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A B S T R A C T

More sustainable agricultural methods are needed to alleviate the decreases in biodiversity and ecosystem ser-
vices that have occurred because of industrial agriculture. One such method is the inclusion of alternative crops 
into croplands that can support biodiversity, reduce erosion and chemical runoff, and sequester carbon in the 
soil. However, the question of where such crops should be planted to balance competing economic and envi-
ronmental objectives remains open. To this end, we develop a mixed-integer quadratically constrained program 
to optimize the layout of a cropland considering economic, biodiversity, greenhouse gas emissions, and water 
quality objectives. We include spatially varying fertilization as a decision variable in addition to crop estab-
lishment location. We further include the effect of core area and edges between different crops on biodiversity. 
To demonstrate the applicability of the model, we apply it to an example field, showing how the optimal 
cropland design changes as a decision-maker prioritizes different objectives and as edges have different impacts 
on biodiversity.

1. Introduction

Increases in industrial agriculture have provided high crop yields 
necessary to feed a growing population but have led to significant 
degradation to the environment (Butchart et al., 2010). These negative 
effects include losses of native wildlife and ecosystem services (Sala 
et al., 2000). Key ecosystem services particularly impacted by agricul-
tural expansions include greenhouse gas (GHG) balance (Houghton 
et al., 2012), water quality regulation (Jiao et al., 2011), erosion control 
(Karlen et al., 2013), and pollination (Kremen et al., 2002). While corn is 
a dominant annual crop in the US Midwest and the business-as-usual 
bioenergy crop with ~40 % of harvest allocated to producing ethanol 
(U.S. Bioenergy Statistics, 2024), there are alternative crops that can be 
grown for other markets, such as perennial bioenergy feedstocks, which 

are more environmentally friendly. For example, switchgrass (Panicum 
virgatum) is a perennial North American native grass with several vari-
eties that have been bred specifically for bioenergy applications. 
Reconstructed prairies emulate biodiverse native grasslands character-
istic of the US Midwest prior to Euro-American colonization and have 
been proposed as an alternative to annual and/or monoculture sources 
of bioenergy (Tilman et al., 2006). Empirical studies have found that the 
introduction of strips of perennial vegetation into cropland can signifi-
cantly improve the biodiversity and delivery of key ecosystem services 
of the cropland (Kemmerling et al., 2022; Schulte et al., 2017). One 
approach for more carefully selecting pieces of land to set aside for these 
purposes is using remote sensing images, which allow for the identifi-
cation of consistently underproducing areas. If these areas were planted 
with unfertilized native vegetation, including bioenergy feedstocks, they 
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could provide greater ecosystem services and economic benefits to 
farmers while reducing nutrient losses and creating habitat for native 
species (Basso, 2021; Basso & Antle, 2020). Taking the insights from 
these studies and using modeling of the effect of cropland composition 
and configuration on biodiversity and ecosystem services can allow for 
improved cropland design that balances crop production and environ-
mental sustainability.

Because biodiversity has been declining for many years, it has 
received significant attention (Butchart et al., 2010; Camm et al., 2007). 
An approach to combat this decline is by setting aside certain areas to be 
protected from development and instead be preserved to provide a 
habitat for species of interest. Determining what areas should be pro-
tected can be nontrivial, and conversation planning tools have been 
developed over decades to help generate conservation plans. One 
approach to aid systematic conservation planning in support of biodi-
versity goals is to select planning units within a landscape to protect or 
revert to natural cover (Ball & Possingham, 2000; Basso, 2021; Bil-
lionnet, 2013). Potential objectives for such conservation planning 
problems include maximizing the biodiversity benefits from a given area 
of protection, minimizing the cost of establishing a reserve of a given 
area, and maximizing the compactness of a reserve (Margules et al., 
1988; Weerasena et al., 2023). To correlate area with biodiversity, or the 
survival of a specific species, biological models of species persistence 
have been developed (Olsson et al., 2021; Polasky et al., 2005; Strass-
burg et al., 2019). These models can include factors for the size of in-
dividual protected areas, the distances between them, the varying 
quality of habitat provided by different crops, and the dispersal of the 
given species to predict the likelihood that a species will persist in the 
landscape. Such a model, developed by (Polasky et al., 2005), includes a 
penalty for habitat fragmentation, though notably does not include any 
potential benefit that habitat fragmentation could have on specific 
species.

Another key factor in the sustainability of agriculture is the main-
tenance of ecosystem services. Ecosystem services such as GHG 
sequestration and water quality are determined by complex interactions 
between soil, climate, genetics, and land management. Detailed process- 
based models have been developed to simulate these interactions and 
thereby predict carbon, water, and nutrient fluxes in the environment 
(Basso & Ritchie, 2015; Stanford University et al., 2023). These models 
can provide valuable insights, but their performance is dependent on the 
quality and representativeness of the inputs fed into the models. 
Furthermore, they can be computationally demanding to run. When 
parametrized with high-quality data, they can provide detailed results 
when a land cover type is specified, such as in the case of scenario 
studies (Adams et al., 2016; Basso et al., 2018; Law et al., 2015; Nelson 
et al., 2009), but are difficult to incorporate into already complex 
optimization models.

Some researchers have examined the design of landscapes consid-
ering economic, biodiversity, or ecosystem services objectives. Brosi 
et al. (2008) developed a model to design a landscape integrating eco-
nomic and pollination objectives. Williams et al. (2020) applied a simple 
allocation model with static agriculture production, biodiversity, and 
ecosystem service values for each planning unit to the Orinoquia in 
Colombia. Polasky et al. (2008) used a detailed biodiversity model to 
design a landscape that balances profit and biodiversity in the Will-
amette Basin in Oregon, USA. Kennedy et al. (2016) built on this model 
and studied profit from cattle ranching or sugarcane production, 
biodiversity, and water quality in the Ribierão São Jerônimo watershed 
in Brazil. While these studies provide insightful results for large regions, 
they use highly nonlinear models that are solved using local search 
techniques, which cannot guarantee (near)-optimal solutions. Further-
more, even the models that have fine resolution do not include edge 
effects, which have been shown to impact biodiversity (Reino et al., 
2009; Schlegel, 2022; Vallejos et al., 2024).

To address the gaps in the literature mentioned above, we present a 
multi-objective mixed-integer quadratically constrained programming 

(MIQCP) model, which can be solved to optimality, for an area of 
cropland considering profit, biodiversity, GHG emissions, and water 
quality. We include the impact of habitat configuration, represented 
through the amount of edges between different crops, on the objectives, 
and include fertilization as a decision variable. While the primary 
contribution of this paper is the model itself, we show how the model 
can be used to determine optimal crop establishment and fertilization 
decisions for a variety of different weights in the objective function and 
with different considerations of edge impacts.

2. Mathematical formulation

We use lowercase Greek letters for parameters, uppercase italic Latin 
letters for variables, lowercase italic Latin letters for indices, and up-
percase bold Latin letters for sets. We introduce the full set notation the 
first time that a set is introduced. To keep the equations more compact, 
set membership is not explicitly provided in the equation domain when 
the equation is written for the entire set. For example, Eq. (1) is written 
for j ∈ J. We begin in Section 2.1 without considering the impact that an 
edge between two adjacent crops has on each objective. Equations 
considering edge impacts are formulated in Section 2.2.

2.1. No edge impacts

The model has five groups of constraints, outlined in the following 
subsections.

2.1.1. Patch size
We consider a cropland separated into cells i ∈ I and a set of potential 

crops to plant j ∈ J. It may be known a priori that certain crops must be 
planted in certain cells, denoted by a pre-specified crop establishment 
parameter χi,j, 
Xi,j = χi,j, i ∈ IFX

j , j (1) 

where Xi,j is a binary variable indicating the planting of a given crop in 
each cell and IFX

j is the subset of cells for which it is pre-specified that 
crop j will be planted.

For all cells, an essential decision is what crop to plant, 
∑

j
Xi,j = 1, i (2) 

To calculate biodiversity, it is necessary to know the size of a series of 
connected cells (rooks-case) with the same crop planted, which we refer 
to as a patch. Based on prior work in the literature, we use flow-based 
contiguity constraints to calculate the size of each patch, as outlined 
in the following equations (Shirabe, 2009). In this formulation, each cell 
supplies one unit of flow, which goes to a cell that is a sink for that patch. 
Thus, the total flow into the sink represents the total number of cells in 
the patch. Flow Fi,í ,j can occur between adjacent cells (i, í ) ∈ IA

í  with the 
same crop planted. Flow cannot occur between cells with different 
crops, which is enforced and bounded by the following equation, 
δj = |I| −

∑

í ∈IFX
j́ ,j́ ,j́ ∕=j

χ í ,j́ , j (3) 

∑

í ∈IA
i

Fi,í ,j ≤
(
δj −1)Xi,j, i, j (4) 

where δj is an upper bound for flows of crop j. If no cells are fixed a priori, 
then the upper bound on flows is merely the total number of cells. 
However, the upper bound of flows for a crop is reduced by the total 
number of cells pre-specified to have a different crop planted.

We specify one of the cells in a patch to be a sink into which the flows 
within the patch accumulate. A cell can only be a sink for a patch of a 
given crop if that crop is planted in that cell, 
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Zi,j ≤ Xi,j, i, j (5) 

where Zi,j is a binary variable indicating that a cell is the sink of a patch 
for crop j.

Each cell produces one unit of flow, so the flow out of a cell minus the 
flow into that cell (the lefthand side of Eq. (6)) is 1 if that crop is planted 
there and that cell is not the sink. If the cell is the sink, then Eq. (6)
enforces that the flow into the cell plus the one unit of flow supplied by 
the cell equals the total number of cells in the patch, 
∑

í ∈IA
i

Fi,í ,j −
∑

í ∈IAi
Fí ,i,j = Xi,j − FSINK

i,j , i, j (6) 

where FSINK
i,j is the number of cells in that patch if cell i is the sink for the 

patch.
To ensure that FSINK

i,j is 0 when cell i is not the sink for the patch, Eqs. 
(7)–(9) are introduced. The total flow into the sink will be 1 less than the 
number of cells in the patch, so Zi,j is added to ensure that FSINK

i,j is 
calculated correctly, 
∑

í ∈IA
i

Fí ,i,j + Zi,j = FSINK
i,j + F̂SINK

i,j , i, j (7) 

where F̂SINK
i,j is a dummy variable for flows into cells that are not sinks.

Eqs. (8) and (9) enforce that FSINK
i,j is 0 when cell i is not the sink for 

the patch, in which case F̂SINK
i,j becomes positive, 

FSINK
i,j ≤ δjZi,j, i, j (8) 

F̂SINK
i,j ≤ δj

(1−Zi,j
)
, i, j (9) 

To improve solution time, we add a redundant constraint that the 
sum of all flows for a given crop into sinks must equal the total number 
of cells with that crop planted, 
∑

i
FSINK

i,j =
∑

i
Xi,j, j (10) 

Fig. 1 shows an example of the activation of the flow and crop 
establishment variables.

2.1.2. Biodiversity
We consider different species groups k ∈ K (e.g. birds, bees). We 

include a critical area requirement ζj,k specific to each combination of 
crop and species group. This indicates the minimum size of a patch that 
contributes to the viability of species within the species group. A species 

group with a strictly positive critical area requirement means that 
patches below that critical area requirement do not contribute to the 
biodiversity of that species group. If a species group has a critical area 
requirement smaller than the area of a single cell, even one cell of that 
crop increases the biodiversity of that species group. The dummy vari-
able ÂEFF

i,j,k and binary variable Wi,j,k (which indicates if a patch is large 
enough to increase the biodiversity of a species group) ensure that the 
effective area of a patch, AEFF

i,j,k, is always nonnegative. The area of a patch 
is simply the number of cells in the patch multiplied by the area of a cell, 
α, 

αFSINK
i,j = AEFF

i,j,k + ÂEFF
i,j,k, i, j, k (11) 

Variable AEFF
i,j,k is the area of the patch if the area is greater than ζj,k and 

if cell i is a sink for crop j (i.e. when Wi,j,k = 1), and 0 otherwise. This is 
enforced through the following, 
ζj,kWi,j,k ≤ AEFF

i,j,k ≤ αδjWi,j,k, i, j, k (12) 

If Wi,j,k = 0, dummy variable ÂEFF
i,j,k takes the value necessary to satisfy 

Eq. 11, 

ÂEFF
i,j,k ≤ ζj,k

(1−Wi,j,k
)
, i, j, k (13) 

To improve solution time, we also explicitly add constraints forcing 
Wi,j,k and AEFF

i,j,k to be zero when Zi,j is zero, 
Wi,j,k ≤ Zi,j, i, j, k (14) 
∑

k
AEFF

i,j,k ≤ δjZi,j, i, j (15) 

Increasing habitat area has been well-documented to increase the 
probability of a species being present in a nonlinear manner (He et al., 
2022). The relationship between the effective area and the fraction of 
species in a group expected to be present in crop j (Bj,k) is described by a 
species-area curve that saturates at high areas. Because Bj,k will be 
maximized, we use linear segments, l ∈ L, to replicate the species-area 
curve based on the total effective area for each species ATOT

j,k while 
maintaining linearity, and ATOT

j,k is disaggregated into |L| segments, 
denoted by ÃTOT

j,k,l , 

ATOT
j,k =

∑

i
AEFF

i,j,k, j, k (16) 

ATOT
j,k =

∑

l
ÃTOT

j,k,l , j, k (17) 

Variable ÃTOT
j,k,l is constrained to be less than the upper bound for each 

segment l, 

ÃTOT
j,k,l ≤ μ1

j,k,l, j, k, l (18) 

where μ1
j,k,l is the upper bound on the domain of each linear segment of 

the species-area curve, and μ2
j,k,l is the slope of each linear segment.

Variable Bj,k can then be calculated by the sum of the products of the 
disaggregated total area within each segment and the slope associated 
with that segment, 

Bj,k =
∑

l
μ2

j,k,lÃ
TOT
j,k,l , j, k, l (19) 

Because increasing the total area has diminishing returns, the area in 
ATOT

j,k will always be allocated to the disaggregated segments in order 
from left to right in Fig. 2.

The model determines what fraction of species within a species group 
are present somewhere in the cropland (BTOT

k ) but does not track if one 
Fig. 1. Example of flow and binary variable values, where I = {green,red}; for 
a cell with the green crop planted, all flow and binary variables for red crops 
have a value of 0, and vice versa.
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specific species is guaranteed to be present. Instead, we assume that the 
presence of species in habitats associated with each crop is random. 
Thus, as seen in Olsson et al., (2021), we calculate BTOT

k based on the 
expected fraction of species that would be present somewhere in the 
cropland, 
BTOT

k = 1 −
∏

j

(1−Bj,k
)
, k (20) 

The above equation can be used directly in a MIQCP model if only 
two crops are considered. If more than two crops are considered, then a 
model using the above equation must be solved with a general MINLP 
solver, which may be slower. However, the model can be solved by a, 
more efficient, MIQCP solver if the equation is reformulated as a series of 
bilinear terms, 
B̂ j,k =

(1−Bj,k
)
, j ∈ JF, k (21) 

B̂ j,k =
(1−Bj,k

)B̂j−1,k, j ∈ J\JF, k (22) 

BTOT
k = 1 − B̂j,k, j ∈ JL, k (23) 

where B̂j,k is a dummy variable and JF and JL are singleton subsets of the 
first and last crops in J, respectively.

If only two crops are considered, a convex hull linear approximation 
can also be used, which is presented in Equations S6-S24 in the Sup-
plementary Material. While this approximation introduces additional 
binary variables, it converts the model into a mixed-integer linear pro-
gram, which can be solved potentially faster and with a greater variety 
of solvers.

2.1.3. Profit
Set J includes crops that are harvested and that are not harvested. 

Some crops may be either harvested or left year-round to support 
biodiversity and ecosystem services (e.g. perennial systems that harbor 
overwintering beneficial insects or grassland birds). For these crops, the 
biodiversity benefit depends on whether the crop is harvested, so one 
element in set J would correspond to the unharvested crop, and another 
would correspond to that same crop when it is harvested. For example, 
set J might consist of corn (C), unharvested switchgrass (USW), and 
harvested switchgrass (HSW), and parameters such as μ1

j,k,l and μ2
j,k,l 

would differ between USW and HSW. For the crops that are harvested 
(j ∈ JC), we also consider the amount of fertilizer applied to a crop in a 
given cell, Ni,j, and assume a linear increase in crop yield with fertilizer 
application, up to a maximum. As detailed in Section 2.1.5, water 
flowing between cells due to differences in elevation can carry runoff 
components m ∈ M, such as pesticides and fertilizer. Nitrogen from the 

fertilizer (referred to as a singleton subset m ∈ MN) can be absorbed by a 
crop, increasing its yield. Therefore, the amount of a crop produced in a 
cell, Pi,j, can be calculated based on its expected baseline yield, ψ i,j, and 
the amount of nitrogen taken up by a crop in a cell, CR

i,j,m. The calculation 
of CR

i,j,m is shown in Section 2.1.5. 
Pi,j = ψ i,jXi,j + ψF

i,jCR
i,j,m, i, j ∈ JC,m ∈ MN (24) 

Ni,j ≤ βF
i,jXi,j, i, j ∈ JC (25) 

where ψ i,j is the baseline yield of a crop in a cell, ψFi,j is the additional 
yield per unit of fertilizer applied, βF

i,j is the upper bound on how much 
fertilizer can be applied to a crop in a cell, and MN is a singleton subset of 
a nitrogen runoff.

The total profit of the cropland, R, is, 

R =
∑

i,j∈JC

[
πS

j Pi,j − πNNi,j
]
−
∑

i,j
πC

i,jXi,j (26) 

where πS
j is the price of a crop, πN is the price of purchasing and applying 

fertilizer, and πC
i,j is the total cost of planting and harvesting (if appli-

cable) a crop. We assume land and equipment ownership by the pro-
ducer so that fixed costs are approximately zero.

2.1.4. Greenhouse gas emissions
For each cell, the GHG balance Gi is a function of crop establishment 

and fertilization decisions. Each crop has different energy consumption 
to plant and harvest as well as different interactions with the soil, which 
leads to different GHG balances. Fertilization has multiple effects on the 
GHG balance. First, the production and application of fertilizer requires 
energy input that leads to emissions, described by ϕF. Second, fertil-
ization can lead to increased soil organic carbon sequestration, but also 
increased NOx generation. The balance of these two effects for each 
combination of cell and crop is described by ϕE

i,j. 

Gi =
∑

j

[
ϕC

i,jXi,j +
(

ϕE
i,j +ϕF

)
Ni,j
]
, i (27) 

where ϕC
i,j is the crop- and cell-specific emission factor.

2.1.5. Water quality
For water quality, the mass of dissolved components in water runoff 

can be produced and removed in each cell depending on what crop is 
planted and how much fertilizer is applied. For example, the application 
of fertilizer can lead to excess nitrogen in the water that could flow to 
adjacent cells, while crops like prairie can remove some of the excess 
nitrogen that flows into its cell. Many of the parameters introduced in 
this section vary with soil type and amount of rainfall, but we assume 
these to be constant at the field level. Runoff components flow between 
cells based on the difference in elevation and can either infiltrate into 
the soil or exit the cropland by flowing over the boundary of the crop-
land. A visual summary of the relevant variables is presented in Fig. 3. 
We note that these flows of components are distinct from the flow var-
iables Fi,í ,j that calculate the size of patches.

The amount of runoff produced in each cell, CPi,m, is based on what 
crop is planted in that cell and how much fertilizer is applied, 

CP
i,m =

∑

j∈JC

[
κP

j,mXi,j + κN
j,mNi,j

]
, i, m ∈ MN (28) 

CP
i,m =

∑

j
κP

j,mXi,j, i, m ∈ M\MN (29) 

where κPj,m is the amount of runoff components produced by the agri-
cultural chemicals applied to a crop, which could be none, and κN

j,m is the 

Fig. 2. Illustration of linear approximation of species-area curve.
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amount of runoff component produced per unit of fertilizer applied to a 
given crop.

Some crops may also remove runoff components in the cells in which 
they are planted. We assume these crops remove a fraction ρR

j,m of the 
runoff components in a cell up to an upper bound θR

j,m. To maintain 
linearity, binary variable Vi,m is introduced, which indicates when runoff 
component removal is limited by the upper bound. The following four 
equations enforce that the amount of runoff components removed is the 
minimum between the given fraction of runoff component entering the 
cell and the absolute upper bound, 

CR
i,j,m ≤ ρR

j,m
(

CIN
i,m +CP

i,m
)
, i, j, m (30) 

CR
i,j,m ≤ θR

j,mXi,j, i, j, m (31) 

where CINi,m is the total flow of runoff components into a cell.
To ensure that CR

i,j,m is nonzero when needed, a big-M formulation is 
used with binary variable Vi,m. 

CR
i,j,m ≥ ρR

j,m
(

CIN
i,m +CP

i,m
)
− Vi,j,mσ1

j,m, i, j, m (32) 

CR
i,j,m ≥ θR

j,mXi,j,m −
(1−Vi,j,m

)
σ2

j,m, i, j, m (33) 

where σ1j,m and σ2j,m are big-M parameters.
Variable CINi,m can be calculated from the individual flows of runoff 

components between cells, Ci,í ,m, 
CIN

i,m =
∑

í ∈IA
i \IAL

i

Cí ,i,m, i, m (34) 

where IAL
i is the set of cells í  adjacent to cell i and at a lower elevation.

A given fraction, λI
i,m, of runoff components flowing into and pro-

duced in a cell, less that absorbed by the crop, can infiltrate into the soil 
depending on the slopes surrounding the cell. The calculation of this 
parameter is detailed in the Supplementary Material. With this param-
eter, the amount of runoff components infiltrating into the soil, CIi,m is 

calculated, 

CI
i,m = λI

i,m

(
CIN

i,m +CP
i,m −

∑

j
CR

i,j,m

)
, i, m (35) 

We then construct a mass balance requiring the flow of runoff 
component entering plus the amount being produced within a cell to 
equal the amount removed and flowing out of the cell, COUT

i,m , 

CIN
i,m + CP

i,m = COUT
i,m +

∑

j
CR

i,j,m + CI
i,m, i,m (36) 

A fraction, λL
i,m, of the runoff components infiltrating into the soil will 

leach, and the remainder is absorbed by the soil, 
CL

i,m = λL
i,mCI

i,m, i,m (37) 
We assume knowledge of the slopes in the cropland, and therefore of 

the expected flow of water and runoff components between adjacent 
cells. We further assume that the flow of runoff components precisely 
follows the flow of water. Parameter λi,í  indicates the fraction of runoff 
components flowing out of cell i that would flow to adjacent cell í  at a 
lower elevation to calculate the flow of runoff components between 
cells. Parameter λi,í  is calculated with a simplified multiple flow direc-
tion method based on (Freeman, 1991), with flow allocated propor-
tionally to the slope relative to the sum of the slopes between the cell and 
all adjacent cells at lower elevation, provided in the Supplementary 
Material. 
Ci,í ,m = λi,í COUT

i,m , i, í ∈ IAL
i ,m (38) 

Similarly, we use the fraction of runoff components out of a cell that 
exits the cropland, λO

i , to calculate the total amount of runoff compo-
nents exiting the cropland from a cell, CO

i , 
CO

i,m = λO
i COUT

i,m , i,m (39) 

2.1.6. Objective function
We include relative weights for crop production (ωP), biodiversity 

Fig. 3. Example cropland with potential directions for flows (a) and runoff component flow balance for one cell (b). In (b), CP
i,m is the runoff produced in a cell, CR

i,j,m is 
the runoff removed in a cell, CINi,m is runoff flowing into a cell, Ci,í ,m is runoff flowing between cells, CIi,m is the runoff infiltrating the soil, CLi,m is the runoff leaching into 
the soil, and CO

i is the runoff exiting the cropland.
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(ωB), GHG balance (ωG), and water quality (ωW). The value of the weight 
for each objective function is user-defined, depending on the objective 
function the user wishes to prioritize. The biodiversity objective natu-
rally falls between 0 and 1 and for simplicity in determining appropriate 
weights, each other objective is normalized using parameters ξP1 , ξP2 ,

ξG1 , ξG2 , and ξW
m such that a value of 1 indicates that objective is the 

highest it could be, and 0 being the lowest. These parameters are 
calculated by solving the model four times, maximizing each objective 
function individually. The normalization parameters are calculated to 
scale the maximum value for each objective to be 1, and the minimum 
value for each objective (obtained when the other objectives are maxi-
mized) to be 0. In this paper, we maintain weights that sum to 1, in 
which case the total objective value scales between 0 and 1 because each 
individual objective is already scaled between 0 and 1. We assume that 
each species group is weighted equally for the biodiversity objective. 
However, this could be easily changed by introducing an additional 
parameter describing the relative importance of a given species group 
and multiplying it by Bk in the objective function. 

Max Obj = ωPξP1
(
ξP2 + R)+ ωB

|K|
∑

k
Bk + ωGξG1

(
ξG2 −

∑

i
Gi

)

+ ωW∑

i,m

(
1 −

CO
i,m + CL

i,m
ξW

m

) (40) 

We note that for a given patch, there are many symmetric solutions 
involving different cells being the sink for the patch. Furthermore, there 
are symmetric solutions involving breaking a larger patch into smaller 
patches that are connected to each other if each smaller patch is still 
larger than the critical area requirement for all species groups. There-
fore, to reduce the number of symmetric solutions and improve solution 
time, we add a penalty term ϵF for flows that go up or to the right (i,
í ∈ IUR

i ) and a penalty term ϵZ for the number of patches to the objective 
function, 

Max Obj = ωPξP1
(
ξP2 + R)+ ωB

|K|
∑

k
Bk + ωGξG1

(
ξG2 −

∑

i
Gi

)

+ ωW∑

i,m

(
1 −

CO
i,m + CL

i,m
ξW

m

)
− ϵF ∑

i,i’∈IUR
i ,j

Fi,i’ ,j − ϵZ∑

i,j
Zi,j

(41) 
We provide representative examples for how these penalty terms and 

redundant constraints improve the solution time in the Supplementary 
Material.

2.2. Edge impacts

We explore different options for including the impact of edges. One 
option is to assume that only core area, or area of a patch sufficiently far 
from the edges of a patch such that it is not affected by those edges, 
contributes to biodiversity. However, not all species groups studied may 
be impacted by edges in the same way. Depending on the species group 
considered, the location, and the type of crops, edges can have either a 
positive or negative effect on biodiversity. For example, researchers 
have found that increased edges can decrease the species richness of 
species groups such as beetles, butterflies, ants, and some types of birds 
(Haddad et al., 2015). However, other researchers have found that 
higher edge length can actually increase the species richness of birds 
(Terraube et al., 2016). Therefore, an alternative is to model edges be-
tween different pairs of crops as having potentially different impacts (e. 
g. edges between one pair of crops increase biodiversity, but edges be-
tween a different pair of crops decrease biodiversity).

2.2.1. Core area
In this section, we use the concept of core area to denote cells that are 

within a patch, rather than those on the perimeter of a patch (rooks- 
case). Binary variable Ui,j is used to indicate if cell i with crop j is a core 
cell.

First, if there are pre-specified crop establishment decisions, some 
information on core area will already be known for cells with those 
establishment decisions and for adjacent cells. The combination of cells 
and crops for which core area is already known is represented as IFU

j . For 
these combinations of cells and crops, we fix Ui,j to its pre-determined 
value τi,j, 
Ui,j = τi,j, i ∈ IFU

j , j (42) 
For the remaining cells, Ui,j is activated by the following equations, 

Ui,j ≤ Xi,j, i ∈ I\IFU
j , j (43) 

Ui,j ≤ Xí ,j, i ∈ I\IFU
j , í ∈ IA

i , j (44) 
We note that because core area is always beneficial, we do not need 

another equation forcing Ui,j to be 1.
When only cells that are core area contribute to flows, a tighter upper 

bound on flows, δU
j can be calculated. A cell cannot be core area for a 

crop if it is on the edge of the cropland (i ∈ IE) or is on the interior of the 
cropland but is adjacent to a cell pre-specified to have a different crop 
established, 
δU

j = |I| −
∑

i∈I\IE
max

í ∈IA
i ,j́ ,j́ ∕=j

χ í ,j́ −
⃒⃒IE ⃒⃒, j (45) 

where IE is the set of cells on the edge of the field. By substituting Ui,j in 
place of Xi,j and using the new upper bound δU

j in Eqs. (4)–(6) and (8)–
(10), only core cells will count as area towards supporting biodiversity, 
∑

í ∈IA
i

Fi,í ,j ≤
(

δU
j − 1

)
Ui,j, i, j (46) 

Zi,j ≤ Ui,j, i, j (47) 
∑

í ∈IA
i

Fi,í ,j −
∑

í ∈IA
i

Fí ,i,j = Ui,j − FSINK
i,j , i, j (48) 

FSINK
i,j ≤ δU

j Zi,j, i, j (49) 

F̂SINK
i,j ≤ δU

j
(1− Zi,j

)
, i, j (50) 

∑

i
FSINK

i,j =
∑

i
Ui,j, j (51) 

2.2.2. Edge binary variables
Next, to model the impact that edges between different crops may 

have on each objective, we introduce a binary variable Yi,í ,j,j́  to indicate 
if adjacent cells i and í  have crops j and j́ , respectively. Because the same 
edge can be referenced in either direction (Yi,í ,j,j́ = Yí ,i,j́ ,j), the equations 
activating Yi,í ,j,j́  need only be written in one direction, chosen to be up 
and to the right from cell i (í ∈ IUR

i ). Similar to the previous section, 
based on potential pre-specified crop establishment decisions, the value 
of Yi,í ,j,j́  will be pre-determined as γi,í ,j,j́  for set JFY

i,í ,j́ , 
Yi,í ,j,j́ = γi,í ,j,j́ , i, í ∈ IUR

i , j ∈ JFY
i,í ,j́ , j́ (52) 

Eq. (53) enforces that for an edge between cells i and í  and crop j, 
Yi,í ,j,j́  can only be 1 if crop j is planted in cell i. Eq. (54) enforces the 
same, but for crop j́  being planted in an adjacent cell í . 
∑

j́ ,j́ ∕=j
Yi,í ,j,j́ ≤ Xi,j, i, í ∈ IUR

i , j (53) 
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∑

j,j∕=j’
Yi,i’ ,j,j’ ≤ Xi’ ,j’ , i, i’ ∈ IUR

i , j’ (54) 

To enforce that Yi,í ,j,j́  is activated, the following equation is 
introduced, 
Yi,í ,j,j́ ≥ Xi,j + Xí ,j́ − 1, i, í ∈ IUR

i , j, j́ , j́ ∕= j (55) 
We note that there are several different possible formulations to 

activate Yi,í ,j,j́ . Eqs. (53) and (54) could be formulated as equalities, or 
written for all i, í , j, and j́  rather than summing over j́ . However, we 
found empirically that formulating them as presented herein resulted in 
the fastest solution times.

2.2.3. Edge impact on biodiversity
Here we reformulate the equations for flows to include flow adjust-

ments from edges. These flow adjustments change the effective area of 
the patch, thereby converting the presence of an edge into a change in 
area based on the type of edge. Because an edge between two crops 
could have a different effect for different species groups, flows between 
cells are also indexed by species group (FE

i,í ,j,k). This requires reformu-
lation of many of the equations for flows. First, Eq. (6) is reformulated to 
include flows due to edges, 
∑

í ∈IA
i

FE
i,í ,j,k −

∑

í ∈IA
i

FE
í ,i,j,k = Xi,j +

∑

í ∈IUR
i ,j́ ,j́ ∕=j

ηE
j,j́ ,kYi,í ,j,j́ +

∑

í ∈IUR
i ,j́ ,j́ ∕=j

ηE
j,j́ ,kYí ,i,j́ ,j

− FESINK
i,j,k , i, j, k (56) 

where FESINK
i,j,k is the flow into a sink at cell i for a patch of crop j for species 

group k and ηE
j,j́ ,k is the impact of an edge between two different crops on 

the total effective area of a species group. Other than flows now being 
indexed by species group, the difference from Eq. (6) is the two terms 
including summations of ηE

j,j́ ,kYi,í ,j,j́ , which add additional flows if ηj,j́ ,k >
0 (or reduce existing flows if ηj,j́ ,k < 0). Parameter ηE

j,j́ ,k can vary based 
on the local conditions of the cropland and species of interest, and 
therefore would need to be parameterized accordingly. In the present 
work, we explore representative values corresponding to two cases: (1) a 
patch consisting of only one cell would not contribute at all to biodi-
versity of a species group (ηE

j,j́ ,k = − 0.25), and (2) when the benefit 
from edges of a patch of a single cell matches the benefit from its area 
(ηE

j,j́ ,k = 0.25).
In this case, the upper bound on flows must be updated from Eq. (3)

to consider the potential impact of edges. For a given combination of 
crop and species group, δE

j,k includes the impact of edges known to be 
present based on pre-specified crop establishment decisions, 

δE
j,k = |I| +

∑

i∈IFX
j ,í ∈IA

i ∩IFX
j́ ,j́ ,j́ ∕=j

ηE
j,j́ ,k
2 −

∑

í ∈IFX
j́ ,j́ ,j́ ∕=j

χ í ,j́ , j, k (57) 

We note that this upper bound is valid if planting a crop in a cell is 
more beneficial than the sum of all edge effects (ηj,j́ ,k ≤ 0.25). If that is 
not the case, a larger upper bound must be used, which is presented as 
Equation S25 in the Supplementary Material. Eqs. (4) and (7)–(10) must 
also be reformulated with flows being indexed by species group, 
∑

í ∈IA
i

FE
i,í ,j,k ≤

(
δE

j,k −1
)

Xi,j, i, j, k (58) 

∑

í ∈IA
i

Fí ,i,j,k + Zi,j = FESINK
i,j,k + F̂ESINK

i,j,k , i, j, k (59) 

FESINK
i,j,k ≤ δE

j,kZi,j, i, j, k (60) 

F̂ESINK
i,j,k ≤

(
δE

j,k −1
)(1− Zi,j

)
, i, j, k (61) 

∑

i
FSINK

i,j,k =
∑

i
Xi,j +

∑

i’∈IUR
i ,j’ ,j’∕=j

ηE
j,j’ ,kYi,i’ ,j,j’ +

∑

i’∈IUR
i ,j’ ,j’∕=j

ηE
j,j’ ,kYi’ ,i,j’ ,j, j, k (62) 

where F̂ESINK
i,j,k is a dummy variable for flows into cells that are not sinks.

The effective area is then calculated based on the new variable for 
flow into sinks and the upper bound on flows is updated, 

αFESINK
i,j,k = AEFF

i,j,k + ÂEFF
i,j,k, i, j, k (63) 

ζj,kWi,j,k ≤ AEFF
i,j,k ≤ αδE

j,kWi,j,k, i, j, k (64) 
We also update the flow penalty term in the objective function with 

the new flow variable, 

Obj = ωPξP1
(
ξP2 +R)+ ωB

|K|
∑

k
Bk + ωGξG1

(
ξG2 −

∑

i
Gi

)

+ ωW∑

i,m

(
1−

CO
i,m + CL

i,m
ξW

m

)
− ϵF ∑

i,í ∈IUR
i ,j,k

FE
i,í ,j,k − ϵZ∑

i,j
Zi,j (65) 

3. Results

To demonstrate the model, we apply it to a 19-hectare field that is 
part of the Great Lakes Bioenergy Research Center (GLBRC) Scale-up 
Experiment at Marshall Farms, Michigan, USA, for which corn yields 
in each cell over multiple years are known. We use the average yield of 
each cell over the years of available data. We estimate the yield of other 
crops in this field based on their yields in nearby fields and their cor-
relation to corn yields, detailed in the Supplementary Material. We 
partition the field into 20 × 20 meter cells. For biodiversity, we use data 
from the nearby GLBRC Bioenergy Cropping System Experiment, which 
included the number of species of butterflies, bees, and ants found in 
different bioenergy crops (Haan et al., 2023). Additional parameters are 
taken from the literature and are detailed in Tables S1-S4 in the Sup-
plementary Material. In all cases, the models are solved with Gurobi 
11.0.0 through GAMS 45.4.0 on a PC with a 3.0 GHz Intel Core i5–8500 
processor.

3.1. No edge impacts

First, we examine the case of three species groups (ants, bees, and 
butterflies) and three potential crops to be planted (corn, switchgrass, 
and reconstructed prairie). We assume that bees have a critical area of 
0.2 ha (5 cells), and that ants and butterflies have a critical area less than 
one cell. This does not necessarily reflect the biology of these groups but 
is useful as a hypothetical. The model consists of Eqs. (1)–(19), (21)–
(39), and (41), resulting in 78,090 equations and 65,235 variables, of 
which 55,218 are continuous and 10,017 are binary.

We demonstrate the application of the model using the weighted- 
objective approach to create a pareto front, shown in Fig. 4. Here, we 
combine the biodiversity, GHG sequestration, and water quality objec-
tives into one environmental objective, each scaled to contribute equally 
to the combined objective. The pareto front shows how significant in-
creases in the combined environmental objective (up to around 0.5) can 
be achieved with a negligible reduction in the profit. Further increasing 
the combined environmental objective, however, can lead to significant 
reductions in profit. A further set of example results examining the 
impact of varying the weights between biodiversity and the other 
environmental objective functions is provided in the Supplementary 
Material.

Next, we solve the model optimizing only one objective. For some 
objectives, solutions with the same value in the primary objective but 
different values for the other objectives can be obtained. For example, 
when biodiversity is maximized, the same total area of each crop can be 
planted in different configurations, or with different amounts of 
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fertilization, that can lead to different values for the other objectives 
without changing the biodiversity objective. When this is the case, after 
solving the model using the primary objective, we then solve the model 
again using a secondary objective without permitting a reduction in the 
first objective. Each instance is solved to a 0.1 % optimality gap within 4 
hours. In Fig. 5, we show example optimal layouts and objective values 
for several instances of different orders of sequential optimization. An 
example of the model without edge impacts solved using the weighted 
objective method is given in the Supplementary Material.

When corn is planted in all cells and has the maximum amount of 
fertilizer applied (Fertilized Corn), there are some cells with very low 
corn yield that have a negative profit. When profit is maximized (P, 
shown in Fig. 5b), switchgrass is planted in these cells because the lower 

cost of management of switchgrass and the option to not fertilize these 
cells can increase profit. The addition of switchgrass and the reduction 
in fertilizer application also causes increases in biodiversity, GHG 
sequestration, and water quality.

When GHG sequestration is maximized (G), prairie is planted in the 
entire field and is fertilized to increase soil organic carbon sequestration, 
which more than offsets the emissions from fertilizer production and 
increased NOx emissions. This results in a relatively high water quality 
objective, but not the maximum possible due to the fertilizer applica-
tion. The biodiversity score is not at the maximum because only one crop 
is present.

When water quality is maximized, corn is not planted because of the 
addition of pesticides with the corn crop. If profit is maximized next 
after water quality (WP), switchgrass is planted everywhere. If instead 
biodiversity is maximized after water quality (WB), a combination of 
switchgrass and prairie is chosen to achieve near the maximum biodi-
versity score possible.

Because we assume biodiversity is only affected by the area of each 
crop planted, there are many designs that could result in the maximum 
biodiversity score possible. When profit is maximized second (BP, shown 
in Fig. 5a), corn is planted in the highest-yielding areas and fertilized, 
while prairie and switchgrass are planted in lower-yielding areas and not 
fertilized. If GHG sequestration is maximized second (BG), the fertil-
ization decisions are reversed: prairie and switchgrass are fertilized, and 
corn is not. Finally, if water quality is maximized second (BW), no crops 
are fertilized.

3.2. Biodiversity edge impacts

We examine the case of three species groups (ants, bees, and but-
terflies) and two potential crops to be planted (corn and switchgrass). 
We assume that all species have a critical area of 0.2 ha (5 cells). We 
solve the model with different treatment of edges and show the resulting 
optimal cropland design in Fig. 6. We assume that cells which have 
reliable high yield over many years (high stable yield, cells with black 
borders in Fig. 6), are pre-specified to have corn planted.

When no edge impacts are considered, the model is the same as in the 

Fig. 4. Pareto front of profit and combined biodiversity, GHG sequestration, 
and water quality objectives. Results are obtained using a weighted-objective 
approach, with labels on each data point indicating the objective weight for 
profit and the combined environmental objectives, respectively.

Fig. 5. Optimal cropland layout when biodiversity is maximized first then profit is maximized (a), optimal cropland layout when profit is maximized (b), value of 
each objective for different primary and secondary objectives (c). The naming convention for each line in (c) is the first letter of the name of objective given in the 
order in which objectives are maximized (B: biodiversity, G: GHG sequestration, P: profit, W: water quality). The only exception to this convention is ‘Fertilized Corn’, 
in which it is pre-specified that corn be planted in all cells and fertilized at the maximum allowable amount.
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previous section. When explicit edge impacts are considered, the model 
consists of Eqs. (1), (2), (5), (13), (14), (16)–(20), (21)–(39), and (52)–
(65). When only core area counts towards biodiversity, the model con-
sists of Eqs. (1), (2), (7), (11)-(20), (21)–(39), and (41)–(51).

When no edge impacts are considered (Fig. 6a), switchgrass is 
planted in four patches consisting of the cells with the lowest yield, 
similarly to where prairie was planted in Fig. 5a. When only core area 
benefits biodiversity (Fig. 6b), only three patches of prairie appear, and 
those patches are much more compact than in Fig. 6a. When edges 
decrease biodiversity (Fig. 6c), only two patches of prairie are selected. 
In contrast to when only core area contributes to biodiversity, when 
edges decrease biodiversity, narrow rows of switchgrass are still bene-
ficial for biodiversity. Lastly, when edges increase biodiversity (Fig. 6d), 
eleven small patches of switchgrass are planted to maximize edges at the 
expense of larger patches. Because ηj,j́ ,k = 0.25 for all species groups, 
even a patch with only three cells and eight edges meets the critical area 
requirement for all species. We note that this cropland layout may not be 
realistically implemented but shows a potential layout in the extreme 
case where edges benefit all species groups and where ease of harvesting 
is not an issue.

4. Discussion and conclusions

4.1. Contributions

We proposed a MIQCP model to aid design of cropland establishment 
and fertilizer decision-making while balancing profit, biodiversity, GHG 
balance, and water quality objectives. The model estimates the biodi-
versity of the cropland based on the area of each crop and species-area 
curves for each combination of species group and plant type. Water 
quality and GHG sequestration is calculated based on crop establishment 
and fertilization decisions. Further, the model supports the consider-
ation of edge impacts by only counting core area towards biodiversity, 

or by an explicit positive or negative effect for each combination of edge 
and species group.

4.2. Limitations and future work

In this paper, we presented examples for different combinations of 
weights in the objective function, but the same model can be solved in 
different ways to answer different questions. For example, a decision 
maker may be interested in the cropland design that results in the 
maximum biodiversity score with no more than a specified reduction in 
profit. Such an analysis could be performed with only minimal changes 
in the model.

While our case study results demonstrate a simple application using 
representative variables at the level of an individual field, the proposed 
model and approach can be expanded and extended to several additional 
application areas. First, the flexible nature of our multi-objective MIQCP 
model would allow for the integration of additional objectives such as 
water use, vegetation quality, drought susceptibility, labor intensity, or 
pest predation. Second, the model could be used to aid planning and 
landscape design at multiple scales. For example, at the level of indi-
vidual farms, producers could use the model to estimate the optimal 
design among multiple fields, seeking to balance crop types and objec-
tive across their entire operation. At a coarser resolution, the model 
could be adapted to consider larger scales (e.g., regional) and include 
additional elements such as supply chain design of the biomass trans-
portation to final markets.

Our model could also be adapted or scaled to achieve additional 
goals without structurally adding new constraints. For example, the side 
length of each cell could be set to match the size of the equipment used 
on the cropland, such that the resolution of the model matches real 
world constraints. The model’s unit of analysis could also be shifted 
from cell-based to polygon based to match existing landscape features, 
though this would require reformulation of several equations in the 

Fig. 6. Optimal cropland design for when (a) edges have no effect on biodiversity, (b) only core area contributes to biodiversity, (c) edges decrease biodiversity (ηj,j́ ,k 
= −0.25 for the edge between switchgrass and corn for all species groups), (d) edges increase biodiversity (ηj,j́ ,k = 0.25 for the edge between switchgrass and corn for 
all species groups). All instances are solved with objective weights of 0.1, 0.9, 0, and 0 for profit, biodiversity, GHG sequestration, and water quality, respectively. In 
all instances, cells with high stable yield of corn (those with black borders) are pre-specified to have corn established.
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model presented such as those tracking the area of patches and the 
impact of edges.

Depending on the total number of cells or features in the cropland 
and how edges or interactions are considered, the model may become 
computationally expensive. In such cases, solving the model first at a 
finer resolution and using the solution as a warm start for the model at a 
finer resolution can be helpful. Beyond that, tailored solution methods, 
potentially based on decomposing the field into smaller subfields, may 
become necessary for particularly large instances. The model presented 
also assumes that harvesting costs are only a function of crop estab-
lishment and fertilization decisions. Further research could estimate the 
cost of harvesting based on the layout of crops, though that would 
inherently make the model more computationally demanding to solve. 
Alternative formulations for estimating the fraction of species within a 
group that would be present in the cropland, such as using logarithmic 
functions instead of a series of quadratic equations, could also be 
explored.

As tracking the definite presence of individual species is not possible 
in an optimization model designing a cropland, we used a probabilistic 
estimate of biodiversity based on the predicted presence of species in 
each crop type. These assumptions neglect the complex dynamics of 
species distribution that cannot be readily modeled. Getting accurate 
results thus depends on the quality of data, some of which is not easy to 
obtain. However, remote sensing and integration of experiments with 
biodiversity quantification and modeling could aid in obtaining realistic 
parametrizations for any cropland of interest.

We note that to make the model tractable, we use a simplified hy-
drological model and a uniform soil system. For example, we assume 
runoff as a fixed fraction of precipitation and do not calculate the flow of 
runoff components on daily time steps with soil moisture conditions in 
space. These assumptions reduce the spatial heterogeneity of water 
quality sources and sinks. The related dynamics of soil organic carbon 
and NOx are similarly simplified. Including more realistic spatial het-
erogeneity could identify additional spatial tradeoffs related to profit, 
water quality, and GHG emissions. Future research can couple the 
general optimization model with a more detailed hydrologic and crop- 
soil system model, potentially unique to each yield stability zone for a 
given cropland of interest. The inclusion of a temporal dimension could 
also allow for additional consideration of time-dependent variables such 
as crop rotations.

4.3. Conclusions

The developed model allows us to demonstrate the benefits that 
carefully designed cultivated landscapes can provide. For example, in 
the case study that we examine there are clear tradeoffs between 
maximizing profit versus the environmental objectives. Planting 
switchgrass or prairie in place of corn increases biodiversity, GHG 
sequestration, and water quality simultaneously, though by different 
amounts and with potentially large negative impacts on profit. However, 
there are solutions where switchgrass is planted in areas with low corn 
yield that are better than planting and fertilizing corn in all cells (the 
status quo) for each of the four objectives (Basso & Antle, 2020). The 
presented model demonstrates the importance of measuring and opti-
mizing multiple objectives at the sub-field, field, and landscape scale to 
achieve better outcomes for all competing objectives. The precise values 
for these objectives and the benefits of planting perennial vegetation in 
croplands will depend heavily on field-specific data such as soil, weather 
conditions, yields, and input rates. High-quality data, such as from 
remote sensing images, tractor-based yield, and input monitoring, and 
simulations from distributed models for the estimates of hard/expensive 
to measure values (i.e., soil organic carbon, NOx, and runoff component 
fluxes) will be critical for real-world application.

Nomenclature

Sets
I Cells
J Crops
K Species groups
L Set of linear approximation segments for species-area curve
M Set of runoff components

Subsets
IA
í Cells i that are adjacent to cell í

IAL
í Cells i that are adjacent to cell í  and at lower elevation

IE Cells i that are on the edge of the cropland
IFX
j Cells i that have a pre-specified crop establishment decision for crop j

IFU
j Cells i that have a pre-specified crop core area decision for crop j

IUR
í Cells i that are adjacent above or to the right of cell í

JC Crops that are harvested
JF Singleton subset of the first crop in the set
JFY

i,í ,j́ Edges between crops j and j́  in cells i and í  that have a pre-determined edge 
decision

JL Singleton subset of the last crop in the set
MN Singleton subset of nitrogen

Parameters
α Area of a cell
βF

i,j Upper bound on fertilizer application to crop j in cell i
γi,í ,j,j́ Pre-specified decision for an edge between adjacent cells i and 

í  with crops j and j́  based on the prespecified crop decision χi,j
ζj,k Critical area for species k
δj/δU

j /δE
j,k Upper bound on flows for crop j

ϵF/ϵZ Penalty for flows/number of sinks
ηE

j,j́ ,k Adjustment to area for species k due to edge between crops j 
and j́

θR
j,m Upper bound on runoff component m removal by one cell of 

crop j
κN

j,m Amount of runoff component m added by fertilizer to crop j
κP

j,m Amount of runoff component m produced by crop j
λi,í Fraction of runoff component exiting cell i that flows to cell í
λI

i,m Fraction of runoff component m entering cell i that infiltrates 
the soil

λL
i,m Fraction of runoff component m infiltrating the soil in cell i 

that leaches
λO

i Fraction of runoff components exiting cell i that flows out of 
cropland

μ1
j,k,l/μ2

j,k,l Parameters for linear approximation of species-area curve
ξG1 /ξG2 /ξP1 /ξP2 /ξW

m Scaling parameter for greenhouse gas balance/production/ 
water quality objectives

πC
i,j Total cost of planting and harvesting crop j in cell i

πN Price of purchasing and applying fertilizer
πS

j Selling price of crop j
ρR

j,m Fraction of runoff component m removed by crop j
σ1

j,m/σ2
j,m Big-M values for runoff component removal

τi,j Pre-specified decision for cell i being core area for crop j based 
on the pre-specified crop decision χi,j

ϕC
i,j Baseline greenhouse gas emissions from crop j in cell i (sum of 

planting, harvesting, soil organic carbon sequestration)
ϕE

i,j Change in greenhouse gas emissions if fertilizer is applied
ϕF Greenhouse gas emissions from fertilizer
χi,j Pre-specified binary decision for the establishment of crop j in 

cell i
ψ i,j Yield of crop j in cell i
ψF

i,j Additional yield of crop j in cell i per unit of fertilizer applied
ωB/ωG/ωP/ωW Weight in objective for biodiversity/greenhouse gas balance/ 

production/water quality

Binary Variables
Ui,j 1 if cell i is core area for crop j

(continued on next page)
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(continued )
Vi,j,m 1 if runoff component m removal by crop j in cell i is limited by the upper 

bound
Wi,j,k 1 if patch with sink at cell i is large enough to support species k
Xi,j 1 if crop j is established in cell i
Yi,í ,j,j́ 1 if adjacent cells i and í  have crop j and j́
Zi,j 1 if cell i is a sink for crop j

Nonnegative Continuous Variables
AEFF

i,j,k Effective area for species k in patch of crop j with sink at cell i
ÂEFF

i,j,k
Dummy variable for effective area for species k in patch of crop j with sink at 
cell i

ATOT
j,k Total effective area of crop j for species k

ÃTOT
j,k,l

Disaggregation of total effective area of crop j for species k in interval l
Bj,k Fraction of species in species group k present in crop j
B̂j,k Dummy variable for fraction of species in species group k present in crop j
BTOT

k Fraction of species in species group k present in the cropland
Ci,í ,m Flow of runoff component m from cell i to cell í
CIi,m Amount of runoff component m infiltrating into the soil in cell i
CINi,m Flow of runoff component m into cell i
CL

i,m Amount of runoff component m leaching in cell i
CO

i,m Flow of runoff component m exiting the cropland from cell i
COUT

i,m Flow of runoff component m out of cell i
CP

i,m Amount of runoff component m produced in cell i
CR

i,j,m Amount of runoff component m removed by crop j in cell i
Ci,í ,m Flow of runoff component m from cell i to cell í
Fi,í ,j Flow from cell i to í  for crop j
FE

i,í ,j,k Flow from cell i to í  for crop j and species group k when edge impacts are 
included

FESINK
i,j,k Flow into cell i for crop j and species group k if cell i is a sink for crop j and 

species group k when edge impacts are included
F̂ESINK

i,j,k
Dummy variable for flow into cells that are not sinks for crop j and species 
group k when edge impacts are included

FSINK
i,j Flow into cell i for crop j if cell i is a sink for crop j

F̂SINK
i,j

Dummy variable for flow into cells that are not sinks for crop j
Ni,j Fertilizer applied to crop j in cell i
Pi,j Production of crop j in cell i

Continuous Variables
Gi Greenhouse gas balance in cell i
R Total profit of the cropland
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