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To make the best use of the limited funding for biodiversity conservation, resources should be used cost-effectively.
Support to organic farming is a widely implemented strategy to enhance farmland biodiversity, yet its cost-
effectiveness for biodiversity conservation remains largely unexplored. Using an ecological-economic model cali-
brated with data from southern Sweden, we evaluated the cost-effectiveness of organic farming for enhancing
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S;;tciZl allocation biodiversity in landscapes of varying agricultural productivity (low and high). We focused on flowering plant di-
Agriculture versity, which further has an essential role in supporting pollinators and natural enemies of crop pests.

Our findings reveal that organic farming generally proves more cost-effective for enhancing biodiversity in
high-productive compared to low-productive agricultural landscapes. We also found that depending on land-
scape characteristics, conversion of 10-20 % of arable land to organic management could substantially increase
species richness at a relatively low cost (<6 % reduction in farmers' profits). However, with further increases in
conversion rates, costs escalated exponentially while the benefits to biodiversity diminished. Across larger spatial
scales (1000 to 2000 ha), biodiversity peaked when land was approximately evenly divided between conven-
tionally and organically managed farms, owing to species turnover dynamics.

Our study underscores the importance of tailoring policies to incentivize organic farming where it has the
greatest impact on biodiversity. Importantly, it suggests that policies aimed at incentivizing organic farming in
high-productive regions could be more cost-effective for biodiversity conservation than current policies that
favour conversion in low-productive regions.

1. Introduction

Insufficient funding remains a major barrier to achieving regional and
global goals for biodiversity conservation (Commission, 2020; UNEP,
2022). Therefore, it is imperative that conservation strategies are
implemented cost-effectively, ensuring maximal outcomes given the
limited available resources. This is particularly important in addressing
impacts from major drivers of biodiversity declines (Deutz et al., 2020),
where agricultural intensification is often identified as a main contributor
(Kehoe et al., 2017; Raven and Wagner, 2021; Tscharntke et al., 2012a).
However, research in this crucial area remains scarce (Ansell et al., 2016).

Organic farming is widely recognized as an environmentally friendly
alternative to conventional farming (Eyhorn et al., 2019; Reganold and

Wachter, 2016). By avoiding using synthetic pesticides and fertilizers,
organic farming promotes a wide range of species and associated
ecosystem services (Reganold and Wachter, 2016; Tuck et al., 2014).
However, compared to conventional farming, yields of crops grown
organically are often substantially lower (e.g. Alvarez, 2022), ultimately
affecting profitability and adoption rates. To facilitate the transition to
organic farming, policies compensating farmers for opportunity costs
are often necessary. For instance, in the European Union (EU), payment
schemes supported organic farming with €1.3 billion annually between
2014 and 2022 (European Commission, 2022), significantly supporting
its expansion. Currently, organic farming covers 9 % of all utilized
agricultural land in the EU (Eurostat, 2023), with a target of reaching 25
% by 2030 (European Commission, 2020).
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However, current incentive structures might not be optimized for
cost-effective biodiversity conservation. While payments to organic
farming aim to reflect average opportunity costs relative to conventional
farming, they are uniform across regions (Regulation 1305/2013/EU,
2013). This favours adoption of organic farming in less productive re-
gions, where the yield gaps, and thus opportunity costs, between organic
and conventional practices are lower (De Ponti et al., 2012; Gabriel
et al., 2009). Consequently, low-productive regions often exhibit higher
adoption rates of organic farming (Eurostat, 2019; Gabriel et al., 2009;
Rundlof and Smith, 2006). Conversely, the potential of organic farming
to enhance biodiversity is generally greatest in high-productive regions
(Tuck et al., 2014; Winqvist et al., 2012). This is attributed to that low-
productive regions generally have more remaining natural habitats,
which boost biodiversity while limiting the additional biodiversity
benefits attainable through organic practices (Rundlof and Smith, 2006;
Tscharntke et al., 2005).

Hence, organic farming tends to be adopted in regions where both
opportunity costs and biodiversity benefits are comparatively low.
However, it remains unclear whether this is the most cost-effective
spatial allocation for organic farming to promote farmland biodiver-
sity. Our study addresses this knowledge gap by investigating how
landscape contexts (in terms of agricultural productivity and the amount
of natural habitats) affect the contribution of organic farming to biodi-
versity relative to opportunity costs. Gaining such knowledge is essential
for developing policy instruments that incentivize organic farming while
promoting cost-effective biodiversity conservation (Sidemo-Holm,
2022).

We assess farmland biodiversity at the landscape scale, reflecting the
ecological value of organic farming for a wider range of species
compared to the more commonly applied field-scale approach
(Tscharntke et al., 2005; Tuck et al., 2014). Specifically, we focus on
flowering plant diversity, which is typically substantially higher in
organic than conventional fields (Tuck et al., 2014). A diverse flora in
crop fields and the surrounding landscape further supports a wide range
of beneficial organisms that rely on flowers for nourishment and shelter,
including pollinators and natural enemies of crop pests (Balfour and
Ratnieks, 2022; Lu et al., 2014; Sidemo-Holm et al., 2021).

To conduct the study, we developed a theoretical ecological-
economic model that determines the cost-effectiveness of organic
farming in enhancing species richness in landscapes with varying levels
of productivity and landscape complexity, in terms of the proportional
extent of non-arable habitats suitable for flowering plants (for which we
used semi-natural grasslands as a proxy). With the theoretical model as a
conceptual foundation, we integrate a biodiversity function and an
empirical economic optimization model, to create a novel empirical
ecological-economic model (e.g. Watzold et al., 2016). The ecological
information was derived from a study on organic and conventional
farms in southern Sweden (Carrié et al., 2018), while the economic
model was parameterized using an automated procedure based on
published statistics for the same region (see Mérel and Howitt, 2014). In
this way, we were uniquely able to predict the optimal distribution of
arable land between conventional and organic farming to reach biodi-
versity targets while minimizing opportunity costs within different types
of agricultural landscapes. This insight into the cost-effectiveness of
organic farming for enhancing farmland biodiversity in contrasting
landscapes offers valuable guidance for decision-makers aiming to
identify cost-effective biodiversity conservation schemes.

2. Theoretical ecological-economic model

To evaluate the optimal usage of arable land to maximize profit from
agricultural production while reaching biodiversity targets, we begin by
developing a theoretical ecological-economic model. The model predicts
the effects of agricultural land use on gross farm profits (revenues minus
variable production costs) and species richness (predicted by a biodi-
versity function). In the model, we assume that agricultural land X;
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(hectares) can be allocated between three different agricultural land uses
Jj: conventional farming (CON), organic farming (ORG) and semi-natural
grassland used for livestock production (SNG). The model accounts for
the effect of the three possible agricultural land uses X = (Xcon, XorG»
Xsng) on gross profit and species richness in an agricultural landscape.
We first develop the objective function for maximizing gross profit
without any biodiversity target following principles from agricultural
economics (Debertin, 1986). Since there is a natural limit on how much
land can be used for farming, the objective function is subject to the land
constraint st:lXj < X, where X is the total available agricultural land in
the landscape. Thus, the objective function is:
3 3
mxn(X)—Z(pjcj)Yj&hj(&)u<ZXj7f> &)
j=1 j=1

J

where p; is the price per unit output from land use j, ¢; is the variable cost
per unit output from land use j, Yj is the quantity of output from one
hectare of j, h; is a non-linear per hectare cost function for land use j, and
p is a Lagrange multiplier representing the shadow price of the land
constraint implied by X, i.e. the marginal value of one extra hectare of
land to the farmer.

The non-linear cost function h; accounts for potentially increasing
marginal costs of increasing the area of a particular land use. The
marginal cost typically increases because the most profitable land, e.g.
with high productivity and/or close to the farm, is farmed first after
which less profitable land is added. Thus, we assume that oh;/dX; > 0
and dzhj / 6Xj2 >0, which also ensures that Eq. (1) is an increasing
concave optimization problem, i.e. dr;/0X; > 0 and 02nj/6Xj2 <0, and
thus the first order conditions for profit maximization are both necessary
and sufficient to define the optimal solution (Klein, 2014).

Given these assumptions, the derivation of the objective function Eq.
(1) with respect to the land-use choice variables Xj, returns the land use
solution that maximizes gross profit given the land constraint:

;L;j: (pjfc}->ijg—}’2:/Nj. (2

Thus, the optimum combination of the land uses CON, ORG and SNG
is where the gross profit from one hectare of land use is equalized among
all j and equals y, i.e. the shadow price of agricultural land. Thus y can be
interpreted as the maximum amount they would be willing to pay to
increase land beyond X, e.g. by renting another hectare of land (if that
was possible). If not all land is profitable to use, then y = 0.

Second, we develop an objective function for maximizing gross profit
with the addition of a biodiversity constraint S(X) > S to model a
biodiversity target/policy goal. Here, S(X) is the biodiversity function
that simultaneously considers the effect of all land uses CON, ORG and
SNG on species richness, and S denotes the biodiversity target for species
richness. Thus, combinations of land uses are constrained by the
requirement that S species need to be preserved in the agricultural
landscape. We assume that the conservation function is increasing
concave, i.e. dS/0X >0 and S / X2 < 0. This assumption follows
theoretical and empirical understanding of the relationship between
species richness and area (Rosenzweig, 1995). We use Lagrange's theo-
rem to set up and solve the problem with both the land use and biodi-
versity constraints:

3 3
MAXx (X) = 3 (- ) V% — by (X)) —u(ZX,- —X) ~2(8(X) -8)
j=1 j=1

3

where 1 represents a Lagrange multiplier that, in the optimum, equals
the marginal cost of species conservation, i.e. the opportunity cost of
preserving an additional species. Through derivation, the land use that
maximizes profit given the biodiversity target is defined by:
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The optimum combination of the land uses CON, ORG and SNG is
thus where the marginal profit from changing one hectare of land use j to
another land use minus the marginal value of land (1) equals the mar-
ginal opportunity cost of increasing species richness through land use j
(marginal conservation cost), and hence is equalized for all j, which
defines the equi-marginal cost principle for cost-effective conservation.

3. Empirical analysis

Following from the theoretical model Eq. (3), we integrated a
biodiversity function with an (empirical) economic model. The resulting
(empirical) ecological-economic model was then used to predict optimal
land-use combinations to maximize gross profit while reaching biodi-
versity targets in particular landscape contexts. We established biodi-
versity targets as a rise in the absolute count of flowering plant species
richness from the baseline land-use combination where gross profit was
maximized. Below, we first describe the studied landscape contexts,
then the biodiversity function and the economic model, and ultimately
the ecological-economic model which was applied to predict marginal
conservation costs for increasing flowering plant species richness
depending on landscape scale, productivity, and complexity (i.e. the
area of semi-natural grassland).

3.1. Landscape contexts

We studied two natural agricultural regions in southern Sweden with
similar temperate climate (average annual temperature 7.6 °C and
precipitation 650 mm), but distinct productivity. In the region identified
by the Swedish Board of Agriculture as Gotalands sodra slattbygder
(hereafter referred to as the high-productive region) the average yield of
winter wheat is 8.5 t/ha for conventional farms and 5 t/ha for organic
farms (Jordbruksverket, 2023). In the other region, Gotalands mellan-
bygder (referred to as the low-productive region) the average yield of
winter wheat is 7 t/ha for conventional farms and 4 t/ha for organic
farms (Jordbruksverket, 2023). The regions also differ in terms of the
proportion of agricultural land occupied by semi-natural grasslands
(permanent unfertilized grasslands), our proxy for landscape complexity
(see Carrié et al., 2018). In the high-productive region, semi-natural
grasslands accounted for 5 % of all agricultural land, while in the low-
productive region, they constituted 25 % (Statistics Sweden, 2020a).
The two regions serve as representative examples of less and more
productive regions across Europe (Gabriel et al., 2009; Statistics Swe-
den, 2020a).

We calibrated our models using biodiversity and agricultural data
from the two regions, and modelled the cost-effectiveness of organic
farming for biodiversity conservation depending on region and land-
scape scale (100, 1000 and 2000 ha).

3.2. Biodiversity function

The biodiversity function was parametrized using field data collected
from a total of 19 farms, ten organic and nine conventional farms,
distributed across the two studied agricultural regions (Fig. 1). We
surveyed flowering plants in two cereal fields, two leys and two semi-
natural grasslands on each farm in 2017 (see Carrié et al., 2018). This
data enabled the biodiversity function to estimate the flowering plant
species richness in an agricultural landscape based on the three most
common agricultural land uses in the regions (Statistics Sweden, 2017).

The objective of the biodiversity function was to model the change in
flowering plant species richness at the landscape scale in response to
conversion of arable land from conventional to organic farming, relative
to the proportion of semi-natural grasslands in the landscape. The main
principles of the biodiversity function are explained below, whereas a
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Fig. 1. Locations of the studied organic (white circles) and conventional farms
(black circles) in southern Sweden and Europe (square insert).

more detailed description is available in the Appendix.

We used a probabilistic model of species-area relationship (Olsson
etal., 2021) to estimate total species richness for agricultural landscapes
with different proportions of organically and conventionally farmed
arable land and semi-natural grasslands. The probabilistic model is
based on the classical assumption that the probability of species occur-
rence increases with the habitat size, but in addition weighs the prob-
ability of occurrence by the species' density in the given habitat. Based
on species densities, the model can thus estimate the landscape scale
species richness for a given landscape configuration and scale. We
estimated the species-specific density distributions based on data from
the field study.

We used the probabilistic model of the species-area relationship to
estimate species richness for different landscape configurations. The
landscape scales were set at 100, 1000 and 2000 ha, and the proportion
of semi-natural grasslands within each landscape was set to 5 % and 25
% respectively to reflect the average proportions of semi-natural grass-
lands in the studied regions. For each landscape scale, as well as pro-
portion of semi-natural grasslands, we assessed how species richness
responded to different farming configurations, ranging from 0 to 100 %
organically farmed arable land, with the remaining percentage being
farmed conventionally. We assumed that there is no difference between
semi-natural grasslands under conventional or organic management
because these are managed in similar ways (i.e. neither are treated with
pesticides nor fertilizers).

We fitted the generated configurations and estimates of species
richness using a model based on a negative exponential function,
because it allows an estimation of an asymptote and the speed of species
accumulation (Tjgrve, 2003). We considered that the proportion of
organic land would influence the asymptote of the accumulating effect
of increasing the proportion of semi-natural grasslands on flowering
plant species richness. Moreover, landscapes dominated by organic
farming are likely to have more plant species than conventional ones,
but we expected some species turnover when converting to organic
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farming, as some species are well adapted to intensive practices such as
high nitrogen and herbicide inputs (Carrié et al., 2022). As a result, the
conversion effect to organic farming on plant diversity is likely to be
hump-shaped, with a maximum located towards high proportions of
organic land. We therefore chose to model the effect of conversion to
organic farming on plant diversity using a Ricker function, which is well
adapted to model skewed hump-shaped relationships (Bolker, 2008).

3.3. Empirical economic model

To model farmers' optimal land use in response to a biodiversity
target, we developed a mathematical programming model of a repre-
sentative landscape in each of the studied regions. This approach was
chosen, rather than an econometric (statistical) approach, because of its
flexibility to model outcomes beyond those represented in the data (e.g.
large proportions of organic agriculture) and its suitability for inte-
grating ecological relationships within an optimization framework
(Carpentier et al., 2015). A traditional limitation of the mathematical
programming approach is calibration and validation that relies on
expert judgement. To overcome this limitation we used an objective
calibration procedure known as Positive Mathematical Programming
(PMP) to automatically calibrate the economic model to observed
farmer behaviour in the calibration year 2021 (Howitt, 1995a, 1995b).
The approach takes maximum advantage of the available data on agri-
cultural production as reflected in official agricultural statistics and
research findings for the studied regions (Mérel and Howitt, 2014).
Rather than introducing, e.g. arbitrary constraints to force the model to
reproduce observed behaviour, and therefore potentially overly
restricting farmers' land use possibilities, it relies on a non-linear cost
term to infer unobservable costs, such as production risks, declining
productivity of land, additional labour, etc. to explain farmers' observed
production choices, which are provided in Table 1 for our studied re-
gions. This term corresponds to the nonlinear cost term h;(X;) in the
theoretical model, Eq. (1). The calibration procedure is explained in the
Appendix.

With this optimization approach it becomes possible to infer mar-
ginal values of limited resources such as land, or policy constraints such
as a biodiversity target, through shadow pricing (Meérel and Howitt,
2014). It therefore makes it possible to infer values that farmers put on
resources that are otherwise difficult to estimate, which can be used to
calibrate farmers' behaviour in models to predict their response to
environmental policies (Buysse et al., 2007; Mérel et al., 2014).
Furthermore, the PMP approach also solves another problem, which is
that organic farming according to enterprise budgets (i.e. ostensibly) is
more profitable than conventional (e.g. Ramankutty et al., 2019), yet so
little area in the regions are actually farmed organically. This suggests
that there are costs perceived by farmers that are not accounted for in
enterprise budgets, but which can be inferred by the PMP approach. This
is based on the premise that observed production levels reflect farmer's
profit optimizing behaviour.

The economic model was implemented in General Algebraic
Modelling System (GAMS).

3.4. Empirical ecological-economic modelling

We created an ecological-economic optimization model by inte-
grating the biodiversity function with the economic optimization model
as a constraint on the farmers' decision problem. To adapt to the scale of
the biodiversity function we normalized all observed production levels
to landscapes of 100, 1000 and 2000 ha. This allowed for an assessment
of how the optimal land use solution for achieving biodiversity targets
depends on the landscape scale.

To generate a benchmark, or baseline solution, to evaluate the cost-
effectiveness of organic farming in a particular landscape context, it was
necessary to exclude the current agricultural policy payments for
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Table 1
Observed agricultural production and proportion (%) organic management in
the studied regions in 2020 (Statistics Sweden, 2020a, 2020b).

High-productive region Low-productive region

Area Organic Area Organic
Hectare/ Proportion Hectar/ Proportion
head (%) head (%)
Agricultural land
Arable land 317,699 5 312,587 11
Semi-natural 16,803 - 107,239 -
grassland
Arable land use
Winter wheat 97,879 3 58,145 8
Other grains 86,402 6 78,581 9
Winter rape 37,005 2 16,369 6
Sugar beet 33,497 1 22,803 2
Protein crops 4950 21 7823 13
Grass silage 34,006 11 104,236 17
Arable pasture 14,090 13 14,090 12
Fallow/set-aside 9870 0 10,540 0
Total arable 317,699 5 312,587 11
Livestock
Dairy cows 24,462 60,005 10
Suckler cows 11,129 14 29,750 16
Beef cattle” 17,756 63,642 7
Recruitment 12,011 9 29,952 11
heifers
Ewes 13,196 14 59,765 23
Total livestock 56,090 10 157,864 12

units

# The proportion of organic beef is lower than the proportions of organic dairy
cows because it is common for calves from organic dairy cows to be fattened
conventionally, due to the high opportunity cost of raising these calves
organically.

organic farming from the optimization (i.e. once the model had been
calibrated), because these represent transfers to farmers and not social
opportunity costs. Thereafter we solved the ecological-economic model
without a constraint on biodiversity to generate the baseline solution for
each landscape scenario to be evaluated. This counter-factual solution
represents farmers' profit maximizing choices (optimal land use)
excluding the current payments to organic farming or biodiversity tar-
gets. In this modelled solution, the optimal proportions of organic arable
land were estimated to approximately 1 % in the high-productive region
and 5 % in the low-productive region, irrespective of landscape size.
This contrasts with the actual allocation when farmers obtain policy
payments, where organic farming currently accounts for 5 % and 11 %
of the arable land in the high- and low-productive region, respectively,
while the areas of semi-natural grasslands remain identical. We
modelled the baseline proportion of organic farming and species rich-
ness for each of the landscape scales in both agricultural regions (Fig. 2).

For the three different landscape scales (100, 1000 and 2000 ha) in
both the high- and low-productive regions, we modelled the marginal
conservation cost of increasing flowering plant species richness in the
landscape from the baseline by converting conventional to organic
arable land use. We used this to compare how the marginal conservation
cost of converting conventional to organic land use is affected by agri-
cultural region and landscape scale. For each landscape scale and region,
we ran the model until the total benefit of organic farming to species
richness reached its maximum (Fig. 3).

The ecological-economic model was coded in GAMS to find optimal
solutions regarding land uses and impacts on marginal conservation
costs based on the PMP approach. All costs were converted from the
Swedish crown (SEK) to Euro based on the average exchange rate for
January through June 2023 (1 SEK = €0.0885).
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Fig. 2. Modelled species richness in the baseline solution in the high-
productive and low-productive region for each of the assessed landscape
scales. Besides landscape scale, species richness is affected by the proportion of
semi-natural grasslands within the landscape (5 % in the high-productive re-
gion and 25 % in the low-productive region) and the proportion of the arable
land managed organically, which in the baseline solution is 1 % in the high-
productive region and 5 % in the low-productive region.
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4. Results

According to our baseline levels, the proportion of organic arable
land that maximized profit without the current organic policy payments
was only 1 % in the high-productive region and 5 % in the low-
productive region. Increasing the proportion of organic arable land
beyond that level was associated with an increasing marginal conser-
vation cost and thus profit loss.

We found that higher biodiversity targets (i.e. increased species
richness compared to the baseline solution) could be reached most cost-
effectively by increasing organic farming in the high-productive region.
This was demonstrated by a lower marginal conservation cost, which we
present as an average per hectare to provide a reference framework
(Fig. 4). This finding was driven by a stronger biodiversity effect from
increased organic farming in the high-productive region (Fig. 3), where
the baseline biodiversity was much lower due to fewer semi-natural
grasslands in the landscape (Fig. 2). On the other hand, for lower
biodiversity targets, it proved most cost-effective to increase biodiver-
sity by promoting organic farming in the low-productive region (Fig. 4).
This trend was particularly pronounced at larger landscape scales,
where there was more available land with low opportunity costs, and
where an increased proportion of arable land farmed organically had a
greater impact on species richness (Fig. 3). Regardless of region, organic
farming was more cost-effective in reaching conservation objectives at
larger landscape scales.

As expected, the marginal conservation cost showed an upward trend
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149 @) (b)
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Region
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Increased number of species

0 20 40 60 80100 O 20 40 60 80 100 0 20 40 60 80 100

% Organic farmland in the landscape

Fig. 3. Increase in number of species from the baseline when increasing the proportion of organic arable land in the landscape. Estimates are modelled from the
baseline to maximum species increase from converting to organic farming in the high-productive and low-productive region at each of the three landscape scales 100

ha (a), 1000 ha (b) and 2000 ha (c).
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Fig. 4. The average marginal conservation cost per ha for converting conventional arable land to organic to increase the number of flowering plant species from the
baseline. Estimates are modelled for the high-productive and low-productive region at each of the three landscape scales 100 ha (a), 1000 ha (b) and 2000 ha (c).
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with increasing targets for added flowering plant species in both regions
and across landscape scales. The slopes of the marginal conservation
cost curves indicate that the cost of increasing species richness in the
landscape escalates rapidly with higher conservation targets, especially
in the low-productive region and at smaller landscapes scales (Fig. 4).

We found that converting up to 10 % of arable land to organic
management increased biodiversity with a negligible impact on profit
(less than a 4 % decrease). For conversion rates up to 20 %, a modest
profit impact was observed, with a decrease of approximately 6 % in the
low-productive region and 15 % in the high-productive region (Fig. S3).
Yet, specific biodiversity targets could be reached with a lower foregone
profit in the high-productive compared to the low-productive region,
because it required less land to be converted to organic (Fig. 5).

At the larger landscape scales, the availability of more land with
lower opportunity costs enabled species targets to be reached via con-
version to organic farming with lesser impact on profitability (Fig. 5). As
an illustration, increasing species richness by 10 species in the high-
productive region required 65 % organic land in the smallest land-
scape (100 ha), resulting in a net loss of -€950/ha. Conversely, in the
larger landscapes, the same species target was achieved by converting
only 25 % (1000 ha) and 20 % (2000 ha) of land to organic, maintaining
positive profits (€750 and €800/ha respectively) (Figs. 5 and S3).

5. Discussion

Our study demonstrates that flowering plant species richness could
generally be increased more cost-effectively through organic farming in
the high-productive region compared to the low-productive region, and
by allocating agricultural land-use across larger landscapes, i.e. at larger
spatial scales.

The differences in the cost-effectiveness of organic farming in pre-
serving biodiversity can be explained by both ecological and economic
factors. Ecologically, the impact of organic farming on flowering plant
species richness was greater in the high-productive region, primarily
because the region had fewer semi-natural grasslands. Many plant and
animal species can occur in both semi-natural habitats and arable land
(Liischer et al., 2016), which reduces the potential of adding species
through increasing the areas of organic farming in the low-productive
region where the species richness is already high due to the high pro-
portion of semi-natural grasslands.

At all evaluated landscape scales (100, 1000 and 2000 ha), the in-
crease in species richness from converting additional arable land to
organic farming diminished the greater the area being farmed organi-
cally. Consequently, achieving higher biodiversity targets required
larger proportional increases in organic farming; hence resulting in
steeply increasing marginal conservation costs for increasing species.

This result aligns with the general understanding that species richness
tends to increase with habitat area but at a declining rate (Rosenzweig,
1995). Thus, our results showing a decreasing contribution of organic
farming to flowering plant species richness with increasing proportions
of land managed organically, could also be expected for other organism
groups benefiting from organic farming, such as insects and spiders
(Stein-Bachinger et al., 2021; Tuck et al., 2014). The dependence of
species richness on habitat area further explains why at larger landscape
scales a smaller proportion of arable land needs to be converted to
organic farming to achieve specific biodiversity targets, as compared to
a smaller landscape scales.

Although organically managed arable land was found to be more
species-rich than its conventional counterpart, the contribution to the
landscape-wide biodiversity was maximized when approximately half of
all arable land was managed organically in the landscapes measuring
1000 and 2000 ha (Fig. 3). In contrast, in the landscape measuring 100
ha, species richness was maximized by managing all arable land
organically. This observation is interesting because it implies that the
optimal proportion of organically farmed land for species conservation
will vary between regions and depending on the landscape scale biodi-
versity is measured at. For biodiversity conservation, it is typically more
important to preserve species richness at larger spatial scales to safe-
guard a broad array of species and ecological interactions (Gering et al.,
2003; Sidemo-Holm et al., 2022). Our results thus suggest that a mix of
conventional and organic farmland management is optimal for biodi-
versity conservation.

While organic farms typically have lower yields than conventional
ones (De Ponti et al., 2012), organic farming is not necessarily less
profitable than conventional farming due to higher market prices for
organic products and lower input costs (Crowder and Reganold, 2015).
However, despite financial incentives for organic farming, only 9 % of
all utilized agricultural land in the EU is managed organically (Eurostat,
2023). This suggests that there are substantial opportunity costs asso-
ciated with farming organically compared to farming conventionally,
which we could demonstrate and subsequently infer through our PMP
calibration approach. According to our baseline levels, the proportion of
organic arable land that maximized profit without the current organic
policy payments was only 1 % in the high-productive region and 5 % in
the low-productive region. Increasing the proportion of organic arable
land beyond that level was associated with an increasing marginal
conservation cost and thus profit loss.

Our ecological-economic model accounted for the fact that farmers
within each region would achieve biodiversity targets by converting
land with the lowest possible opportunity cost. Achieving higher
biodiversity targets therefore entailed converting land with increasingly
higher opportunity costs (Fig. 4). The variability of opportunity costs
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within regions was driven by the observed areas of different crops, the
number of livestock, and the profit difference for these in organic and
conventional farms (Appendix). As demonstrated in Figs. 4 and 5, lower
biodiversity targets could be achieved with a relatively low marginal
conservation cost and profit loss. Reaching a higher biodiversity target
entails increased opportunity costs as land with more profitable crops,
such as sugar beets and rapeseed (Appendix), must be converted to
organic management.

At the two larger landscape scales, it was most cost-effective to in-
crease species richness with up to three species in the low-productive
region (Fig. 4). For higher targets at these landscapes scales, and in
general at the smallest landscape scale, the greater impact of organic
farming on biodiversity in the high-productive region outweighed the
higher opportunity costs, making it most cost-effective to increase
biodiversity in the high-productive region. This implies that policy
payments for organic farming should be differentiated across regions to
reflect biodiversity benefits, i.e. be higher in high-productive regions,
measured as average crop yield.

As the marginal conservation cost escalates as more land is used for
organic farming, other land uses may offer more cost-effective oppor-
tunities to promote biodiversity. Our results show that presence of semi-
natural grasslands had a high positive impact on species richness. The
low-productive region with semi-natural grasslands composing 25 % of
the agricultural land had 15 to 19 more species (depending on the
landscape scale) at the baseline level compared to the high-productive
region that had 5 % semi-natural grasslands (Fig. 2). Therefore, add-
ing semi-natural grasslands, by for instance restoring shrub-encroached
grasslands (Pittarello et al., 2016), or incentivizing better management
of existing grasslands, may be comparatively cost-effective ways to
promote species richness of flowering plants and biodiversity in general
(Tscharntke et al., 2021). However, it should be noted that the potential
for restoration of semi-natural grasslands of high biodiversity value may
often not be a viable solution, because of legacies of present land-use (Le
Provost et al., 2021; Piqueray et al., 2011). Instead, in high-productive
landscapes where these restoration opportunities may be particularly
scarce, creating novel semi-natural habitats of high biodiversity value
such as flower strips or permanent grassy set asides might represent
better alternatives, but their cost-effectiveness for conservation targets
have yet to be evaluated.

It is important to acknowledge that the biodiversity function was
parameterized with a relatively small dataset. It was also based on a
crude characterization of landscapes, e.g. with biodiversity being
generalized to what occurs in arable fields and semi-natural grasslands.
This may limit the transferability of the results to other regions. In
addition, we used a space-for-time substitution approach that may result
in issues with unknown biases in uptake of organic farming and not well
represent the dynamic of biodiversity after organic transitions.
Furthermore, the biodiversity function did not account for ecological
habitat interactions, which may be important for processes such as meta-
population and source-sink dynamics as well as landscape supplemen-
tation and complementation (Smith et al., 2014). Thus, further devel-
opment of the biodiversity function to allow the inclusion of interactions
between habitats and parameterization with larger datasets will be
important to enhance transferability to other regions.

Our modelling approach focused on the total number of species in
the landscape, but not their identity or abundance, which are important
to know to better understand the conservation and functional values of
species promoted in the different scenarios. Still, regarding conservation
values, species richness is often associated with an increase in rare
species (see Heegaard et al., 2013; Lichtenberg et al., 2017), which are
generally more dependent on conservation interventions to persist in
anthropogenic environments than common species (Pimm and Jenkins,
2010). Also, high species richness is likely positive for the amount and
resilience of ecosystem functioning and services provisioning
(Tscharntke et al., 2012b).

While our focus was on flowering plants, a diversity of such non-
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cultivated flowering plants in agricultural landscapes contributes to
structural habitat heterogeneity (Tscharntke et al., 2005) and provides
food resources for other organisms, including pollinators (Bretagnolle
and Gaba, 2015), and biological control agents (Wackers and Van Rijn,
2012). Yet, there is a need to consider multiple organisms groups,
especially those that respond differently to farming practices (Lichten-
berg et al., 2017), to fully comprehend how biodiversity can be pro-
moted cost-effectively by organic farming.

In addition to biodiversity, organic farming is associated with ben-
efits such as reduced human exposure to pesticides, enhanced animal
welfare, reduced spreading of pesticides, better soil health, and
increased pollination and biological pest control (Reganold and
Wachter, 2016; Seufert and Ramankutty, 2017). Therefore, while this
study makes an important contribution to assessing cost-effective
biodiversity conservation, further research is needed for a more holis-
tic understanding of how landscape contexts influence the cost-
effectiveness of organic farming to achieve multiple objectives.

6. Policy impact

The EU's ambitious goal of increasing the area of utilized agricultural
land under organic farming from the current 9 % to 25 % by 2030
(European Commission, 2020; Eurostat, 2023) presents a unique op-
portunity to revamp policy schemes and achieve improved results from
organic farming. However, our research findings underscore the need
for a nuanced approach to such a broad objective.

We show that area goals for organically farmed land need to be
spatially differentiated to be cost-effective. Notably, the optimal ratio of
organically farmed land for biodiversity conservation varies signifi-
cantly between high- and low-productive regions and according to the
scale at which biodiversity is measured at. In this respect our findings
indicate that a general goal of 25 % organic across the entire EU is likely
to be highly inefficient for biodiversity conservation. Instead, a more
cost-effective strategy would be to customize this goal based on regional
characteristics and biodiversity targets.

Currently, the environmental payments provided to farmers for
adopting organic farming practices in the EU are based on fixed rates
determined by the farmer's total area under organic cultivation and the
number of livestock. This approach primarily incentivizes organic
farming based on economic feasibility and profitability compared to
conventional farming. As a result, organic farming has predominantly
been adopted in low-productive regions where the opportunity costs are
lower (Eurostat, 2019; Gabriel et al., 2009; Rundlof and Smith, 2006).

However, our research highlights that organic farming can have the
most significant positive impact on biodiversity in high-productive re-
gions. To encourage the adoption of organic farming in such contexts,
incentives need to account for biodiversity benefits as well as opportu-
nity costs, i.e. cost-effectiveness. One potential solution is to introduce
spatially differentiated incentives, where payment rates are adjusted
based on contextual factors such as landscape complexity and produc-
tivity (Lundberg et al., 2018; Sidemo-Holm, 2022). This approach could
be facilitated by introducing region/landscape specific payment rates,
based on the proportion of land composed of semi-natural habitats and
the average crop yields. As a result, payments would align more closely
with the actual biodiversity-enhancing potential of organic farming.

Alternatively, a forward-looking approach involves compensating
farmers based on projected biodiversity outcomes using predictive
models (Bartkowski et al., 2021; Sidemo-Holm et al., 2018). By linking
payments to modelled results, this approach naturally promotes organic
farming in regions where it can enhance biodiversity most cost-
effectively. Moreover, by using models to project the impact of
organic farming on various organism groups and ecosystem services,
payments can be adjusted to reflect the multifaceted benefits of organic
farming (Reganold and Wachter, 2016; Tuck et al., 2014). This approach
aligns promotion of organic farming with the optimal interests of soci-
ety. However, the effectiveness of such systems hinges on the
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development of precise, transferable models with easily quantifiable
parameters (Bartkowski et al., 2021; Elmiger et al., 2023).

In the process of designing new policy schemes, it is important to
account for the spatial dimensions of biodiversity. As underscored by
our research findings, the cost-effectiveness of attaining specific biodi-
versity targets through organic farming varies considerably depending
on the scale at which biodiversity is assessed. Furthermore, in extensive
and environmentally heterogeneous regions like the EU, policies need to
consider beta-diversity, such that organic farming is encouraged across
areas with high species turnover and not only in areas with similar
species assemblages (Socolar et al., 2016).

In conclusion, to ensure that organic farming delivers cost-effective
biodiversity benefits, policies need to align incentives for organic
farming with expected biodiversity outcomes. These policies should
account for regional variation in opportunity costs and biodiversity
benefits, as well as the spatial aspects of biodiversity targets. Therefore,
we suggest that policies incorporate tailored incentives, either based on
regional contexts or model-derived outcomes from organic farming, to
steer the adoption of organic farming to locations where it is not only
economically viable but also capable of maximizing biodiversity bene-
fits. However, we also acknowledge that organic farming has multiple
aims such as other environmental targets (Reganold and Wachter,
2016), that needs to be factored in for a complete valuation of spatial
targeting.

Funding

This work was supported by two grants from the Swedish Research
Council for Sustainable Development Formas (grant numbers 2014-
00254 and 2018-02396).

CRediT authorship contribution statement

William Sidemo-Holm: Writing — review & editing, Writing —
original draft, Visualization, Validation, Project administration, Meth-
odology, Investigation, Formal analysis, Data curation, Conceptualiza-
tion. Mark V. Brady: Writing - review & editing, Validation,
Supervision, Methodology, Investigation, Funding acquisition, Formal
analysis, Data curation, Conceptualization. Romain Carrié: Writing —
review & editing, Visualization, Validation, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. Johan Ekroos:
Writing — review & editing, Supervision, Project administration, Fund-
ing acquisition, Data curation, Conceptualization. Henrik G. Smith:
Writing — review & editing, Supervision, Project administration, Fund-
ing acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.
Acknowledgements

We would like to acknowledge the support from the strategic
research environment Biodiversity and Ecosystem Services in a Chang-
ing Climate (BECC) at the Centre for Environmental and Climate Science
at Lund University.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

Biological Conservation 294 (2024) 110624
0rg/10.1016/j.biocon.2024.110624.

References

Alvarez, R., 2022. Comparing productivity of organic and conventional farming systems:
a quantitative review. Arch. Agron. Soil Sci. 68 (14), 1947-1958. https://doi.org/
10.1080/03650340.2021.1946040.

Ansell, D., Freudenberger, D., Munro, N., Gibbons, P., 2016. The cost-effectiveness of
Agri-environment schemes for biodiversity conservation: a quantitative review. Agr
Ecosyst Environ 225, 184-191. https://doi.org/10.1016/j.agee.2016.04.008.

Balfour, N.J., Ratnieks, F.L.W., 2022. The disproportionate value of ‘weeds’ to
pollinators and biodiversity. J. Appl. Ecol. 59 (5), 1209-1218. https://doi.org/
10.1111/1365-2664.14132.

Bartkowski, B., Droste, N., LieB, M., Sidemo-Holm, W., Weller, U., Brady, M.V., 2021.
Payments by modelled results: a novel design for Agri-environmental schemes. Land
Use Policy 102, 105230. https://doi.org/10.1016/j.landusepol.2020.1052.30.

Bolker, B., 2008. Deterministic functions for ecological modeling. Ecological models and
data in R 72-102.

Bretagnolle, V., Gaba, S., 2015. Weeds for bees? A review. Agron. Sustain. Dev. 35 (3),
891-909. https://doi.org/10.1007/s13593-015-0302-5.

Buysse, J., Van Huylenbroeck, G., Lauwers, L., 2007. Normative, positive and
econometric mathematical programming as tools for incorporation of
multifunctionality in agricultural policy modelling. Agr Ecosyst Environ 120 (1),
70-81. https://doi.org/10.1016/j.agee.2006.03.035.

Carpentier, A., Gohin, A., Sckokai, P., Thomas, A., 2015. Economic modelling of
agricultural production: past advances and new challenges. Rev. Agric. Environ.
Stud. 96 (1), 131-165.

Carrié, R., Ekroos, J., Smith, H.G., 2018. Organic farming supports spatiotemporal
stability in species richness of bumblebees and butterflies. Biol. Conserv. 227, 48-55.
https://doi.org/10.1016/j.biocon.2018.08.022.

Carrié, R., Ekroos, J., Smith, H.G., 2022. Turnover and nestedness drive plant diversity
benefits of organic farming from local to landscape scales. Ecol. Appl. 32 (4), 2576
https://doi.org/10.1002/eap.2576.

Commission, E, 2020. EU Biodiversity Strategy for 2030 (Bringing nature back into our
lives).

Crowder, D.W., Reganold, J.P., 2015. Financial competitiveness of organic agriculture on
a global scale. Proc. Natl. Acad. Sci. 112 (24), 7611-7616. https://doi.org/10.1073/
pnas.14236741.

De Ponti, T., Rijk, B., Van Ittersum, M.K., 2012. The crop yield gap between organic and
conventional agriculture. Agr. Syst. 108, 1-9. https://doi.org/10.1016/j.
agsy.2011.12.004.

Debertin, D.L., 1986. Agricultural Production Economics. Macmillan.

Deutz, A., Heal, G.M., Niu, R., Swanson, E., Townshend, T., Zhu, L., Delmar, A.,
Meghji, A., Sethi, S.A., Tobin-de la Puente, J., 2020. Financing nature: closing the
global biodiversity financing gap. The Paulson Institute, The Nature Conservancy
(and the Cornell Atkinson Center for Sustainability), pp. 1-262.

Elmiger, N., Finger, R., Ghazoul, J., Schaub, S., 2023. Biodiversity indicators for result-
based Agri-environmental schemes—current state and future prospects. Agr. Syst.
204, 103538 https://doi.org/10.1016/j.agsy.2022.103538.

European Commission, 2020. Farm to Form Strategy - for a Fair, Healthy and
Environmentally-Friendly Food System.

European Commission, 2022. 15th Financial resport from the Commission to the
European Parliament and the Council on the European Agriculutral Fund for Rural
Development (EAFRD) (COM(2022) 447 final), Issue.

Eurostat, 2019. Regional organic farming in the EU. Retrieved 27 June 2023 from http
s://ec.europa.eu/eurostat/web/products-eurostat-news/-/edn-20191016-1.

Eurostat, 2023. Organic crop area by agricultural production methods and crops.
Retrieved 19 June 2023 https://ec.europa.eu/eurostat/databrowser/view/ORG_CR
OPAR__custom_2190595/bookmark/table?lang=en&bookmarkld=e2ele28
b-6¢43-4665-ada8-262b7a902dd2.

Eyhorn, F., Muller, A., Reganold, J.P., Frison, E., Herren, H.R., Luttikholt, L., Mueller, A.,
Sanders, J., Scialabba, N.E.-H., Seufert, V., Smith, P., 2019. Sustainability in global
agriculture driven by organic farming. Nature Sustainability 2 (4), 253-255. https://
doi.org/10.1038/541893-019-0266-6.

Gabriel, D., Carver, S.J., Durham, H., Kunin, W.E., Palmer, R.C., Sait, S.M., Stagl, S.,
Benton, T.G., 2009. The spatial aggregation of organic farming in England and its
underlying environmental correlates. J. Appl. Ecol. 46 (2), 323-333. https://doi.
org/10.1111/j.1365-2664.2009.01624.x.

Gering, J.C., Crist, T.O., Veech, J.A., 2003. Additive partitioning of species diversity
across multiple spatial scales: implications for regional conservation of biodiversity.
Conserv. Biol. 17 (2), 488-499. https://doi.org/10.1046/j.1523-1739.2003.01465.
X.

Heegaard, E., Gjerde, ., Szetersdal, M., 2013. Contribution of rare and common species to
richness patterns at local scales. Ecography 36 (8), 937-946. https://doi.org/
10.1111/j.1600-0587.2013.00060.x.

Howitt, R.E., 1995a. Calibration method for agricultural economic production models.
J. Agric. Econ. 46, 147-159.

Howitt, R.E., 1995b. Positive mathematical programming. Am. J. Agric. Econ. 77 (2),
329-342. https://doi.org/10.2307/1243543.

Jordbruksverket, 2023. Jordbruksverkets statistikdatabas. Retrieved 27/6 from.

Kehoe, L., Romero-Munoz, A., Polaina, E., Estes, L., Kreft, H., Kuemmerle, T., 2017.
Biodiversity at risk under future cropland expansion and intensification. Nat. Ecol.
Evol. 1 (8), 1129-1135. https://doi.org/10.1038/s41559-017-0234-3.

Klein, M.W., 2014. Mathematical Methods for Economics. Pearson, Harlow, Essex.


https://doi.org/10.1016/j.biocon.2024.110624
https://doi.org/10.1016/j.biocon.2024.110624
https://doi.org/10.1080/03650340.2021.1946040
https://doi.org/10.1080/03650340.2021.1946040
https://doi.org/10.1016/j.agee.2016.04.008
https://doi.org/10.1111/1365-2664.14132
https://doi.org/10.1111/1365-2664.14132
https://doi.org/10.1016/j.landusepol.2020.105230
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0025
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0025
https://doi.org/10.1007/s13593-015-0302-5
https://doi.org/10.1016/j.agee.2006.03.035
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0035
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0035
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0035
https://doi.org/10.1016/j.biocon.2018.08.022
https://doi.org/10.1002/eap.2576
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0050
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0050
https://doi.org/10.1073/pnas.14236741
https://doi.org/10.1073/pnas.14236741
https://doi.org/10.1016/j.agsy.2011.12.004
https://doi.org/10.1016/j.agsy.2011.12.004
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0065
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0070
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0070
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0070
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0070
https://doi.org/10.1016/j.agsy.2022.103538
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0080
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0080
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf2010
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf2010
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf2010
https://ec.europa.eu/eurostat/web/products-eurostat-news/-/edn-20191016-1
https://ec.europa.eu/eurostat/web/products-eurostat-news/-/edn-20191016-1
https://ec.europa.eu/eurostat/databrowser/view/ORG_CROPAR__custom_2190595/bookmark/table?lang=en&amp;bookmarkId=e2e1e28b-6c43-4665-ada8-262b7a902dd2
https://ec.europa.eu/eurostat/databrowser/view/ORG_CROPAR__custom_2190595/bookmark/table?lang=en&amp;bookmarkId=e2e1e28b-6c43-4665-ada8-262b7a902dd2
https://ec.europa.eu/eurostat/databrowser/view/ORG_CROPAR__custom_2190595/bookmark/table?lang=en&amp;bookmarkId=e2e1e28b-6c43-4665-ada8-262b7a902dd2
https://doi.org/10.1038/s41893-019-0266-6
https://doi.org/10.1038/s41893-019-0266-6
https://doi.org/10.1111/j.1365-2664.2009.01624.x
https://doi.org/10.1111/j.1365-2664.2009.01624.x
https://doi.org/10.1046/j.1523-1739.2003.01465.x
https://doi.org/10.1046/j.1523-1739.2003.01465.x
https://doi.org/10.1111/j.1600-0587.2013.00060.x
https://doi.org/10.1111/j.1600-0587.2013.00060.x
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0115
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0115
https://doi.org/10.2307/1243543
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf3005
https://doi.org/10.1038/s41559-017-0234-3
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0130

W. Sidemo-Holm et al.

Le Provost, G., Badenhausser, 1., Violle, C., Requier, F., D’ottavio, M., Roncoroni, M.,
Gross, L., Gross, N., 2021. Grassland-to-crop conversion in agricultural landscapes
has lasting impact on the trait diversity of bees. Landsc. Ecol. 36, 281-295. https://
doi.org/10.1007/510980-020-01141-2.

Lichtenberg, E.M., Kennedy, C.M., Kremen, C., Batary, P., Berendse, F., Bommarco, R.,
Bosque-Pérez, N.A., Carvalheiro, L.G., Snyder, W.E., Williams, N.M., 2017. A global
synthesis of the effects of diversified farming systems on arthropod diversity within
fields and across agricultural landscapes. Glob. Chang. Biol. 23 (11), 4946-4957.
https://doi.org/10.1111/gcb.13714.

Lu, Z.-X., Zhu, P.-Y., Gurr, G.M., Zheng, X.-S., Read, D.M.Y., Heong, K.-L., Yang, Y.-J.,
Xu, H.-X., 2014. Mechanisms for flowering plants to benefit arthropod natural
enemies of insect pests: prospects for enhanced use in agriculture. Insect Science 21
(1), 1-12. https://doi.org/10.1111/1744-7917.12000.

Lundberg, L., Persson, U.M., Alpizar, F., Lindgren, K., 2018. Context matters: exploring
the cost-effectiveness of fixed payments and procurement auctions for PES. Ecol.
Econ. 146, 347-358. https://doi.org/10.1016/j.ecolecon.2017.11.021.

Liischer, G., Whittington, A.E., Gillingham, P., 2016. Farmland biodiversity and
agricultural management on 237 farms in 13 European and 2 African regions.
Ecology 97 (6), 1625. https://doi.org/10.1890/15-1985.1.

Mérel, P., Howitt, R., 2014. Theory and application of positive mathematical
programming in agriculture and the environment. Ann. Rev. Resour. Econ. 6 (1),
451-470. https://doi.org/10.1146/annurev-resource-100913-012447.

Mérel, P., Yi, F., Lee, J., Six, J., 2014. A regional bio-economic model of nitrogen use in
cropping. Am. J. Agric. Econ. 96 (1), 67-91. https://doi.org/10.1093/ajae/aat053.

Olsson, O., Brady, M.V., Stjernman, M., Smith, H.G., 2021. Optimizing species richness in
mosaic landscapes: a probabilistic model of species-area relationships. Frontiers in
Conservation Science 2, 703260. https://doi.org/10.3389/fcosc.2021.703260.

Pimm, S.L., Jenkins, C.N., 2010. Extinctions and the practice of preventing them. In:
Conservation Biology for all, vol. 1. Oxford Scholarship, pp. 181-198.

Piqueray, J., Cristofoli, S., Bisteau, E., Palm, R., Mahy, G., 2011. Testing coexistence of
extinction debt and colonization credit in fragmented calcareous grasslands with
complex historical dynamics. Landsc. Ecol. 26, 823-836. https://doi.org/10.1007/
s10980-011-9611-5.

Pittarello, M., Probo, M., Lonati, M., Lombardi, G., 2016. Restoration of sub-alpine
shrub-encroached grasslands through pastoral practices: effects on vegetation
structure and botanical composition. Appl. Veg. Sci. 19 (3), 381-390. https://doi.
org/10.1111/avsc.12222.

Ramankutty, N., Ricciardi, V., Mehrabi, Z., Seufert, V., 2019. Trade-offs in the
performance of alternative farming systems. Agric. Econ. 50, 97-105. https://doi.
org/10.1111/agec.12534.

Raven, P.H., Wagner, D.L., 2021. Agricultural intensification and climate change are
rapidly decreasing insect biodiversity. Proc. Natl. Acad. Sci. 118 (2), e2002548117
https://doi.org/10.1073/pnas.2002548117.

Reganold, J.P., Wachter, J.M., 2016. Organic agriculture in the twenty-first century.
Nature plants 2 (2), 1-8. https://doi.org/10.1038/nplants.2015.221.

Regulation (EU) No 1305/2013 of the European Parliament and of the Council of 17
December 2013 on support for rural development by the European Agricultural Fund
for Rural Development (EAFRD) and repealing Council Regulation (EC) No 1698/
2005, (2013).

Rosenzweig, M.L., 1995. Species Diversity in Space and Time. Cambridge University
Press.

Rundlof, M., Smith, H.G., 2006. The effect of organic farming on butterfly diversity
depends on landscape context. J. Appl. Ecol. 43 (6), 1121-1127. https://doi.org/
10.1111/j.1365-2664.2006.01233.x.

Seufert, V., Ramankutty, N., 2017. Many shades of gray—the context-dependent
performance of organic agriculture. Sci. Adv. 3 (3), €1602638 https://doi.org/
10.1126/sciadv.1602638.

Sidemo-Holm, W., 2022. Time to incentivize cost-effective conservation in agricultural
landscapes. Frontiers in Conservation Science 3, 1013867. https://doi.org/10.3389/
fcosc.2022.1013867.

Biological Conservation 294 (2024) 110624

Sidemo-Holm, W., Smith, H.G., Brady, M.V., 2018. Improving agricultural pollution
abatement through result-based payment schemes. Land Use Policy 77, 209-219.
https://doi.org/10.1016/j.landusepol.2018.05.017.

Sidemo-Holm, W., Carrié, R., Ekroos, J., Lindstrom, S.A., Smith, H.G., 2021. Reduced
crop density increases floral resources to pollinators without affecting crop yield in
organic and conventional fields. J. Appl. Ecol. 58 (7), 1421-1430. https://doi.org/
10.1111/1365-2664.13887.

Sidemo-Holm, W., Ekroos, J., Reina Garcia, S., Soderstrom, B., Hedblom, M., 2022.
Urbanization causes biotic homogenization of woodland bird communities at
multiple spatial scales. Glob. Chang. Biol. 28 (21), 6152-6164. https://doi.org/
10.1111/gcb.16350.

Smith, H.G., Birkhofer, K., Clough, Y., Ekroos, J., Olsson, O., Rundlof, M., 2014. Beyond
dispersal: The roles of animal movement in modern agricultural landscapes. In:
Animal Movement across Scales. Oxford University Press, pp. 51-70. https://doi.
org/10.1093/acprof:0s0/9780199677184.003.0004.

Socolar, J.B., Gilroy, J.J., Kunin, W.E., Edwards, D.P., 2016. How should beta-diversity
inform biodiversity conservation? Trends Ecol. Evol. 31 (1), 67-80. https://doi.org/
10.1016/j.tree.2015.11.005.

Statistics Sweden, 2017. Agricultural Statistics 2017 Including Food Statistics — Tables.

Statistics Sweden, 2020a. Jordbrukstatistik sammanstallning 2020 (Agricultural statistics
2020).

Statistics Sweden, 2020b. Production of Organic and Non-organic Farming 2019: Cereals,
Dried Pulses, Oilseed Crops, Table Potatoes and Temporary Grasses.

Stein-Bachinger, K., Gottwald, F., Haub, A., Schmidt, E., 2021. To what extent does
organic farming promote species richness and abundance in temperate climates? A
review. Org. Agric. 11 (1), 1-12.

Tjerve, E., 2003. Shapes and functions of species—area curves: a review of possible
models. J. Biogeogr. 30 (6), 827-835. https://doi.org/10.1046/j.1365-
2699.2003.00877.x.

Tscharntke, T., Klein, A.M., Kruess, A., Steffan-Dewenter, 1., Thies, C., 2005. Landscape
perspectives on agricultural intensification and biodiversity — ecosystem service
management. Ecol. Lett. 8 (8), 857-874. https://doi.org/10.1111/j.1461-
0248.2005.00782.x.

Tscharntke, T., Clough, Y., Wanger, T.C., Jackson, L., Motzke, 1., Perfecto, I.,
Vandermeer, J., Whitbread, A., 2012a. Global food security, biodiversity
conservation and the future of agricultural intensification. Biol. Conserv. 151 (1),
53-59. https://doi.org/10.1016/j.biocon.2012.01.068.

Tscharntke, T., Tylianakis, J.M., Rand, T.A., Didham, R.K., Fahrig, L., Batdry, P.,
Bengtsson, J., Clough, Y., Crist, T.O., Dormann, C.F., 2012b. Landscape moderation
of biodiversity patterns and processes-eight hypotheses. Biol. Rev. 87 (3), 661-685.
https://doi.org/10.1111/j.1469-185X.2011.00216.x.

Tscharntke, T., Grass, 1., Wanger, T.C., Westphal, C., Batary, P., 2021. Beyond organic
farming-harnessing biodiversity-friendly landscapes. Trends Ecol. Evol. 36 (10),
919-930. https://doi.org/10.1016/j.tree.2021.06.010.

Tuck, S.L., Winqvist, C., Mota, F., Ahnstrom, J., Turnbull, L.A., Bengtsson, J., 2014. Land-
use intensity and the effects of organic farming on biodiversity: a hierarchical meta-
analysis. J. Appl. Ecol. 51 (3), 746-755. https://doi.org/10.1111/1365-2664.12219.

UNEP, 2022. Kunming-Montreal Global Biodiversity Framework (CBD/COP/15/L.25).

Wickers, F.L., Van Rijn, P.C., 2012. Pick and mix: selecting flowering plants to meet the
requirements of target biological control insects. Biodiversity and insect pests: Key
issues for sustainable management 9, 139-165. https://doi.org/10.1002/
9781118231838.ch9.

Witzold, F., Drechsler, M., Johst, K., Mewes, M., Sturm, A., 2016. A novel,
spatiotemporally explicit ecological-economic modeling procedure for the Design of
Cost-effective Agri-environment Schemes to conserve biodiversity. Am. J. Agric.
Econ. 98 (2), 489-512. https://doi.org/10.1093/ajae/aav058.

Wingqvist, C., Ahnstrém, J., Bengtsson, J., 2012. Effects of organic farming on
biodiversity and ecosystem services: taking landscape complexity into account. Ann.
N. Y. Acad. Sci. 1249 (1), 191-203. https://doi.org/10.1111/j.1749-
6632.2011.06413.x.


https://doi.org/10.1007/s10980-020-01141-2
https://doi.org/10.1007/s10980-020-01141-2
https://doi.org/10.1111/gcb.13714
https://doi.org/10.1111/1744-7917.12000
https://doi.org/10.1016/j.ecolecon.2017.11.021
https://doi.org/10.1890/15-1985.1
https://doi.org/10.1146/annurev-resource-100913-012447
https://doi.org/10.1093/ajae/aat053
https://doi.org/10.3389/fcosc.2021.703260
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0175
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0175
https://doi.org/10.1007/s10980-011-9611-5
https://doi.org/10.1007/s10980-011-9611-5
https://doi.org/10.1111/avsc.12222
https://doi.org/10.1111/avsc.12222
https://doi.org/10.1111/agec.12534
https://doi.org/10.1111/agec.12534
https://doi.org/10.1073/pnas.2002548117
https://doi.org/10.1038/nplants.2015.221
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0210
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0210
https://doi.org/10.1111/j.1365-2664.2006.01233.x
https://doi.org/10.1111/j.1365-2664.2006.01233.x
https://doi.org/10.1126/sciadv.1602638
https://doi.org/10.1126/sciadv.1602638
https://doi.org/10.3389/fcosc.2022.1013867
https://doi.org/10.3389/fcosc.2022.1013867
https://doi.org/10.1016/j.landusepol.2018.05.017
https://doi.org/10.1111/1365-2664.13887
https://doi.org/10.1111/1365-2664.13887
https://doi.org/10.1111/gcb.16350
https://doi.org/10.1111/gcb.16350
https://doi.org/10.1093/acprof:oso/9780199677184.003.0004
https://doi.org/10.1093/acprof:oso/9780199677184.003.0004
https://doi.org/10.1016/j.tree.2015.11.005
https://doi.org/10.1016/j.tree.2015.11.005
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0265
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0270
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0270
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0275
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf0275
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf2050
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf2050
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf2050
https://doi.org/10.1046/j.1365-2699.2003.00877.x
https://doi.org/10.1046/j.1365-2699.2003.00877.x
https://doi.org/10.1111/j.1461-0248.2005.00782.x
https://doi.org/10.1111/j.1461-0248.2005.00782.x
https://doi.org/10.1016/j.biocon.2012.01.068
https://doi.org/10.1111/j.1469-185X.2011.00216.x
https://doi.org/10.1016/j.tree.2021.06.010
https://doi.org/10.1111/1365-2664.12219
http://refhub.elsevier.com/S0006-3207(24)00186-1/rf3010
https://doi.org/10.1002/9781118231838.ch9
https://doi.org/10.1002/9781118231838.ch9
https://doi.org/10.1093/ajae/aav058
https://doi.org/10.1111/j.1749-6632.2011.06413.x
https://doi.org/10.1111/j.1749-6632.2011.06413.x

	Cost-effective biodiversity conservation with organic farming - spatial allocation is key
	1 Introduction
	2 Theoretical ecological-economic model
	3 Empirical analysis
	3.1 Landscape contexts
	3.2 Biodiversity function
	3.3 Empirical economic model
	3.4 Empirical ecological-economic modelling

	4 Results
	5 Discussion
	6 Policy impact
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


