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Abstract We investigate crop rotation with legumes from economic and envi-
ronmental perspectives by asking how effective they are at providing profits
and reducing nutrient runoff and greenhouse gas emissions compared with
monoculture cultivation. We study this effectiveness in three alternative policy
regimes: the free market optimum, the Finnish agri-environmental scheme, and
socially optimal cultivation, and also design policy instruments to achieve the
socially optimal outcomes in land use and fertilization. We first develop an
analytical model to describe crop rotation and the role of legumes, and examine
its implications for water and climate policies. Drawing on Finnish agricultural
data, we then use numerical simulations and show that shifting from monocul-
ture cultivation to crop rotation with legumes provides economically and envi-
ronmentally better outcomes. Crop rotation with legumes also reduces the
variability in profits caused by stochastic weather. The optimal instruments
implementing the social optimum depend on nutrient and climate damage
(nitrogen tax), as well as carbon sequestration and nutrient reduction benefits
(buffer strip subsidy).
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Introduction

Agriculture contributes considerably to water pollution all over the world. Although
point-source polluters have reduced their loads as a result of regulatory policies, the
control of pollution from nonpoint sources such as agriculture is mostly based on
voluntary participation, and progress has been slow (Horan et al. 2004; Ollikainen et al.
2012; Hautakangas et al. 2014). Measuring nutrient runoff from field parcels is
difficult, complicating the design of effective incentives to reduce it (Shortle and
Dunn 1986). Recently also climate mitigation and adaptation are becoming increasing-
ly important in agriculture. Reducing climate emissions and increasing carbon seques-
tration in arable soils calls for new and efficient measures. Measures that promote
simultaneously a reduction in nutrient loading and greenhouse gas (GHG) emissions
are, for instance, reduced fertilizer application, permanently vegetated areas, such as
buffer strips and zones, and manure management. Crop rotation (especially when
combined with legumes) has the potential to promote both water quality and climate
targets relative to monocultures.

The climate and water benefits from legumes in crop rotations are closely related to
the legumes’ ability to fix nitrogen (N) biologically from the air (Rajala et al. 2006;
Dequiedt and Moran 2015). Legumes use this fixed nitrogen for their own growth, and
part of the fixed nitrogen is left in the field as residual nitrogen after the legume is
harvested. Thus, legumes reduce both nutrient runoff and climate emissions by decreas-
ing fertilization via two mechanisms: biological nitrogen fixation during the year of
legume cultivation and the resulting residual nitrogen for the subsequent crop. Further-
more, the reduction in fertilization reduces also GHG emissions related to fertilizer
manufacture and use, as mineral fertilizers are produced with the energy intensive
Haber–Bosch method requiring nonrenewable natural resources (Postgate 1998). Le-
gumes have been found to reduceGHG emissions comparedwith non-legume species in
many studies (see e.g., Jensen et al. 2012; Jeuffroy et al. 2013; Reckling et al. 2016b).

This far, only a few studies have devoted attention to the impacts of crop rotation on
nutrient loads or climate benefits from an economic perspective, and yet nutrient and
climate policies are having an increasing role in guiding future cultivation. Reckling
et al. (2016b) investigated both climate and water effects and the gross margins of crop
rotations in Sweden and Germany. Using expert knowledge to generate and evaluate
rotations, and testing the chosen rotations in practice, they concluded that cropping
systems including legumes have lower nitrate-nitrogen runoff and nitrous oxide (N2O)
emissions than systems without legumes. Gross margins tended to be lower with
legumes, although forage legumes performed well. Using the same approach in
different countries, Reckling et al. (2016a) obtained similar results. Considering climate
alone, the ability of legumes to mitigate GHG emissions (as carbon dioxide equivalents,
CO2-eq) has been suggested in separate studies in France to amount to 2.5 MtCO2-eq/
year with a cost of €43/tCO2-eq (Dequiedt and Moran 2015), or 0.9 MtCO2-eq/year
with a cost of €19/tCO2-eq (Pellerin et al. 2013, in Dequiedt and Moran 2015).

Besides environmental benefits, legumes may increase the yields and revenue of the
crop cultivated after the legume providing a win-win possibility for farmers and society
(e.g., Rajala et al. 2006; von Richthofen et al. 2006, and see Preissel et al. 2015 for a
review of grain legume pre-crop benefits). This yield increase results from many
agronomic co-benefits of legumes in crop rotations compared with monoculture
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cultivation (e.g., Struik and Bonciarelli 1997; Nevens and Reheul 2001; Hennessy
2006). They include pest, disease and weed control, improvement in soil quality, more
efficient use of nutrients (El-Nazer and McCarl 1986; Reeves 1994; Struik and
Bonciarelli 1997; Crews and Peoples 2004; Rajala et al. 2006), and slightly increased
biological diversity (Jensen and Hauggaard-Nielsen 2003). Von Richthofen et al.
(2006) examined the cultivation of grain legumes in rotation with cereal crops and
oilseeds in France and Germany and found that mineral fertilization, pesticide use, and
cultivation costs decreased, while the yield of the subsequent crop increased (similar
findings can be found in Nevens and Reheul 2001 and Huang and Uri 1993 for maize,
and in Preissel et al.’s 2015 European review). With increased use of legumes many
countries could furthermore improve their self-sufficiency in protein and nitrogen (see
de Visser et al. 2014 for the European Union (EU); and Peltonen-Sainio et al. 2013; and
Nykänen et al. 2012 for Finland).

In this paper, we investigate how well crop rotations with legumes perform in
reducing both nutrient runoff and GHG emissions from arable agriculture, and how
the type and size of policy instruments should reflect these aspects. To this end, we
compare crop rotations with legumes with cereal monoculture cultivation on clay soils
while accounting for the yield increase after legume cultivation. We examine crop
rotation under three alternative policies: free market cultivation in the absence of any
policies, cultivation under the Finnish agri-environmental scheme (AES) (period 2007–
2013), and socially optimal cultivation. To ensure comparability between the three
cases, we introduce buffer strips, which are a cross-compliance condition in the Finnish
AES. We develop a fixed 5-year analytical rotation model for intercropping legumes
and cereals and characterize the conditions for optimal policies. We then apply simu-
lations to examine crop rotations numerically and use sensitivity analysis to account for
uncertainty. After deriving the socially and privately optimal outcomes of land use and
fertilization, we design policies to implement the social optimum. We apply the model
to a set of alternative crops and legumes in boreal, temperate growing conditions above
60° N under a short growing season and rainfall throughout the season (for definition of
boreal see e.g., Peltonen-Sainio et al. 2016).

The rest of the paper is organized as follows: The theoretical model and its properties
are developed and examined in Section 2. Section 3 presents the agronomic and
environmental data for the simulations, while Section 4 presents the numerical results.
We end the paper in Section 5 with conclusions.

Analytical framework

We alter a monoculture crop production model to become a crop rotation model
including legumes. Legumes are used in the third or the third and the fourth growing
season of the 5-year crop rotations.

Agronomic set-up

Here, we follow Preissel et al. (2015, 66) and define a crop sequence as Ba temporal
sequence of two to three crops grown consecutively^ and a crop rotation as Ba fixed cyclical
crop sequence of often at least three years, specifically designed to balance different
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agronomic characteristics of the crops included.^ Throughout this study, we use the term
rotation to indicate that the crop sequences defined below are repeated. In boreal agricultural
conditions, one year is equivalent to one growing season or producing one crop in one
calendar year. Arable land is assumed to be homogeneous, allowing us to use intensities.

The crop rotations studied are presented in Table 1. Three or 4 years are used for
producing a cereal crop, i.e., wheat, barley or oats, and one or two to cultivate a legume,
i.e., a red clover-grass or pea-horse bean mixture. These are the most commonly used
legumes in crop rotations in Finland (Sipiläinen et al. 2012; Salo and Lemola 2014).
The number of legume years is chosen based on the recommended years of continuous
cultivation and break years (e.g., Rajala 2006; Reckling et al. 2016b), and a 5-year
period comes from the Finnish AES (2014–2020) where every committed farmer is
obliged to make a 5-year crop rotation plan (Mavi 2015). Monocultures are studied for
comparison with crop rotations, and also because monocultures are still practiced in
Finland, although crop rotations are becoming more widespread (Toukoluoto and
Peltonen 2015). Heikkinen et al. (2013) estimated that the area under crop rotation in
1995–2009 was 46% of the total cropland area in Finland (defined as including both
annual and perennial crops) and Lehtonen and Niskanen (2016) estimated the total area
of clover-grass silage as 84,000 ha in 2012.

We characterize each rotation by the crops produced throughout the sequence.
Therefore, we use clover-wheat to refer to the rotation wheat–wheat–red clover-
grass–red clover-grass–wheat (and similarly for others). We also examine monocultures
of each of the cereal crops.

Under cereal monoculture, only one yield response function, yi(·), is needed to
describe the production, but, because of the nitrogen fixation by legumes, four different
specifications must be developed for crop rotations (see Appendix I for agronomic
details). Legumes are able to fix nitrogen from the air in symbiosis with Rhizobium
bacteria (Rajala et al. 2006; Dequiedt and Moran 2015). Legumes use this fixed
nitrogen for their own growth and in return provide the bacteria with nutrients. Residual
nitrogen denotes the biologically fixed nitrogen left in the field in the root system and in
the harvest residue after harvest. Residual nitrogen can be used to replace mineral
fertilizer, which offsets the need for nitrogen fertilizers after legume cultivation
(Sipiläinen et al. 2012; Dequiedt and Moran 2015).

In agriculture, risk is always present and we need to account for it. To examine the
impact of yield risk on cultivation, one needs to make assumptions about risk-bearing

Table 1 Studied crop rotations

Year 1 2 3 4 5

Legume in the rotation

Red clover-grass mixture Wheat Wheat Red clover-grass Red clover-grass Wheat

Barley Barley Red clover-grass Red clover-grass Barley

Oats Oats Red clover-grass Red clover-grass Oats

Pea-horse bean mixture Wheat Wheat Pea-horse bean Wheat Wheat

Barley Barley Pea-horse bean Barley Barley

Oats Oats Pea-horse bean Oats Oats
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behavior. A typical assumption is that the farmer is risk neutral, which can be regarded
as a useful first approximation (e.g., Horan et al. 1998; Horan and Shortle 2005).
However, many papers have indicated the presence of risk-averse behavior (see for
instance Saha et al. 1994; Hennessy 1998; Koundouri et al. 2009). For Finland, Liu and
Pietola (2005) found that yield risk is the dominant risk for farmers. A study by
Koundouri et al. (2009) showed that for Finnish farmers, risk attitudes vary across
farm size; the change from small to large farms (with the mean and medium size of
44 ha) representing a change from risk aversion to risk loving. To make the theoretical
model consistent with the empirical analysis of Finnish data, we assume here that the
representative farmer is risk neutral. The regulator is conventionally considered risk
neutral, as forcefully argued by Arrow and Lind (1974). We follow here Saikkonen
et al. (2014) and use Monte Carlo simulations in Section 4.3 to examine how stochastic
realizations impact private profits, emissions, and social welfare.

Nutrient runoff and greenhouse gas emissions

We postulate here buffer strips, which are established between fields and waterways, to
allow for a comparison of private and social optima with the current AES policy. We
express buffer strips as the share of the field parcel area and denote it bym. Buffer strips
reduce nutrient loads via twomechanisms: they are not fertilized at all, and they have the
ability to fix some of the nutrients in surface runoff (Uusi-Kämppä and Yläranta 1992;
Uusi-Kämppä and Yläranta 1996; Uusi-Kämppä and Kilpinen 2000). Buffer strips are
permanent grass-covered areas, and they also sequester carbon in the soil, providing
climate co-benefits (Lal et al. 1999; Lal 2004). As a negative effect, buffer strips reduce
yields and profits per hectare, since the buffer area is not cultivated.

Buffer strips are established in the first year of the crop rotation and they are
permanent over the 5-year rotation. We model nutrient runoff per parcel as a function
of mineral fertilizer application, li, and the buffer strip area, m, as follows (see Lankoski
and Ollikainen 2003),

zi li;mð Þ with zli > 0; zlili > 0 and zm < 0; zmm > 0 ð1Þ

The derivatives indicate that the use of mineral fertilizer increases nutrient
runoff in an increasing fashion, whereas increasing the buffer strip area reduces
runoff in a decreasing fashion. We assume that biologically fixed nitrogen is as
prone to runoff as mineral nitrogen. Nutrient load damage is denoted by a
convex damage function d(zi).

The climate impacts comprise emissions from the use of machinery, fertilizer
manufacture and application, and emissions from soil. Fertilizer intensity differs
between years, and emissions therefore also differ. Let ε transfer a unit of fertilizer
used to GHG emissions, Xi denote the emissions from machinery, and Si denote the soil
emissions. Buffer strips provide climate benefits by sequestering carbon in the roots of
perennial grasses and flowers. These benefits are linearly related to the buffer strip area
and are expressed as βm (Lal 2004; see also Ervola et al. 2012). Hence, GHG
emissions per parcel are expressed as a function of buffer strip area and
fertilization as follows:
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Ei li;mð Þ ¼ εli þ X i þ Si½ � 1−mð Þ þ X i þ βð Þm ð2Þ

We are interested in comparing the sums of emissions over the 5 years between crop
rotation and monoculture. Climate damage assigns a monetary value to emissions,
D(Ei) (D

′(Ei) > 0 indicating positive marginal climate damage).

Socially and privately optimal cultivation

Social welfare (W) from crop rotation with legumes is defined as a product of net
revenue from cultivation augmented by environmental impacts. For this section, we
apply the crop rotation specified in Section 2.1 for red clover-grass (cereal–cereal–red
clover-grass–red clover-grass–cereal) to give logical interpretations for the first-order
conditions. Economic variables related to cultivation are derived as follows. The price
of crops in each year is pi, the price of mineral fertilizer is c, and the cultivation costs
per parcel (seeds and machinery etc.) are denoted by K. All cost items are assumed to
be constant over time. The model comprises 5 years, and we therefore need to employ
the real interest rate, r, to define the present value of revenue. As explained above in
Sections 2.1 and 2.2, yi(·) denotes yield, D(·) climate damage, and d(·) nutrient load
damage, while the load is a function of the actually applied amount of fertilizer li(1 −m)
and buffer strip m. Let h(m) denote the establishment and maintenance costs of buffer
strips. Social welfare can then be expressed as follows:

W ¼ ∑5
i¼1 1þ rð Þ1−i 1−mð Þ piyi �ð Þ−cli−K½ �−D Ei li;mð Þð Þ−d zi li 1−mð Þ;mð Þð Þ½ �−h mð Þ ð3Þ

We express the first-order conditions below1:

l1; l2 : piyi
0 lið Þ−c−D0 �ð Þε−d 0 �ð Þ ∂zi

∂li
¼ 0 ð4aÞ

l3 : p3
∂y3
∂l3

þ p4
∂y4
∂n4

∂n4
∂y3

∂y3
∂l3

� �
1þ rð Þ−1−c−D0 �ð Þε−d 0 �ð Þ ∂z3

∂l3
¼ 0 ð4bÞ

l4 : p4
∂y4
∂l4

þ p5
∂y5
∂n5

∂n5
∂y4

∂y4
∂l4

� �
1þ rð Þ−1−c−D0 �ð Þε−d 0 �ð Þ ∂z4

∂l4
¼ 0 ð4cÞ

l5 : p5
∂y5
∂l5

−c−D0 �ð Þε−d 0 �ð Þ ∂z
∂l5

¼ 0 ð4dÞ

m : −∑5
i¼1 1þ rð Þ1−i piyi �ð Þ−cli−K½ �−h0 mð Þ

þ ∑5
i¼1 1þ rð Þ1−i −D0 �ð Þ ∂Ei

∂m
−d 0 �ð Þ ∂zi

∂m
−
∂zi
∂li

li

� �� �
¼ 0

ð4eÞ

1 In what follows, derivatives of functions with one argument are denoted by primes, while partial derivatives
of a function with two or more arguments are denoted by a differential operator.
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For the interpretation of the first-order conditions, the derivatives dyi
dli−1

¼ ∂yi
∂yi−1

∂yi−1
∂li−1 > 0

defining the marginal residual nitrogen effects of legume fertilization will be important.

The derivative dyi
dli−2

¼ ∂yi
∂yi−1

∂yi−1
∂yi−2

∂yi−2
∂li−2 , the effect of the (i-2)th year’s fertilization on the ith

year’s yield, is assumed to be insignificant and is thus set to zero.
The economic interpretation of Eq. (4a) is conventional: the value of the marginal

product of mineral fertilizer equals the social costs of fertilizer application, covering its
price and both marginal climate and nutrient damage. From Eq. (4b), the value of the
marginal product of mineral fertilizer is the sum of two components. The first compo-
nent is the value of the marginal product of the fertilizer input. Note that legumes fix
nitrogen, and this tends to reduce the mineral fertilizer input. Second, a higher legume
yield increases the amount of residual nitrogen available to legumes during the fourth
year. This is taken into account via the present value of the marginal increase in the
residual nitrogen for the legume yield during the fourth year. At the optimum, the
values of these two components must equal the marginal social costs. Equation (4c) is
interpreted in a similar fashion. Although the first-order condition of mineral fertilizer
in the fifth year (Eq. 4d) appears the same as Eq. (4a), the value of the marginal product
is impacted by the residual nitrogen, which tends to decrease mineral fertilizer appli-
cation. The real interest rate only matters for the fertilization of legumes, as they
provide the residual nitrogen that benefits the subsequent crop. Thus, fertilization
during the first, second, and fifth year is not a function of the real interest rate. The
share of the buffer strip in Eq. (4e) is chosen by equating its costs (present value of
profit loss plus the establishment and maintenance costs) to the present value of
marginal benefits obtained by reduced GHG emissions and nutrient runoff. Naturally,
the present value of costs and benefits matters for the choice of buffer strip.

Inserting the optimal fertilizer intensities and buffer strip into Eq. (3) determines the
maximum net present value of social welfare subject to exogenous variables. This
welfare should be compared with the social welfare under monoculture when environ-

mental impacts are accounted for (defined for cereal monoculture by ∑5
i¼1 1þ rð Þ1−i

1−mð Þ piyi lið Þ−cli−K½ �−D �ð Þ−d zi �ð Þð Þ½ � −h mð Þ, where the yield response function is the
same for all years). If crop rotation provides a higher present value, it is adopted.

Setting the environmental impacts to zero in Eqs. (4a) to (4d) produces the private
first-order conditions:

l1; l2 : piyi
0 lið Þ−c ¼ 0 ð5aÞ

l3 : p3
∂y3
∂l3

þ p4
∂y4
∂n4

∂n4
∂y3

∂y3
∂l3

� �
1þ rð Þ−1−c ¼ 0 ð5bÞ

l4 : p4
∂y4
∂l4

þ p5
∂y5
∂n5

∂n5
∂y4

∂y4
∂l4

� �
1þ rð Þ−1−c ¼ 0 ð5cÞ

l5 : p5
∂y5
∂l5

−c ¼ 0 ð5dÞ
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The economic interpretation of the first-order conditions in Eqs. (5a) to (5d) is as for
Eqs. (4a) to (4d), except that the value of the marginal product of mineral fertilizer is
only equal to its price. The use of mineral fertilizer relative to the social optimum
increases, as its costs are now lower. In the absence of policies, farmers do not establish
buffer strips. The choice between crop rotation and monoculture is made by comparing
their profits.

We suggest two policy instruments for creating incentives to move from a private to
a social optimum: a nitrogen fertilizer tax, ti, and a buffer strip subsidy, s. These are

inserted into the private profit function with a buffer strip: ∑5
i¼1 1þ rð Þ1−i 1−mð Þ

piyi �ð Þ−cli−tili−K½ � −h mð Þ þ sm. Solving the policy measures yields (for derivation,
see Online Resource 1)

ti ¼ D0 �ð Þεþ d 0 �ð Þ ∂zi
∂li

> 0 ð6Þ

s ¼ ∑5
i¼1 1þ rð Þ1−i D0 �ð Þβ−d 0 �ð Þ ∂zi

∂m

� �
> 0 ð7Þ

The optimal design of the instruments is second best in the sense that they are based
on expected values. The optimal fertilizer tax depends on the marginal climate damage
and marginal nutrient runoff damage, the latter making the tax differentiated by crops.
The buffer strip subsidy is also differentiated by crops and comprises two parts: a
marginal climate benefit from carbon sequestration and a marginal benefit from
reduced runoff. Interestingly, while fertilizer tax is independent of the real interest rate,
the buffer strip subsidy depends on it: the higher the interest rate, the lower the subsidy.

The third studied case is the Finnish AES (period 2007–2013). The AES started in
1995 and comprises the EU Common Agricultural Policy and national measures.
Farmers’ participation in the scheme is voluntary and its main goals are water protection
and the maintenance of biodiversity (Ministry of Agriculture and Forestry 2016). The
scheme places an upper limit on mineral fertilizer use, li, and requires the establishment
of buffer strips, m. The farmer is given a lump-sum area support payment, s, to
compensate for the reduced profit. Thus, the farmer’s economic problem is,

maxΠ ¼ ∑5
i¼1 1þ rð Þ1−i 1−m

� �
piyi �ð Þ−cli−K½ � þ s−h m

� �

s:t:li≤ li
ð8Þ

The optimality conditions for this constrained optimization problem are evident and
need not be developed here, as they would repeat the free private optimum with an
additional shadow price of fertilization constraints. Therefore, we examine this policy
regime numerically in the results section (Section 4). The AES imposes a crop-specific
upper limit on fertilization and a uniform mandatory buffer strip. Comparison with the
socially optimal instruments reveals that the mandatory buffer strip is not socially
optimal. As the social optimum can be achieved using either a tax or a quantity
constraint, we need to assess how the upper limit on fertilization relates to the optimal
taxes by numerical analysis. We carry out this comparison in Section 4.2.
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Parametric model and data

We apply our model to Finnish agri-environmental data and estimated yield response
and nutrient runoff functions. Our approach can be applied to rain-fed agricultural
regions by using case-specific data and agricultural policies.

Agronomic data for simulations

Our data are based on the growing conditions in southwest Finland. Nutrient runoff
functions are calibrated for, and yield response functions are derived from, field experi-
ments in this region. Statistical precipitation data in the sensitivity analysis are also from
southwest Finland. Crops are cultivated on clay soils by conventional tillage. For yield
responses, we use the Mitscherlich nitrogen response function for wheat, barley, oats, and
the pea-horse bean mixture, and the quadratic nitrogen response function for the red
clover-grass mixture (Bäckman et al. 1997).We assume a 15% increase in the yield for a
crop cultivated after a legume (often defined as the pre-crop effect or rotational
effect) (e.g., Rajala et al. 2006; von Richthofen et al. 2006; Preissel et al. 2015).
Functions and parameter values are reported in Table 7 in Appendix II.

The amount of residual nitrogen is central to the model. Biologically fixed nitrogen
reduces the need for mineral fertilizer both in the year of legume cultivation and in the
following year. We derive the residual nitrogen from the red clover-grass mixture
following Nykänen (2007) and Carlsson and Huss-Danell (2003) and from the pea-
horse bean mixture following Carlsson and Huss-Danell (2003) (for details, see
Appendix I). Parameter values are presented in Table 8 in Appendix II.

Environmental data for simulations

We next introduce the parametric models to calculate nutrient runoff and GHG emissions.
For nitrogen runoff, zNi , we use the function derived by Simmelsgaard (1991), which was
calibrated to Finnish agricultural conditions by Lankoski and Ollikainen (2003). We
assume that residual nitrogen acts like mineral nitrogen fertilizer when leached. For runoff
of dissolved reactive phosphorus (DRP, zDRPi ) and particulate phosphorus (PP, zPPi ), we
use equations based on Uusitalo and Jansson (2002) and Saarela et al. (1995; described in
detail by Lankoski and Ollikainen 2013). For details on the nutrient runoff functions, see
Appendix I. Parameter values are presented in Table 9 in Appendix II.

Damage from the nutrient load is determined as follows. In Eq. (9), Rn describes the
marginal social damage from runoff, and the value 7.2 is the Redfield ratio, which
expresses phosphorus as nitrogen equivalent using the optimal nitrogen/phosphorus
ratio for phytoplankton growth (Kiirikki et al. 2003). Nutrient load damage is thus
expressed as a function of nitrogen equivalent (see Lankoski et al. 2006),

di zið Þ ¼ Rn zNi þ 7:2 zDRPi þ zPPið Þð Þ ð9Þ

In Section 2.2, GHG emissions were shown to comprise emissions from the soil,
fertilizer manufacture and application, and the use of machinery. Biologically fixed
nitrogen is also a source of GHG emissions but is omitted here (see Appendix I). We
derive the GHG emissions, Ei(li,m), mainly drawing on Ervola et al. (2012). For details
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of GHG emissions calculation, see Appendix I. Parameter values are presented in
Table 10 in Appendix II.

We let Rc denote the constant marginal damage from GHG emissions (€/kg CO2-eq),
and express the social damage from GHG emissions as a function of total emissions as
follows:

D Ei li;mð Þð Þ ¼ RcEi li;mð Þ ð10Þ

Results

We solve the numerical model following our theoretical analysis. First, we report the
social optimum, the free market optimum, and the outcome under the Finnish AES. We
then derive the optimal policy instruments and conduct a sensitivity analysis.

Environmental impacts and social welfare

In Table 2, we report the use of inputs, the amounts of nitrogen runoff and GHG
emissions, as well as private profits and social welfare under the social optimum.
Fertilizer intensity and the size of the buffer strip differ considerably between crops.
Wider buffer strips for cereal monocultures are due to higher nutrient runoff and GHG
emissions compared with crop rotations with legumes, and the ability of buffer strips to
sequester CO2 and reduce nutrient runoff. The average fertilizer intensity decreases
with crop rotations compared with cereal crop monoculture. This is consistent with the
literature, since here legumes are fertilized only a little or not at all. Actually, fertiliza-
tion of legumes varies between 0 and 30 kg N/ha in all three policy regimes studied.

Table 2 Results for the social optimum (average values per year for the 5-year monocultures and crop rotations)

Fertilization
(kg N/ha)

Buffer
strip (m)

N runoff
(kg N/ha)

GHG emissions
(kg CO2-eq/ha)

Private
profits (€/ha)

Social
welfare (€/ha)

Monocultures

Wheat 120 6.04 7.0 2260 227 54

Barley 106 3.98 7.2 2257 331 154

Oats 82 4.67 5.9 2138 215 54

Crop rotations

Clover-wheat 65a 2.05a 6.2a 1607a 456 304

Clover-barley 57a 1.67a 6.0a 1582a 519 370

Clover-oats 42a 1.66a 5.2a 1519a 444 304

Pea-wheat 99a 4.59a 6.5a 1975a 253 92

Pea-barley 88a 3.26a 6.5a 1959a 337 175

Pea-oats 68a 3.62a 5.4a 1868a 239 90

Clover-wheat refers to the rotation wheat–wheat–red clover-grass–red clover-grass–wheat (similarly for
clover-barley and clover-oats). Pea-wheat refers to the rotation wheat–wheat–pea-horse bean–wheat–wheat
(similarly for pea-barley and pea-oats)
a The value decreases compared with the corresponding cereal crop monoculture
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The quantity of residual nitrogen is on average 33.5 kg/ha for red clover-grass and
12 kg/ha for pea-horse bean. These values lie within the boundaries of estimates
provided in the literature. Känkänen et al. (2013) used values of 25 kg/ha for pulses
and 30 kg/ha for clover-grass in Finnish conditions. The average amount of residual
nitrogen in Finland is estimated to be 40 kg N/ha (Kauppila and Kurki 1992). Only
negligible residual nitrogen was reported by Nykänen et al. (2008), who estimated it
as 0 to 20 kg/ha for clover-rich leys. These differences indicate the uncertainties related
to the amount and estimation of residual nitrogen.

The social welfare of crop rotations with red clover-grass is always considerably higher
than that of cereal crop monocultures. Rotations with pea-horse bean outperform mono-
culture, but only slightly. The assumed yield increase after legume cultivation plays an
important role in the profitability. This is reinforced by the fact that costs from fertilization
for legumes are low. As a protein source, domestic legumes can be used to replace more
expensive imported soybean fodder. The profitability of red clover-grass (used as silage)
is, however, dependent on having a sufficient amount of livestock, which makes the
results regional in Tables 2, 3, and 4.We discuss the profitability of legumes in more detail
at the end of this section, from the market price perspective in the sensitivity analysis
(Section 4.3), and in the conclusions (Section 5). Simulations show that altering the
interest rate (two percentage points below or above the used 5%) does not affect whether
crop rotation or monoculture is preferred. Increasing the interest rate nevertheless lowers
the economic performance of crop rotations compared with monocultures, and vice versa.

Table 3 presents the results under the freemarket optimum. Fertilizer intensity increases
relative to the social optimum and no buffer strips are established, as the farmer neglects
environmental impacts. Consequently, nitrogen runoff and GHG emissions are much
higher, making the social welfare close to zero in some cases. Environmental damage
decreases upon changing from cereal crop monocultures to crop rotations with legumes.
The choice of cultivation is made considering private profits. The farmer’s choice is to
continue with crop rotations, preferably with red clover-grass as the legume.

Although the choice between crop rotation and monoculture under the social and
private optima is the same, the levels of fertilization, nitrogen runoff, and GHG
emissions are different. Nitrogen runoff is notably higher in the private optimum than
under the social optimum. GHG emissions vary much less, because a large part of these
emissions stem from soil and cultivation practices, which are constant per unit of
cultivated land area. These apparent differences in the environmental impacts between
social and private optima require policies to bring the two closer together.

Table 4 provides the results under the Finnish AES. The scheme imposes a manda-
tory 3 m wide buffer strip (roughly 3% of the cultivated area) and an upper limit to the
mineral fertilizer input. The costs of these measures to the farmer are compensated for by
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Crop rotations with legumes always lower nitrogen runoff and GHG emissions
relative to cereal monocultures. The change in GHG emissions is notable over the
5-year rotation, even though crop-specific GHG emissions remain almost the same.
Although the relative area of the buffer strip decreases from cereal monocultures to
crop rotations, tending to increase emissions, other factors (e.g., lower soil emissions
and fertilization for legumes) result in diminishing GHG emissions. Changes in
phosphorus runoff in crop rotations range between − 0.002 and 0.08 kg/ha compared
with cereal crop monocultures. As these changes are negligible, they are not reported
(values available from the authors upon request).
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an area-based environmental support payment (see Table 11 in Appendix II for details).
Input intensities and environmental impacts differ from the social optimum, especially
nitrogen runoff in monocultures. The average nitrogen runoff and GHG emissions
decrease when legumes are added to cereal crop monocultures. The cultivation method
is selected by drawing on private profits. We express private profits without the lump-
sum area support payments. Again, crop rotations with legumes provide higher profits
than cereal monocultures. Private profits are lower than in Table 3, as there is an upper
limit to fertilizer application and buffer strips are established.

The social optimum and the AES differ in social welfare with respect to monocul-
tures but yield by coincidence an identical social welfare in crop rotations. Thus, it
would appear that the AES policies are roughly optimal. Under the AES, however,
private profits are increased mostly at the expense of the environment. The AES
policies lead to excess nitrogen runoff and excessive GHG emissions. Current AES
does not take into account the compounding impact of both targets on instruments in
monocultures. This environmental degradation leads to higher profits for farmers,
generating roughly the same ex post social welfare that hides the true impacts of the
AES policies. This difference results from the suboptimal policy orientation of the
current agri-environmental policies, which rely on a uniform quantity constraint on
buffer strips and crop-based upper limits for fertilization. The social optimum entails
crop-based but lower fertilizer application rates, and differentiated and in most cases
wider buffer strips. The tax and subsidy rates consistent with the socially optimal use of
inputs are provided in the next section. The Finnish AES has thus too lax fertilization
limits and too rigid requirements for buffer strips, but it represents a welcome improve-
ment over the free market optimum.

Table 3 Results for the free market optimum (average values per year for the 5-year monocultures
and crop rotations)

Fertilization
(kg N/ha)

Buffer
strip (m)

N runoff
(kg N/ha)

GHG emissions
(kg CO2-eq/ha)

Private
profits (€/ha)

Social
welfare (€/ha)

Monocultures

Wheat 145 – 18.9 2522 262 − 47
Barley 122 – 17.5 2425 358 76

Oats 94 – 14.3 2301 239 − 13
Crop rotations

Clover-wheat 86a – 14.1a 1735a 476 242

Clover-barley 72a – 12.2a 1673a 536 320

Clover-oats 54a – 10.2a 1597a 459 262

Pea-wheat 122a – 17.5a 2174a 282 8

Pea-barley 103a – 14.7a 2093a 360 109

Pea-oats 80a – 12.3a 1992a 260 34

Clover-wheat refers to the rotation wheat–wheat–red clover-grass–red clover-grass–wheat (similarly for
clover-barley and clover-oats). Pea-wheat refers to the rotation wheat–wheat–pea-horse bean–wheat–wheat
(similarly for pea-barley and pea-oats)
a The value decreases compared with the corresponding cereal crop monoculture
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Condensing the average decreases in environmental loads over all three cases,
nitrogen runoff decreases on average by 2.6 kg/ha with clover-based rotations and by
1.2 kg/ha with pea-based rotations compared with cereal monocultures. For GHG
emissions, the respective decreases are 694 and 307 kgCO2-eq/ha. The largest reduc-
tions are obtained when there are no regulations for the farmer. Based on these, we
estimate the potential decrease in nitrogen runoff and GHG emissions when shifting
from cereal crop monocultures under the Finnish AES to crop rotations under socially
optimal cultivation. Average decreases per year are 1.9 kg N/ha (25%) and 4705
kgCO2-eq/ha (31%) for clover-based rotations. Assuming that 30% of the current 1.2
million ha of cereal cultivation is shifted to rotations based on red clover-grass, the total
decrease in leached nitrogen in Finland would be around 684 t and the decrease in
GHG emissions around 253,800 t CO2-eq. There is thus a clear potential to reduce
nitrogen runoff and GHG emissions with legumes. This increase in legume cultivation
would account for around 16% (145 million kg of protein) of the total plant-based
protein used in feed (909 million kg) in Finland in 2013 (calculated based on nutritional
tables from MTT Agrifood Research Finland 2014; statistics from Kaukovirta-Norja
et al. 2015), while the need for net import of plant-based protein in feed was around 102
million kg (Kaukovirta-Norja et al. 2015).

But what is the realistic potential of legumes to reduce nutrient runoff and GHG
emissions? To answer this question, we need to estimate the land area for which clover
rotation is profitable, i.e., where there is enough demand for legumes. This is the case in
areas where animal husbandry is common. In principle, farmers located at greater
distances from such areas could supply legumes to dairy farms, but transportation costs

Table 4 Results for the Finnish agri-environmental scheme (2007–2013) (average values per year for the 5-
year monocultures and crop rotations)

Fertilization
(kg N/ha)

Buffer
strip (m)

N runoff
(kg N/ha)

GHG emissions
(kg CO2-eq/ha)

Private
profitsb (€/ha)

Social
welfare (€/ha)

Monocultures

Wheat 120 3.00 8.5 2339 241 50

Barley 100 3.00 7.4 2255 332 153

Oats 94 3.00 7.1 2228 225 49

Crop rotations

Clover-wheat 76a 3.00 6.3a 1636a 450 304

Clover-barley 63a 3.00 5.5a 1581a 509 370

Clover-oats 54a 3.00 5.0a 1545a 438 304

Pea-wheat 102a 3.00 7.3a 2022a 262 92

Pea-barley 86a 3.00 6.4a 1954a 336 175

Pea-oats 80a 3.00 6.1a 1928a 245 90

Clover-wheat refers to the rotation wheat–wheat–red clover-grass–red clover-grass–wheat (similarly for
clover-barley and clover-oats). Pea-wheat refers to the rotation wheat–wheat–pea-horse bean–wheat–wheat
(similarly for pea-barley and pea-oats)
a The value decreases compared with the corresponding cereal crop monoculture
b Lump-sum area support payments are excluded from the private profits
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increase greatly with distance. Thus, the constant price of soybean fodder, which can be
used to substitute domestic protein feed sources, creates a radius for transportation of
legumes. Inside the radius, crop rotation is profitable, and outside it is not.

Accounting for the transport cost of red clover silage (Palva 2015) and climate
damage of cultivating silage and soybean (GHG emissions from Opio et al. 2013;
soybean meal price from IndexMundi 2017), we compare the private and social costs of
soybean meal and red clover silage. The transport distance up to which it is more
profitable to use red clover silage is in this case 18 km for the private farmer. This
explains partly why the land area devoted to legume cultivation is restricted to the
current land areas (estimated as 84,000 ha in 2012 in Lehtonen and Niskanen 2016).
Note that the distance would be 51 km for society when climate damage is accounted
for (and longer if water damage is added). The difference is large and explained by the
heavy carbon footprint of soybean. Increasing the use of domestic legume fodder
would also require introducing instruments to promote legumes and reduce imports.
However, if a farmer outside the radius wishes to use crop rotation, green manure could
provide an option.2

Optimal policy instruments

In Section 2.3, we demonstrated that the optimal nitrogen fertilizer tax and buffer strip
subsidy are both a function of water and climate damage. Table 5 reports the optimal
tax and subsidy rates. Fertilizer tax is solved for each year. The buffer strip subsidy is
calculated as being paid in the first year alone, but we report annual average payment
over the 5 years.

The optimal tax rate varies between crops, being the lowest for legumes in crop
rotations and the highest for wheat and barley in rotations. The differences in optimal
taxes mainly reflect differences in nitrogen runoff, not GHG emissions. This becomes
evident if we consider a fertilizer tax based on GHG emissions only; it is uniform for
monocultures and rotations (calculations available from the authors). With only nutrient
runoff, the tax would be differentiated by crops, as is the case when accounting for both
climate and water damage.

The optimal subsidy values also vary, but now the lowest subsidy rate is for wheat in
monoculture and the highest for clover-barley rotation. Crop rotations based on red
clover-grass have notably higher subsidy rates than rotations based on pea-horse bean.
This can be explained by red clover-grass being the most profitable crop in our
simulation, and thus requiring the highest subsidy to set land aside from cultivation.
The opposite holds for crop rotations based on pea-horse bean.

2 Using the second year’s yields of clover-grass as green manure would have the following impacts: 1) no
profit from the yield in the year of green manuring; 2) a reduced need for mineral fertilization after green
manuring (nitrogen fertilization value calculated based on Kivijärvi and Iivonen 2016); 3) an increased risk of
nitrogen leaching (bare fallow after plowing the biomass into the soil, spring plowing not applicable for clay
soil, Känkänen et al. 1998; Grönroos et al. 2007); and 4) potentially increased soil GHG emissions. We note
that private profit and social welfare are almost always higher for cereal monoculture compared with rotation
with red clover-grass as green manure. As the probably increased soil GHG emissions are not accounted for,
social welfare from rotations would presumably stay below the monoculture levels in every studied case.
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The optimal tax rates in Table 5 would be difficult to implement in reality.
Thus, we also calculated the second-best tax rates when the tax is uniform for
all the crops grown in the same rotation. When averaging over all monocultures
and crop rotations, the average tax rate is €0.62/kg N. Averaging over crop
rotations yields €0.65/kg N and averaging over monocultures yields €0.58/kg N.
These tax rates strongly follow the optimal taxes for cereals, since legumes are
not fertilized much, although accounting for legumes slightly decreases the
average tax rates. With the second-best taxes, the change in the average
fertilization compared with the optimal taxes is within 2 kg N/ha. Thus, both
optimal and second-best taxes yield practically the same result.

Sensitivity analysis

The farmer’s choice between monocultures and crop rotation depends on relative prices
and yields, whereas society also accounts for GHG emissions and nutrient runoff. We
provide a brief discussion on the impacts of relative prices and removing the assumed
15% yield increase after legume cultivation, and examine in more detail how stochastic
weather (precipitation) affects yields and nitrogen runoff.

First, how much lower should the price of red clover-grass be to make the profits
from crop rotation and monoculture even? Here, the change should be vast, around
49%. However, rotations with pea-horse bean are rather sensitive to the price of
legumes. With wheat and oats, the price decrease should be around 18%, but for barley
only around 5%.

The assumed 15% yield increase is an important assumption for the results. Remov-
ing it would lower the fertilization of the crop cultivated after a legume, and in some
cases also the fertilization of the legume as a response to reduced yields. Because of the
reduced fertilization, nitrogen runoff and GHG emissions would slightly drop. In the
social optimum, buffer strips would be slightly wider, since the opportunity cost of lost
yields is lower. Decreased yields would also lower private profits, and in the combined
effect the reduced yields dominate the benefits from reduced runoff and GHG emis-
sions leading to a decrease in social welfare. Now, the private profit in rotations with
pea-horse bean is in some cases lower than in the corresponding cereal monocultures.
Rotations based on red clover-grass remain more profitable.

Among the constantly present risks a farmer faces, the yield risk is most directly
related to both revenue and environmental impacts. Yield loss is modeled as a loss

Table 5 Average annual buffer strip subsidy (€/ha) and crop-specific tax for nitrogen (N) fertilization (€/kg N)

Monocultures Pea-based rotations Clover-based rotations

Tax Subsidy Tax Subsidy Tax Subsidy

Wheat 0.60 417 0.64 446 0.73 672

Barley 0.61 461 0.64 533 0.70 740

Oats 0.53 423 0.55 450 0.62 677

Legume – – 0.28 – 0.19 –
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caused by increased precipitation during ripening and harvest in late July and
August. Heavy rains cause damage to growing crops or prevent high quality
harvests. Decreased precipitation is not considered to be relevant for rain-fed
Finnish agriculture. We examine the impact of stochastic precipitation on yields
and nitrogen runoff using Monte Carlo simulations with @RISK in Excel. Details
of the sensitivity analysis are provided in Online Resource 2. Results are reported
for barley monoculture and clover-barley rotation (see Online Resource 3 for the
rest). The horizontal axis in Figs. 1, 2, and 3 denotes the yields, nitrogen runoff, and
social welfare, respectively, and vertical axes give the relative likelihood of occur-
rence at each level. We also report values representing the distribution; the percent-
age in parentheses describes the share of yield or nitrogen runoff values falling
below the mean.

The realizations for yield distributions in Fig. 1 are highly negatively skewed, as we
focus on the yield loss risks to harvests from increased precipitation. Kurtosis is high,
indicating that the distribution is very peaked and the relative likelihood for low yields
rapidly decreases. Barley produces higher yields under crop rotation, and there is
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Fig. 1 Distribution of yields under the social optimum for barley monoculture and clover-barley rotation
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consequently a greater relative likelihood that barley yields under monoculture fall
below any given yield level. Clover yields sustain risks better than barley yields.
Minimum yields are rather low, but complete yield loss is not present.

For nitrogen runoff (Fig. 2), the distribution is different. It is more even (lower
kurtosis, since both high and low runoff values affect nitrogen runoff) and the range of
nitrogen runoff volumes is large relative to the maximum value. Distributions clearly
show that clover-barley rotation outperforms barley monoculture, albeit slightly: the
range of runoff is smaller, the distribution is more even, and the maximum value of
runoff is smaller.

How do the differences translate to social welfare and its distribution, as society
encounters simultaneous yield and runoff risks? From Fig. 3, we notice that both
cultivation methods generate rather peaked distributions with long tails toward zero,
and barley monoculture even has negative values for welfare. The shapes of the
distributions are highly determined by the distributions of the yields. The range of
welfare is surprisingly large, extending from €-102/ha to €165/ha for monoculture and
from €141/ha to €380/ha for crop rotation.

The realizations in Figs. 1, 2, and 3 demonstrate that accounting for stochastic
weather with associated yield and nitrogen runoff risks further strengthens the case for
crop rotation with legumes. It also demonstrates that stochastic environmental and yield
effects have a compounded impact on welfare.
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Fig. 2 Distribution of nitrogen runoff under the social optimum for barley monoculture and clover-barley rotation
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Conclusions

We examined crop rotation with legumes from economic and environmental perspec-
tives and compared it with conventional cereal monoculture cultivation. While crop
rotation has been analyzed before, our contribution was to focus on both nutrient loads
and GHG emissions. Our benchmark was the socially optimal cultivation, and we
contrasted this with the free market optimum and the Finnish AES. We analytically
demonstrated that legumes reduce the need for mineral fertilizers and also create an
intertemporal link between production years via residual nitrogen. Therefore, the real
interest rate plays a role in the choice of inputs. Optimal agri-environmental policies
entail the use of fertilizer tax and buffer strip subsidies. The optimal tax reflects the sum
of marginal damage caused by nutrient runoff and GHG emissions, and the marginal
benefits of the buffer strip subsidy from reducing runoff and promoting carbon
sequestration.

Crop rotation with legumes was compared with monoculture cultivation on clay soils
using Finnish agricultural data. Rotation with legumes produces lower nitrogen runoff and
GHG emissions than cereal crop monocultures. Moreover, crop rotations are regionally
socially optimal in areas where animal husbandry creates demand for silage. This
optimality is explained by the fact that legumes lower the need for mineral fertilizers
and reduce negative environmental impacts. Environmentally, the best outcomes are
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Fig. 3 Distribution of social welfare under the social optimum for barley monoculture and clover-barley rotation
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achieved by cultivating oats with red clover-grass. Crop rotations with red clover-grass
always outperformmonocultures, as red clover-grass has a high value. Thus, the economic
performance of crop rotation depends on the chosen legume and also on the existence of a
sufficient market for fodder. Regardless of the market, cultivating legumes increases
profits in the following year.

In addition to the demand for fodder, there may be a variety of other reasons
explaining why legumes are not as widely adopted in practice as they appear optimal
in the results. Magrini et al. (2016) provide a detailed examination of the issue,
including historical decisions on trade agreements, increasing returns for the adoption
of cereals at the expense of legumes, intensive use of chemicals, breeding decisions,
research and development, widening yield gaps, agricultural policies, and social per-
ceptions. All of these factors have partially strengthened the dominance of cereals.
Massive imports of soybean meal are mentioned as a crucial cause. In our study,
imported soybean meal is seen to limit the distance within which domestic clover
silage is profitable to transport. Beyond this critical radius, soybean-based fodder is
dominant. As silage is often cultivated in areas with high dairy production, manure
spreading with high nutrient content may also restrict clover-grass cultivation
(Lehtonen and Niskanen 2016).

Compared with Reckling et al. (2016b), our results are quite similar. GHG emissions
and nutrient runoff are lower for crop rotations with legumes than for cereal monocul-
tures. Forage legumes (here red clover-grass) yield a high profit compared with cereals.
Contrary to Reckling et al. (2016b), pea-horse bean also outperformed cereal mono-
cultures, although the difference was minor. The rotational effect (here, the assumed
15% yield increase after legumes) proved significant for the results, and especially for
the profitability (as stated also in Preissel et al. 2015).

Monte Carlo simulations showed that stochastic weather with associated yield and
nitrogen runoff risks further strengthens the case for crop rotation with legumes. The
simulations also demonstrated that stochastic environmental and yield effects have a
compounded impact on social welfare. We assumed that the farmer was risk neutral
through the entire analysis as a natural first approximation. Therefore, an important
topic for future research will be to re-examine the model based on a risk-averse
farmer.

A shift from monoculture to crop rotation with legumes provides environmental
benefits and is desirable provided that legumes have a sufficient price. This requirement
is currently met in areas with livestock production, but otherwise, creating demand for
legumes is a future policy challenge. Another important aspect for future research
relates to natural science research. We need improved understanding of the amount and
leaching potential of biologically fixed nitrogen and residual nitrogen from different
legumes and management practices. With lower amounts of biologically fixed nitrogen
by legumes, mineral fertilization and nitrogen runoff would increase, which would
favor cereal monocultures. One aspect not considered in detail here is pest control. We
assumed that pest control was at the optimum in all three policy regimes and equally
efficient, so that it did not impact the comparison. This was partly due to the lack of
reliable Finnish data, so optimizing pest control within the model and studying its
impact on the optimal cropping system would be a natural extension. Lastly, an
important issue to examine is how differences in soil productivity impact cultivation
choices.
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Appendix I

Specifications of yield response functions

Under cereal monoculture, only one yield response function is needed to describe the
production, but four different specifications of response functions must be developed
for crop rotations (see Table 6). When a cereal is cultivated after a cereal, the yield of
the cereal crop is described using the conventional yield response function, yi(li), where
li refers to the mineral nitrogen fertilizer input in the i ‘th production year of the crop
rotation. The response function is concave in fertilizer application (the first derivative is
positive but the second derivative is negative).

The yield response function of legumes has two attributes: legumes biologically fix
nitrogen from the atmosphere and mineral fertilizer is also used to increase yields. The
farmer takes into account the fertilization provided by nitrogen fixation. This Bbiolog-
ical nitrogen,^ used up by the legume itself, is regarded as exogenous (for determinat-
ion, see Section 3.2 and Table 8 in Appendix II) and is denoted by Ni. The yield of
legumes per parcel can now be expressed as yi(Ni + li). When a legume is cultivated
after a legume, the yield of the latter legume is increased by the residual nitrogen
created by the previous year’s legume. We assume that the residual nitrogen is used
up during the following year. The yield response function of a legume after a
legume thus includes the biologically fixed nitrogen, Ni, and the residual nitrogen,
ni, which depends on the yield of the legume cultivated in the previous year,
yielding yi(ni(yi − 1(Ni − 1 + li − 1)) + Ni + li). The residual nitrogen creates a link be-
tween the two years. Accordingly, the yield of a cereal after a legume can be
expressed as yi(ni(yi − 1(Ni − 1 + li − 1)) + li).

Table 6 Specifications of the yield response function to nitrogen fertilization

Yield response function

Cereal after cereal* yi(li)

Legume after cereal yi(Ni + li)

Cereal after legume yi(ni(yi − 1(Ni − 1 + li − 1)) + li)

Legume after legume yi(ni(yi − 1(Ni − 1 + li − 1)) +Ni + li)

*Valid for cereal monocultures
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Functions to determine biological nitrogen fixation and residual nitrogen

The quantity of biologically fixed nitrogen is usually defined via dry matter yield.
We derive the residual nitrogen from the red clover-grass mixture following
Nykänen (2007) and Carlsson and Huss-Danell (2003). Let θi be a multiplier and
ϵi a constant estimated in field experiments. Then, the quantity of biologically fixed
nitrogen in the shoot as a function of the dry matter yield (DMi) can be expressed as
follows,

BNFshoot;i DMið Þ ¼ θiDMi þ ϵi ð11Þ

We develop a similar function for pea-horse bean mixture following Carlsson
and Huss-Danell (2003). Let ξi denote the share of nitrogen in the dry matter yield
and Ndfai the share of plant nitrogen in the dry matter yield derived from biological
nitrogen fixation. Biologically fixed nitrogen in the shoot can be calculated as
follows:

BNFshoot;i DMið Þ ¼ ξi Ndfai DMi ð12Þ

We assume that all crops are harvested every year and modify the functions
(11) and (12) to determine the amount of residual nitrogen. We set ρi to be the
proportion of biologically fixed nitrogen in the root system for plant i, and ηi
the share of legumes in the mixture. The residual nitrogen can now be
expressed as follows:

ni ¼ ρi
1−ρi

BNFshoot;i ηiDMið Þ ð13Þ

The residual nitrogen enters the yield response functions in the same way as
mineral nitrogen fertilizer, but only a part of it, δ, is mineralized and thus
available for plant use. Ni, the total amount of biologically fixed nitrogen
(presented in Table 6), is defined as Ni = ni/ρi (note that Ni = BNFshoot, i + ni
and ni = ρiNi). The parameter values for biological nitrogen fixation are reported
in Table 8 in Appendix II.

Function for nitrogen runoff

The nitrogen runoff function is based on Simmelsgaard (1991). In the following
equation, m denotes the share of the field parcel allocated to a buffer strip, α
the ability of the buffer strip to capture nutrients, φi nitrogen runoff at the
average fertilization rate, and b0 and b1 are constants. Now, nitrogen runoff can
be expressed as a function of nitrogen fertilization as follows:

zNi li;mð Þ ¼ 1−mαð Þ φiexp b0 þ b1li 1−mð Þð Þ ð14Þ
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The direct impacts of nitrogen fixation on runoff are mixed. Legumes have a
larger nitrogen content than cereals, and after mineralization, this nitrogen in
legume residues is reported to be prone to leaching (Nemecek et al. 2008).
However, other studies (e.g., Owens et al. 1994; Whitehead 1995; Drinkwater
et al. 1998; Reckling et al. 2016b; and for grass leys, see Grönroos et al. 2007;
Valkama et al. 2016) report that fertilization based on biological nitrogen
fixation resulted in lower or comparable runoff than solely applying mineral
fertilizer. We assume that residual nitrogen acts like mineral nitrogen fertilizer
when leached, and thus alters the nitrogen runoff function to zNi li þ ni−1ð Þ for
the years after legume cultivation. The parameter values for nitrogen runoff are
reported in Table 9 in Appendix II.

Functions for phosphorus runoff

The phosphorus runoff functions are based on Uusitalo and Jansson (2002) and
Saarela et al. (1995). We set ωi and Δi as plant- and technology-specific
multipliers, ψi as runoff (mm), ϕi as the area-specific amount of soil phospho-
rus (mg/l), and ζi as the erosion rate (kg/ha). The runoff of dissolved reactive
phosphorus (DRP) and particulate phosphorus (PP) are determined as a function
of the phosphorus fertilization rate (determined based on nitrogen fertilization
and nutrient content of nitrogen, phosphorus, potassium (NPK) fertilizer) as
follows:

zDRPi Pi;mð Þ ¼ 1−mα
i

� 	
ωi ½ψi 0:021 ϕi þ 0:01 1−mið Þ Pið Þð Þ�0:015 �

100
ð15Þ

zPPi Pi;mð Þ ¼ 1−mα
i

� 	
Δi ½ ζi f 250 ln ϕi þ 0:01 1−mið Þ Pið Þ�150g�

106
ð16Þ

The parameter values for phosphorus runoff are reported in Table 9 in Appendix II.

Function for greenhouse gas emissions

Greenhouse gas (GHG) emissions are determined mainly based on Ervola et al. (2012).
First, emissions from soil are an empirically estimated numerical value expressed as
Si(1 −m) (emissions stemming from the cultivated share of the parcel). Soil emissions
from fertilizer application and liming are assumed to be included in soil emissions, and
these are not therefore considered separately. Buffer strips sequester carbon and thus
provide negative soil emissions, β, from the buffer strip part of the parcel (Ervola et al.
2012).

Second, emissions from machinery use are also divided between cultivated and
uncultivated shares of the parcel. Emissions from cultivation practices from the culti-
vated area are denoted as Xi(1 −m) and those from the buffer strip area as Xim. Third,
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emissions from fertilizer manufacture are denoted as liε(1 −m). Here, ε transfers a unit
of fertilizer used to GHG emissions.

Ei li;mð Þ ¼ εli þ X i þ Si½ � 1−mð Þ þ X i þ βð Þm ð17Þ

The parameter values for GHG emissions are reported in Table 10 in Appendix II.
Biologically fixed nitrogen is also a source of GHG emissions but is omitted here.

The justification for this omission is as follows. In the latest IPCC Guidelines for
national GHG inventories (De Klein et al. 2006), biologically fixed nitrogen is not
considered a direct source of nitrous oxide (N2O), and residual nitrogen is not therefore
considered a source of climatic emissions. Legumes have a higher nitrogen content in
above- and below-ground residues (De Klein et al. 2006) and, because of this low
carbon-to-nitrogen (C/N) ratio of legume residues (Jensen et al. 2012), they might cause
higher N2O emissions compared with cereal residues. However, Jeuffroy et al. (2013)
found no significant difference between the soil nitrogen content after unfertilized
legume cultivation and fertilized non-legume cultivation, although the value was lower
for non-legumes.While the lower C/N ratio of legume residuals can result in higher N2O
emissions, it might also be beneficial for carbon sequestration. Jensen et al. (2012)
demonstrated that in earlier studies the C/N ratio of legume residues was closer to the
C/N ratio of soils and could enhance carbon sequestration. Therefore, we disregarded
direct N2O emissions from legume residues. Indirect N2O emissions from nitrogen in
crop residues are only included in runoff nitrogen (De Klein et al. 2006). West and Post
(2002) estimated that enhancing crop rotations could sequester 200 ± 120 kg C/ha/year.
Jeuffroy et al. (2013) found a 20–25% decrease in GHG emissions when including
unfertilized dry pea in a 3-year rotation. Thus, we assume that soil emissions for legumes
are minor compared with those from cereal crops (see Table 10 in Appendix II).

Appendix II

Table 7 Parameters for yield response functions to nitrogen fertilization (Lehtonen 2001)

Mitscherlich yi lið Þ ¼ μi 1−σie−vili
� 	

μ σ v

Wheata 4956/5699.4c 0.7624 0.0105

Barleya 5217.9/6000.585c 0.828 0.0168

Oatsa 4760.3/5474.345c 0.7075 0.0197

Pea-horse bean mixtureb 3200 0.7607 0.0157

Quadratic yi lið Þ ¼ Ai þ βili þ γil
2
i A β γ

Red clover-grass mixtureb 1954.3 24.24/27.876c − 0.0399

a Values from experiments
b Values modified from the DREMFIA model to gain comparability with experimental values
c 15% yield increase included in the parameters (see Section 3.1 for details)
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Table 8 Parameters for biological nitrogen fixation (BNF)

Symbol P e a - ho r s e
bean

Red clover-
grass

Share of legume in the mixture (%) η 100 80

Share of DM (dry matter) in total yield (%) 86a 100b

Share of nitrogen in DM yield (%/kg DM) ξ 3.2c –

Share of ξ derived from BNF (%) Ndfa 65c –

Multiplier for biological nitrogen fixation θ or
Ndfa ∗ ξ

0.0208 0.026d

Constant ϵ – 7d

Share of total amount of biologically fixed nitrogen in the root
system

ρ 1/3e 40%d

Share of nitrogen mineralized (%) δ 50f 40g

Total amount of biologically fixed nitrogen (kg/ha) N 72h 190i

aMavi (2008)
b H. Lehtonen, personal communication, March 2, 2017
c Sipiläinen et al. (2012)
d Nykänen et al. (2008)
e Based on Høgh-Jensen et al. (2004) and Herridge et al. (2008)
f Granstedt and Leinonen in Nykänen (2014, 27)
g Granstedt in Nykänen (2014, 26)
h Assuming a yield of 2698 kg/ha (average yield for 1-year monoculture under the free market optimum)
i Assuming a yield of 5143 kg/ha (average yield for 1-year monoculture under the free market optimum)

Table 9 Parameters for nutrient runoff

Symbol Value Data source

Plant- and technology-specific parameter ω 0.5 Puustinen et al. (2010)

Plant- and technology-specific parameter Δ 1.8

Runoff (mm) ψ 270a

Erosion rate (kg/ha) ζ 800a

Soil phosphorus (mg/l) ϕ 12.29b Eurofins Viljavuuspalvelu Oy (2014)

Ability of a buffer strip to capture N α 0.2 Lankoski et al. (2006)

Ability of a buffer strip to capture DRP α 1.3

Ability of a buffer strip to capture PP α 0.3

N runoff at average fertilization (cereals, kg/ha) φ 15

N runoff at average fertilization (legumes, kg/ha) φ 6 Lankoski and Ollikainen (2013)

Constant for nitrogen runoff b1 0.7 Simmelsgaard (1991)

Constant for nitrogen runoff b0 − 0.7

N nitrogen, DRP dissolved reactive phosphorus, PP particulate phosphorus
aWe choose the same values as in Lankoski and Ollikainen (2013)
b Average value for Finland 2006–2010
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Table 10 Parameters for greenhouse gas emissions

Soil emissions (S, β, kg CO2-eq/
ha)

Emissions from cultivatione (X, kg CO2-eq/
ha)

Wheat 1535a 362b

Barley 1535a 362b

Oats 1535a 362b

Pea-horse bean mixture 436a 219c

Red clover-grass mixture 426a 219 (1st year)/54 (2nd year)c

Buffer strip − 162a 22d

Nitrogen manufacturing
(ε)

4.32a kg CO2-eq/kg N fertilizer

a Heikkinen et al. (2013) report the soil carbon (C) stock and soil C concentration change in Finland from 1974
to 2009. Following the method in their article and using values for clay soils in the south, the mean soil C
stock (Figure 5 in Heikkinen et al.) is multiplied by the mean C concentration change rate (Figure 7 in
Heikkinen et al.) to yield an annual C sequestration of 220 kg CO2/ha for annual crops (cereals, pea-horse
bean) and 396 kg CO2/ha for perennial crops (red clover-grass and buffer strip). Values of C are converted to
CO2 with a factor of 44/12. Nitrous oxide (N2O) emissions are obtained from a Finnish meta-analysis (Regina
et al. 2013). In Table 1 in Regina et al. the average values of N2O-N are calculated separately for barley (3.7,
here used for wheat, barley, and oats), grass (1.8, here used for red clover-grass), grass as buffer zone (0.5, here
used for the buffer strip), and oat + pea (1.4, here used for pea-horse bean). These are converted to N2O with a
factor of 44/28 and to CO2-eq with a factor of 298. CO2 and N2O emissions are summed up to obtain total soil
emissions. Methane emissions are assumed to be insignificant for clay soils and are thus omitted
b Based on Ervola et al. (2012)
c Average fuel consumption (l/ha) for cultivation operations (calculated from Danfors 1988; Palonen and
Oksanen 1993; Rinaldi et al. 2005; Österreichisches Kuratorium für Landtechnik und Landentwicklung 2005;
McLaughlin et al. 2008) is multiplied by the secondary energy content of fuel oil, 36.3 MJ/l (Neste 2017), and
by an emission factor for the machine, 98.48 g CO2/MJpa, (Mäkinen et al. 2006); for red clover-grass, the
second year only includes harvesting
dMäkinen et al. (2006) in Ervola et al. (2012)
e Includes emissions from tillage, harrowing, seeds, planting, and harvesting
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