spatial
variation of economic behaviour in the case study. We associated each of
the 124 observed fields (obtained with a combination of datasets [i], [ii]
and [iii]) with five values of risk aversion coefficient1 (Faure et al.,
2024). The latter were sampled in the empirical distribution of risk
preferences in the case study, collected in experiments on 128 farmers in
the area. This gave a total of 620 ‘field–farmer’ pairs. The pest risk
distribution ε was simulated through a Weibull distribution, which is
common for modelling pest levels (Wagner et al., 1984). The risk dis-
tribution is known from farmers. The risk associated with crop growth
conditions ϕ was assimilated to the residuals of each model. Finally, we
represented the variation in the MI loading factor by sampling a random
number across a uniform distribution U (0.15,0.30) calibrated with
Hartell et al. (2006). We carried out two sensitivity analyses on prices of
RI (insecticides) and MI (crop insurance), which simulated a doubling of
the prices of other insurance tools and the impact of this on the optimal
demand for NI.

3.3. Statistical assessments of natural insurance performance and
methodological bias

To determine the natural insurance role of SNH, we evaluated for the
complete portfolio (Model A) the three performance indicators pre-
sented in Section 2.3: effectiveness, insurance value, and the optimal
level of SNHs. We used observed data to evaluate the first two indicators
(Eqs. 8–9), and used the simulated data defined in the previous section
to estimate optimal demand (Eq. 11).

We also evaluated the methodological bias, by comparing the impact
of the three other portfolios on both the productive and risk-mitigation
effectiveness of NI, both defined in Section 2.3.1. These comparisons
were made for given levels of pests ε and XNI. Thus, comparing pro-

ductive effectiveness was equivalent to studying the difference β̂p1N − β̂p2N
for each portfolio pair P p1 and P p2 , where the hats are the estimates of

the model coefficients. Similarly, we studied the difference α̂p1
N − α̂p2

N to
compare risk-mitigation effectiveness. Each difference was compared to
zero. The standard errors of these differences were calculated using the
method developed by Clogg et al. (1995) for comparing nested models.

Comparing portfolio B (Table 1, Eq. B) with portfolio A assessed the
impact of considering RI and PI optimal demand, while the comparison

between A and portfolios C and D (Table 1, Eq. C and D) assessed the
marginal impact of adding either risk-mitigating (RI) or productive in-
puts (PI) respectively.

lnY = β0 + β1lnBees+ β2lnFung+ β3lnInsc+ β4lnFert+ β5Soil+ lnPests×(α0+ α1lnSNH+ α2lnInsc)+ϕ (12)

1 This value was chosen arbitrarily to represent a reasonable trade-off be-
tween the variance in risk preferences and the computational time.
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Since most of the simulated data did not follow standard distribu-
tions, we used non-parametric statistical tests for the analysis. Wilcoxon-
Mann-Whitney tests were used to compare all pairs of samples on
quantitative variables (i.e. estimated insurance value of NI and optimal
demand for NI). The tests were paired because the field-farmer pairs
were the same across two samples. All statistical analyses were carried
out with R software.

4. Results

In this section, we first present the evaluation of SNH effectiveness
and its insurance value in our case study. Next, we present the results of
the optimal demand simulation, illustrating how an NI tool could be
integrated into the risk-mitigation strategy. Additionally, we discuss the
methodological bias related to simplified portfolios, evaluating them
using the same units as the performance indicators.

4.1. Effectiveness and insurance value

Firstly, our estimation of the parameters of the production function
(Eq. 12) confirms that SNHs play a role in natural insurance by miti-
gating the negative effect of pests on yield (Table 2; Model A). While pest
abundance has a significantly negative effect, this effect is mitigated by
the interaction between these pests and SNHs. We suspect that the un-
derlying phenomenon is the predation of insect pests by their natural
enemies. The translation of this natural insurance role into value is
shown in Fig. 1. This insurance value is estimated at approximately €50.
ha− 1 for our case study with the complete model (Model A).

The study of methodological bias was independently conducted for
each indicator. Firstly, our estimates show that it is robust to include
inputs in the models, as the F-ratio between Models A and B (Table 1) is
7.517, which is significant at less than the 0.001 threshold. This in-
dicates a better fit with the data in the former model than in the latter. In
other words, P A is a more realistic portfolio than P B, and agricultural
inputs (RI and PI) must be included in the analysis of natural insurance

to explain real decisions.
Then, the comparison of the SNH-related coefficients (Bees β1 and

SNH-Pests interaction α1) between the full model (Eq. 12) and each
reduced model (Eq. S1, S2, S3) shows that omitting agricultural inputs
implies methodological bias. Table 2 shows that the coefficients α1 and
β1 in Model A (Eq. 12; see details in Table S3) are significantly lower
than those in Model B (Eq. S1). This indicates that considering agricul-
tural risk-mitigating and productive inputs in the production model
significantly reduces both the mean yield (Bees) and variance (SNH×

Pests) effects of SNH natural insurance. Comparing the coefficients of
Models C and D with those of Model A (Table 2, Table S3) indicates that
while the mean effect is explained by the presence of productive inputs
in Model A, the variance effect is explained by the presence of risk-
mitigating inputs in Model A. In sum, considering the availability of
agricultural inputs for farmers to deal with environmental risks sys-
tematically diminishes the production and the risk-mitigating effec-
tiveness of NI. As a consequence, these results suggest that simplified
yield models and insurance portfolios may have overestimated the ca-
pacity of ecosystems to mitigate agricultural risks.

This methodological bias also affects the natural insurance value,
which is doubled and thus significantly overestimated in the absence of
all agricultural inputs in the yield models (comparing portfolios A and
B). Analyses of portfolios C and D suggest that the overestimation is
caused by the presence of risk-mitigating inputs, since there is no sig-
nificant difference between portfolios A (full) and C (with risk-
mitigating inputs and without productive inputs). Hence, similar to
effectiveness, considering risk-mitigating inputs systematically de-
preciates the insurance value of NI.

Table 2
Estimations of the yield models. All data is log-transformed, endogenous vari-
ables are standardized. The specifications are those presented in Table 1. Stan-
dard errors are in parentheses.

Yield

Specifications relative to portfolios
(A) (B) (C) (D)

Bees (SNH) 0.045** 0.059*** 0.057*** 0.045**
(0.018) (0.019) (0.018) (0.019)

Fertilizers 0.042** 0.050***
(0.018) (0.019)

Fungicides 0.034* 0.035*
(0.018) (0.019)

Insecticides 0.050*** 0.049***
(0.018) (0.018)

Soil type 0.055*** 0.063*** 0.062*** 0.056***
(0.018) (0.019) (0.018) (0.019)

Pests − 0.072*** − 0.060*** − 0.066*** − 0.067***
(0.018) (0.019) (0.018) (0.019)

Insecticides ×
Pests 0.053*** 0.064***

(0.020) (0.020)
SNH × Pests 0.034* 0.063*** 0.039** 0.052***

(0.019) (0.020) (0.020) (0.019)
Intercept 1.317*** 1.321*** 1.317*** 1.321***

(0.017) (0.019) (0.018) (0.018)
Observations 124 124 124 124
R2 0.395 0.237 0.343 0.306
Adjusted R2 0.353 0.211 0.309 0.270
Residual Std.
Error

0.192 (df =
115)

0.212 (df =
119)

0.199 (df =
117)

0.204 (df =
117)

F Statistic 9.377*** (df
= 8; 115)

9.217*** (df
= 4; 119)

10.183***
(df = 6; 117)

8.594*** (df
= 6; 117)

Note: *p < 0.1; **p < 0.05; ***p < 0.01.

Fig. 1. Estimated insurance value of NI (semi-natural habitat implementation)
in the observed levels of inputs in each portfolio. Letters of significance of
Wilcoxon tests are shown.
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4.2. Optimal demand and relationships with other inputs

Table 3, col. (i) reports the simulations of the optimal demands for NI
in portfolios A, B, C and D. This allows highlighting the effects of agri-
cultural inputs on the economic performance of SNH in an efficient
productive context, and thus to determine whether SNH substitutes for
or complements synthetic inputs. First of all, we observe that integrating
inputs drastically reduces the optimal demand for NI: the demand drops
by 75 % between the reduced portfolio B without agricultural inputs
compared to the full portfolio A (Table 3; col. [i]). This suggests a sub-
stitution effect between agricultural inputs and SNH. Interestingly, this
substitution is observed regardless of the type of agricultural input.
Demand decreases from 17.7% (portfolio B: without agricultural inputs)
to 15.6 % (portfolio C: with risk-mitigating inputs; Table 3; col. [i]). It
drops even further (to 12.5 %) when productive inputs are marginally
added (portfolio D). These results suggest that both risk-mitigating and
productive inputs decrease the interest for NI, which may be due to the
loss of effectiveness both in the forementioned increasing mean and
decreasing variance.

Table 3, col. (ii) highlights the impact of an increase in the price of
risk-mitigating inputs (i.e. insecticides) on optimal demand for NI. Un-
expectedly, we observe that a higher price for insecticides deepens the
decrease in optimal demand that follows the consideration of agricul-
tural inputs in the portfolio (from 17.7 %±5.1 % in portfolio B to 6.8 %±

2.8 % in portfolio A). It suggests that the demand for insecticides and for
NI are positively linked, showing that these two risk-management inputs
are complementary rather than substituting for one another. Additional
analyses indicate that this result is caused by the dual role (i.e. simul-
taneous productive and risk-reducing roles) played by SNH in our study
(Supplementary Material 4), since when the productive role is muted,
the two become substitutes.

Table 3, col. (iii) highlights the impact of an increase in the price of
MI on optimal demand for NI. A higher price for MI globally increases
the optimal demand for NI, showing that the two act as substitutes for
risk management. Interestingly, doubling the price of MI reverses the
marginal effect of risk-reducing inputs, as the optimal demand shifts
from 17.6 % (±3.1 %) to 18.9 % (±5.7 %), suggesting that NI and risk-
mitigating inputs become substitutes rather than complements. Overall,
an increase in other insurance tool prices mitigates – but does not
eliminate – the lower performance caused by the addition of agricultural
inputs in the portfolio.

5. Discussion

5.1. The insurance value of semi-natural habitats

Natural insurance tools based on regulatory processes and stimulated
by the implementation of semi-natural habitat (SNH) seem promising
for the future of agriculture. However, empirical evidence of its insur-
ance role and value is required to promote its implementation. To date,
very few studies have evidenced the role of SNH for production and
farmer well-being (but see Pywell et al., 2015), and to our knowledge

only Colloff et al. (2013) have evidenced that farmers benefit from an
insurance value of natural pest control resulting from SNH (in the
context of citrus orchards). One reason for the scarcity of such empirical
evidence is the high cost of simultaneously collecting ecological, agro-
nomic and economic data. In this study, we considered the case of Zone
Atelier Plaine & Val de Sèvre, a long-term interdisciplinary monitoring
platform that includes data on all these areas (Bretagnolle et al., 2018a).
Such platforms are expected to develop in coming years, especially with
the establishment of the eLTER network at the European level,2 which
might boost empirical studies on the natural insurance role of SNHs. A
second reason is that the effect of SNHs on natural enemies, pests and
yields is not straightforward and can largely depend on the specific
context (Albrecht et al., 2020; Chaplin-Kramer et al., 2011; Tscharntke
et al., 2016).

In our case study, we converted the risk-mitigation role into a
monetary value and found an insurance value of approximately €50.
ha− 1. This value is significantly lower than the one estimated by Colloff
et al. (2013), which ranged between €1700 and €5600.ha− 1 for citrus
orchards. The first thing to note about this discrepancy is that the au-
thors considered the avoided cost of pesticides as the insurance value
while citrus is a highly treated crop. Second, their calculation method
may have overestimated the value compared to other definitions
(including ours; Logar and van den Bergh, 2013). In addition, our model
may underestimate the insurance value because it does not include all
the benefits of risk mitigation provided by SNHs. For example, we did
not estimate the role of grassland areas in flood regulation, erosion
prevention, and climate regulation (Bengtsson et al., 2019; Milazzo
et al., 2023). Excluding these other types of risks from the model and the
effect of natural insurance on them might underestimate the effective-
ness and insurance value of grassland areas. However, these effects are
difficult to evaluate, especially at a localized scale like in our case. In
addition, it is entirely conceivable that farmers may substitute some of
their crops with grassland areas, as seen in the model by Faure et al.
(2023), for example. In this case, grassland areas would provide addi-
tional insurance value, as they would allow for diversification of the
portfolio. All these aspects show that further research is needed to clarify
how to estimate insurance value with the available data, and the debate
is still open on the most accurate value (Dallimer et al., 2020). None-
theless, our estimation of insurance value contributes to addressing the
need expressed in the field of applied ecology for studies that demon-
strate that pest regulation management produces net agronomic and
economic benefits (Kleijn et al., 2019). Only a few studies have shown
this to date, and there is significant anticipation from economists, as
such data is necessary to motivate the adoption of SNHs.

5.2. Evidencing ecological intensification

There is a growing need to better understand how farmers can bal-
ance various risk-mitigation tools, including nature-based instruments
(Finger et al., 2024). By examining different portfolios, in this study we
show that SNH could partially replace traditional insurance tools such as
insecticides or market-based insurance. This aligns with findings on the
integration of other forms of natural insurance, such as diversification.
For example, some authors have shown that genetic diversity can sub-
stitute for pesticide use (Di Falco and Chavas, 2006). Our findings also
indicate that SNH could substitute for productive inputs such as fertil-
izers, particularly through other regulatory functions such as pollina-
tion. These results support the hypothesis of ecological replacement
rather than ecological enhancement (Bommarco et al., 2013). In that
respect, the results allow new insights in favour of ecological intensifi-
cation (Bommarco et al. (2013), which has been lacking in empirical
evidence (Kleijn et al., 2019; Paul et al., 2020).

Table 3
Optimal demands for NI in the portfolios: P A (complete), P B (without inputs),
P C (without productive inputs) and P D (without risk-mitigating inputs). Sim-
ulations are conducted with two additional calibrations to the initial calibration
(i): with a doubled price of insecticides (ii, risk-mitigating input) and a doubled
market insurance price index (iii).

(i) Initial calibration (ii) High price of RI (iii) High price of MI

Mean SD Mean SD Mean SD

P A 0.102 0.037 0.068 0.028 0.131 0.047
P B 0.177 0.035 0.177 0.051 0.176 0.031
P C 0.156 0.052 0.098 0.041 0.189 0.057
P D 0.125 0.038 0.123 0.044 0.139 0.036

2 Integrated European Long-term Ecosystem and Socio-ecological Research:
https://elter-ri.eu
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Our contribution in showing the potential benefit of ecological
intensification also includes quantifying the impact of omitting inputs in
the measurement of insurance value, as in previous scientific studies.
Our results show that both the insurance value and the optimal demand
for SNH have been significantly overestimated, suggesting that the
marginal benefit is smaller than expected. This aligns with recent de-
bates on methodological choices in the empirical evaluation of sus-
tainable risk-management solutions (Finger et al., 2024). Our
conclusions align with Paul et al. (2020), who conducted a compre-
hensive study on the impacts of synthetic inputs in evaluating biodi-
versity value. The authors explained that omitting inputs in decision-
making implies that biodiversity and value are linked by a positive
monotonic relationship (such as in Baumgärtner’s, 2007 seminal paper).
On the other hand, considering inputs in decision-making alters
biodiversity-related benefits, including insurance value, towards a non-
monotonic relationship between biodiversity and value. This is a good
illustration of the perceptual differences that can sometimes exist be-
tween scientists and farmers regarding the role of ecosystem services in
production (Maas et al., 2021). It confirms that representing over-
simplified decisions may not reflect the reality farmers face (Finger
et al., 2024).

5.3. Generalizations and limitations

Although we considered that grassland areas in an arable crop area
regulate pests of oilseed rape, a similar insurance role of SNH can be
expected in different agricultural landscapes where the benefits of pest
regulation have already been proven. For example, grassland areas also
increase seed predation of weeds and predation of aphids in cereals
(Perrot et al., 2021); and other types of SNH, such as flower strips, play a
similar role in natural pest regulation (Albrecht et al., 2020). However,
it is difficult to generalize the positive value of this natural insurance
beyond the context of a specific crop. The effects of SNHs and pollination
services vary strongly depending on the landscape (Batáry et al., 2011),
and therefore natural insurance might have a null or negative value
function in an agroecosystem of interest.

Our study also has some limitations that should be mentioned.
Firstly, since decision modelling is at the plot level, it does not account
for diversification possibilities at the farm level to reduce risks
(Baumgärtner and Quaas, 2010). It would be interesting to explore this
possibility and any changes in risk-management scale. Additionally,
mixing oilseed rape varieties, with some maturing earlier to attract
pests, could reduce risk at the field scale, providing another form of
natural insurance besides SNHs, although few farmers currently practice
this as its benefits are unproven. Furthermore, our model does not
include stochasticity in prices. Recent events of input price volatility
have shown that risk reduction based on chemical inputs can actually be
economically risky (Mustafa et al., 2024). It would be interesting to see
if price volatility affects the substitution between artificial insurance
methods and insurance solutions based on natural regulatory processes.
Another limitation is that although we simulated an entire landscape
with many heterogeneous farmers, we did not model certain positive
externalities provided by SNHs such as cultural value or broader support
services they offer (Bengtsson et al., 2019; Montgomery et al., 2020).
Nor did we model negative externalities of using agrochemicals (Tudi
et al., 2021). We did not consider the long-term benefits of agriculture
relying on good ecosystem functioning, which is known to contribute to
ensuring resilient landscapes for the future (Baumgärtner and Strunz,
2014; Bennett et al., 2021; Folke et al., 2010). So our field-focused re-
sults need to be nuanced, as they do not reflect a comprehensive un-
derstanding of all the benefits provided by nature.

6. Conclusion

Our results have shown that it is profitable and efficient for farmers
to partially rely on the natural insurance role provided by grassland
areas for risk regulation of oilseed rape. To directly address our research
question, semi-natural habitats do indeed offer an alternative solution
for risk mitigation. This finding aligns with the broader concept of
ecological intensification, which posits that ecological functions and
synthetic inputs can substitute for each other. Although empirical evi-
dence remains limited, it is beginning to emerge. For example, Frank
(2024) demonstrated that pest control provided by bats in the United
States could have been replaced by insecticides.

Despite these empirical proofs of the effectiveness of ecosystems in
reducing risks, this may not necessarily lead to widespread adoption by
farmers for several reasons. Firstly, they may be unsure about the rele-
vance of general recommendations from scientific studies for their
specific farms (Kleijn et al., 2019). Moreover, besides economic con-
siderations, a range of non-economic determinants, such as social in-
teractions and risk perception, also play a role (Klebl et al., 2023).
Secondly, when generalizing to other ‘non-productive’ SNHs such as
flower strips or hedgerows, farmers would bear the full cost without any
direct economic return from production. In this context, since the in-
surance function of ecosystems is a public good, it is crucial to find so-
lutions for the governance of the insurance value of SNH, as the costs
cannot be fully recovered by the farmers themselves (Paavola and
Primmer, 2019).
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