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Abstract

Understanding the trade-offs between biodiversity conservation and agricultural production has
become a fundamental question in sustainability science. Substantial research has focused on how
species’ populations respond to agricultural intensification, with the goal to understand whether
conservation policies that spatially separate agriculture and conservation or, alternatively, integrate
the two are more beneficial. Spatial heterogeneity in both species abundance and agricultural
productivity have been largely left out of this discussion, although these patterns are ubiquitous from
local to global scales due to varying land capacity. Here, we address the question of how to align
agricultural production and biodiversity conservation in heterogeneous landscapes. Using model
simulations of species abundance and agricultural yields, we show that trade-offs between agricultural
production and species’ abundance can be reduced by minimizing the cost (in terms of species
abundance) of agricultural production. We find that when species’ abundance and agricultural yields
vary across landscapes, the optimal strategy to minimize trade-offs is rarely pure land sparing or land
sharing. Instead, landscapes that combine elements of both strategies are optimal. Additionally, we
show how the reference population of a species is defined has important influences on optimization
results. Our findings suggest that in the real world, understanding the impact of heterogeneous land
capacity on biodiversity and agricultural production is crucial to designing multi-use landscapes that

jointly maximize conservation and agricultural benefits.
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Introduction

Growing global demand for agricultural commodities makes protecting biodiversity
challenging (Godfray 2011; Tscharntke et al. 2012; Kehoe et al. 2015; Newbold et al. 2015). While
there are undoubtedly large opportunities to reduce demand for many agricultural commodities that
are detrimental to biodiversity (Chappell & LaValle 2009; Bajzelj et al. 2014; Erb et al. 2016),
agricultural production is likely to continue to increase in the future (Tilman et al. 2011), as are
conversions from natural lands to agriculture in many parts of the globe (Lambin & Meyfroidt 2011;
Ellis et al. 2013). Trade-offs between species’ populations and agricultural production arise in most
multi-use landscapes (Fischer et al. 2014). Often, land used for intensive agriculture provides sub-
optimal habitat for wildlife species, and conversely land reserved for species habitat provides limited
agricultural production (Green et al. 2005). Carefully accounting for this trade-off in landscape

management and planning is urgently needed.

Managing landscapes requires understanding how species’ populations respond to agricultural
intensification. A substantial amount of theoretical and empirical work already exists on this
relationship (Donald et al. 2006; Kleijn et al. 2009; Newbold et al. 2015; Tsiafouli et al. 2015). This
body of literature shows that species respond differently to intensifying land use, with many species
declining in abundance, some rapidly even at low levels of intensity, others more gradually, tolerating
comparatively high levels of intensity (Phalan et al. 2011; Kremen 2015). Some species even benefit
from agriculture, and increase in abundance as long as intensity does not become too high (Wright et
al. 2012). Because of this diversity, considering individual species’ response to agricultural intensity
1s a key element for designing landscapes that produce food and agricultural commodities on the one

hand and that maintain biodiversity on the other.

Optimal landscapes minimize the trade-offs between biodiversity and agricultural production
at the landscape scale. Theoretical work has identified land sparing (i.e., areas of high intensity
farming spatially segregated from areas for nature conservation) and land sharing (i.e., wildlife-
friendly but lower yielding farming in much of the landscape) landscapes as two archetypical
alternatives to such optimal landscapes (Green et al. 2005). Empirical studies have claimed to find
support for both, sparing (Phalan et al. 2011; Macchi et al. 2013; Kamp et al. 2015) and sharing
(Anand et al. 2010; Clough et al. 2011; Pywell et al. 2012; Mastrangelo & Laterra 2015) landscapes.
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However, increasingly empirical and theoretical work suggests that optimal landscapes often consist

of a mix of both land-use strategies (Butsic & Kuemmerle 2015; Kremen 2015; Seppelt et al. 2016).

Most of the previous studies carried out in the context of the land-sharing vs. land-sparing
debate rely on the assumption of a homogenous landscape, where the same potential yields can be
achieved everywhere and where species’ abundance varies only according to the intensity of land use.
However, agricultural capacity varies in many other ways and is for instance driven by soil quality,
slope, rainfall patterns, aridity, minimum temperature, and elevation, even within relatively small
geographic extents (Perfecto & Vandermeer 2010). Species’ abundances too, will vary given
heterogeneous habitat quality (Wiens 1989). In the real world, landscapes are thus typically
heterogeneous in their capacity to produce both agricultural products and species abundance (Grau et
al. 2013). Given that such heterogeneity is ubiquitous, the omission of heterogeneity is worrisome and
severely limits the applicability of insights derived from land sparing vs. land sharing studies.
Understanding the optimal intensity and spatial configuration of land uses in heterogeneous

landscapes in order to provide maximum biodiversity value is therefore an area in need of research.

The capacity of a landscape to co-produce agricultural yields and species’ abundance may
vary independently from one another across landscapes and scales. From a management perspective,
the landscapes of greatest conflict are likely to occur where land with the greatest potential for
agriculture also has the highest value for biodiversity. This creates management tension: should these

highly productive areas be used for agriculture or species conservation?

To shed light on the answer to this question, we used constrained maximization techniques to
design landscapes that maximized agricultural output while maintaining target populations of species.
We aimed to minimize the marginal costs of agricultural production (in terms of species loss), while
taking into account heterogeneous land capacity patterns. We solve the optimization problem for six
hypothesized relationships between agricultural and species capacities, with species representing
different tolerances to agriculture intensity (i.e., different yield density curves). We solved the model
for three different species assemblages: one with only species benefitting from a land sparing
landscape (hereafter: sparing species), one with only species benefitting from a land sharing landscape
(sharing species), and one with an assemblage of species derived from an empirical study (Kamp et al.

2015). We also used two different reference populations for species of conservation concern: one
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bases the maximization on a reference population that takes place when land-use intensity is equal to
zero, as in many empirical examples ( Phalan et al. 2011 & Kamp et al. 2015), and one that uses the
empirical maximum population as the reference population (Butsic & Kuemmerle 2015). Whereas the
first definition assumes management actions should reference natural environments, the second
suggest that management should also account for the potential of disturbance-dependent species that
might benefit from anthropogenic disturbance, such as land use, dependent on the disturbance
intensity (Hanberry 2014; Uchida & Ushimaru 2014). The results of our optimization provide
guidance to land management by offering general insights into under what circumstances high or low

productivity land should be used to simultaneously satisfy agriculture and conservation objectives.

Methods
Model components

The goal of our analysis was to identify landscapes that maximized agricultural production while
maintaining a target population level for a set of species of conservation concern. This is in line with
systematic conservation planning (Margules & Pressey 2000), which is based on quantitative
conservation targets (Wilson et al. 2010; Moilanen & Arponen 2011), and is now practiced widely.
Likewise, the use of constrained optimization techniques have proven useful in many other applied
and theoretical settings (Metrick & Weitzman 1998; Kremen et al. 2008).

We used constrained optimization methods with both simulated and empirical data to assess
how optimization results are affected by landscape heterogeneity. We modeled a mixed-use
landscape, where each parcel of land k is used at some agricultural intensity y;, ranging from 0 (no
agriculture) to 1 (maximum possible intensity). Maximum agricultural intensity here includes all
feasible inputs to production for the location of interest (such as fertilizers or irrigation). For the sake
of simplicity, we assume maximum agricultural intensity is equal to one. We defined agricultural
capacity (ry) as the maximum yield a parcel of land k can produce when used at its maximum
agricultural intensity. Where yy, is the agricultural intensity of parcel k. Conceptually, agricultural

capacity can be thought of similarly to fertility or yield potential. We defined agricultural production

X on the landscape as a function of agricultural capacity, agricultural intensity, parcel size ay, and the
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number of parcels [. For simplicity we assume that each parcel on the landscape is the same size, one,
and therefore can remove area from our calculations, leaving us with:
X= Zi Ve (D)

Beyond yield, the intensity of agriculture also impacts species. We defined species capacity (
Ay, scaled between 0 and 1) as a parcel’s carrying capacity for one species when agricultural
intensity was managed optimally for that species. For some species this may be the complete
exclusion of agriculture (y, = 0). We used the function g(y;) to describe the relationship between
agricultural intensity on parcel k and species abundance. Species with sharing, sparing, or
intermediate responses to agricultural intensity respond differently to agriculture, defined here as one
of three potential functional forms for g(y;) (Figure 1). Here, g(y;) can be interpreted as the
proportion of the maximum carrying capacity that persists on the landscape for a given agricultural
intensity.

A(1 — y¥) for sharing (concave, o < 1)
gy = A(1 — y%) for sparing (convex, a > 1) (2)
Ae(1 — (¥§ — yB)) for intermediate, B>0,a>1, a> p

If « is less than one, g(y,) is a concave function, if a is greater than one g(yy) is a convex function.

When f is greater than 1, a species has an intermediate relationship (Figure 1). For the species
assemblages that are all sharing species or all sparing species, we use simulated values that are
comparable to those used in Butsic & Kuemmerle 2015 (and that are in line with forms that have been
found empirically). For the landscape where there are sparing, sharing and intermediate species, we
use functional forms that were found in empirical work by Kamp et al. (2015) where they calculate
the relationship between species populations and agricultural profit. We did not include species which
did not have statistically significant relationships between abundance and land-use intensity or
“winner” species, as these are likely not of conservation concern. We note that Kamp et al. focus on
steppe birds and different patterns may hold for different taxa or for birds in different biomes.
Because different species have widely different populations, we apply the maximization
algorithm to maintain a proportion of the population, instead of the population itself (i.e, 30% of a
reference population, instead of a certain number of individuals). The proportion of the population to

be maintained is calculated relative to a reference population, where the reference population can be
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understood as the population a manager uses to make decisions. We used two alternative methods to
calculate the reference population for each species. First, the reference population is defined as:
Mmp = Max g(y), 1<y=0, (3)

That is, the reference population (M) is the actual maximum of g(yy) obtained when agricultural
intensity is between zero and one. For sharing and sparing species this will take place when land use
intensity is equal to zero. For intermediate species, this will take place when agricultural intensity is

between zero and one. The proportion of this reference population on a parcel , ny,, is therefore

Nk = M%np g(yi)

This reference population is similar to the one used in Butsic and Kuemmerle 2015, and references
the empirical maximum population that can take place on a given parcel in the landscape. We refer to
this reference population as the maximum population baseline, as the reference population is the
empirical maximum population.

Second, we also solve the optimization problem where the reference population is the
population of each species when agricultural intensity equals zero. With this reference population, a
manager assumes that the species population when land use intensity is equal to zero is the correct
population to base management actions That is:

Mun = g(yi), where yi=0 (4)

For sparing and sharing species Mp, = My, , but this is not the case for intermediate species. In the

maximization process, we therefore define the percentage of the maximum population as:

ny = 1if g(yi) = Mup, nge = M%mg(}’k) if g(yi) < Man
This reference population is the same as has been used by Phalan et al (2011) and Kamp et al. (2015).
In this case, the manager does not value a population over M, and therefore the optimization routine
does not attempt to find solutions where the population is greater than M,,;,. We refer to this as the
natural habitat baseline to indicate that the reference population is the population when there is zero
agricultural intensity, i.e., the landscape is untransformed.

We note here that the reference population does not matter for strictly sharing or sparing
species, because these species always reach their maximum population when agricultural intensity is

equal to zero. However, for intermediate species, the distinction between maximum population or
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natural habitat baselines may be important. Disturbance-dependent species, for example, may have
higher populations when there is low land-use intensity compared to when there is no land use (or
other disturbances), which is only captured by the maximum population baseline (Figure 1. Panel A
gold lines). Using the natural habitat baseline assumes that the relevant baseline for management is
when no land use takes place, and therefore population targets for these species are always assumed to

be met when land-use intensity is equal to zero (Figure 1. Panel B, gold lines).

Relationships between agricultural capacity and species capacity
Given these model components, we explored six potential relationships between agricultural capacity
and species capacity (Figure 2). First, we considered a landscape where agricultural capacity (the
maximum potential yield) per parcel and species capacity (the maximum potential abundance — i.e.,
carrying capacity - of a species per parcel) were homogenous. Thus, on such a landscape, each parcel
had the same value of species capacity and agricultural capacity. Most empirical and theoretical
studies on land sharing/sparing have made this assumption (Green et al. 2005; Phalan et al. 2011).

Second, we considered a landscape where agricultural capacity varies, but species’ capacity
did not. We refer to this case as agricultural heterogeneity. This may be the case if agricultural yields
are more sensitive to landscape features than species’ abundance.

Third, we assessed the proportional case, where agricultural capacity and species capacity
changed proportionally to each other across the landscape. That is, the ratio of agricultural capacity
and species capacity was constant across the landscape, even as the actual values differed from parcel

to parcel, such that:

Yot VGEHEMNKLI ()
Where i is the parcel and j is the species. This would be the case if the same factors that increased
agricultural capacity — soil quality, rainfall, temperature — also impacted species’ carrying capacity in
the same way and to the same degree.
Fourth, we evaluated the case where species’ capacity and agricultural capacity were
negatively related. That is, parcels with high species capacity had lower agriculture capacity and vice

versa. We name this case reverse.
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Fifth, we described a system where species capacity was higher than agricultural productivity
on high capacity land, but lower on low capacity land. That is, areas that are well-suited for farming
are also well-suited for species, but on low-capacity land agriculture fares even worse relative to the
target species. For this situation, there is a point where the relative capacity changes from 4;; > r; to
Aij < ;. For example, if this change happened at N1 we defined a species positive landscape, which
took the form of:

A >1i V(i) € [LN4]x[1]]  (6)
Aij <1 ¥V (i,j) € [NLNIx[1]] (7

This would be the situation where at high levels of agricultural capacity, species capacity was
relatively higher than agricultural capacity, but for low values of agricultural capacity, the reverse was
true. This would be the case in landscapes where even the best land for agriculture is exceptionally
good habitat for species.

Finally, we modelled a system where species capacity was lower than agricultural capacity for
high value parcels, but species capacity was higher than agricultural capacity when capacity is lower.
That is A;; < r; until N1 at which point 4;; > r;. We called this case species negative and it can be
represented as.

A <ty V(i) € [LN]x[1]] (8)

Aij>1y, V(i) € [N,NIX[1]] ©)

This would be the case where the best land for agriculture is exceptionally good, relative to
carrying capacity for species.

In all of these cases except reverse, there was a positive relationship between species capacity
and agricultural capacity: areas that were better for agriculture were also better for biodiversity. What
varied though was the shape of this relationship across different levels of capacity. We largely omitted
negative relationships between species capacity and agricultural capacity, because these would be
areas of minimal conflict between agricultural production and conservation. The solution in these
landscapes (as illustrated with the reverse case) may be the same as we would see in a market system
where the costs of biodiversity loss are not considered. Agriculture would be directed to the land with
highest capacity for agriculture and the most productive lands for species conservation would remain

untouched.
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Optimizing heterogeneous landscapes with multiple target species and many parcels

We used an interior point algorithm, a constrained optimization technique, to find landscapes
that minimized trade-offs between total agricultural production and species’ total abundance at the
landscape scale for landscapes with 100 parcels, arranged in a 10 x 10 grid, and with multiple species.
We framed our problem as follows. We aimed to maximize agricultural production X on a landscape,
with the constraint that each species j on the landscape must be maintained at a certain population t.
The functional relationships between species’ abundance and agricultural intensity as well as
agricultural production and agricultural intensity were described by equation 2. In this specification,
each species had to meet a specified population target, and given that these targets were met,
production was then maximized. This framing is in line with major environmental laws such as the
Endangered Species Act in the United States of America (NOAA 2016), where farmers are allowed to
maximize production, given there are limited negative impacts on endangered species.

Given the functions used in our models, our objective translates into

max X s.t. nj>71;Vj (10)
where T was a target population for each species.

We optimized land-use for a total of 24 scenarios. We used six previously described
relationships between agricultural capacity and species capacity and tested each relationship for three
species assemblages: 1) nine sharing species, 2) nine sparing species and 3) and an empirical example
from Kamp et al. 2015. For the empirical example, we solve the optimization for both the maximum
population and natural habitat baselines. The optimizations were performed in MATLAB using the f-
mincon function in the optimization toolbox and the interior point algorithm. We maximized total
agricultural production for species targets equal to 40 percent of each species reference population.
That is, in all solutions each species maintained a population size at least 40% of its reference
population. There are compelling reasons to suspect that no single population target is likely to apply
adequately to all populations because extinction risks are often context dependent, and manifest from
a complex interaction between life history, ecological interactions, environmental setting and threats
(Flather et al. 2011). For example, previous studies have considered 30% populations as minimum

target (Law et al. 2015), while the Convention on Biological Diversity proposes a 17% area-
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protection goal. Ultimately, population are species specific, and should be representative of the
conservation status of the considered species.

In addition to finding the optimal solution for each landscape, we also calculated how much
production is gained when using the optimization method instead of pure sparing or sharing strategy.
All MATLAB code as well as an intuitive description of how the model is solved is available in

Appendix S1.

Results

Case 1. Homogenous land capacity

When land capacity was homogenous across the landscapes, our results confirm the results of classic
sparing vs. sharing studies, which typically assumed homogeneous landscapes. If all species had
convex relationships between agricultural intensity and species’ populations (assemblage 1: sparing
species), total, landscape-level production was maximized if agriculture was carried out at high
intensity on as few as possible parcels, and other parcels are left out of production. For sharing
species (assemblage 2), production was maximized if agriculture was spread evenly throughout the
landscape at lower intensities. For the third assemblage of mixed species, a strategy where some
parcels were used at less than full intensity and others were not used at all was optimal (i.e., resulted
in the lowest trade-offs between total agricultural production and total species abundance, Figure 3,
column 1, Table 2), when the maximum population baseline was used. When the natural habitats
baseline was used, a sparing landscape was optimal. This is in line with our earlier work (Butsic &
Kuemmerle 2015) although we here use empirical functional forms of the intermediate species

compared to the simulated functional forms in our prior paper.

Case 2. Agricultural heterogeneity

When agricultural capacity was heterogeneous across the landscape, we found major changes
compared to Case 1. For the sparing assemblage, agricultural production was concentrated on high-
productive land, and at maximum agricultural intensity. For the sharing assemblage, production was
concentrated on high-capacity land, with lesser amounts of low-capacity land used as well.

Interestingly though, unlike in the case of the homogenous landscape, agricultural intensity in our
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optimal landscape was not evenly distributed throughout. Some parcels had high-intensity agriculture,
and some low. Finally, for the species assemblage where all three types of species were present,
agriculture in the optimal landscape was focused on the most productive land, and varied intensity

across the landscape (Figure 3, column 2, Table 2).

Case 3. Proportional relationship between agricultural capacity and species capacity

When agricultural capacity and species capacity increased proportionally, heterogeneity in the
landscape did not change the optimal land-use strategy as compared to Case 1. For the species
assemblage featuring only sparing species, parcels were either used at the highest agricultural
intensity possible or not at all. For the assemblage featuring only sharing species, all parcels were
used at medium agricultural intensity. The mixed assemblage featured aspects of both sharing and
sparing landscapes for the maximum population baseline: some parcels were not used at all, while
others were used, but not at their maximum intensity. For the natural habitat baseline, a sparing
landscape was found. Because changes in capacity influence yields and species populations
proportionally, the total agricultural production changed from the homogenous case, but the optimal

strategy was similar (Figure 3 column 3, Table 2).

Case 4. Reverse

When there was a negative relationship between agricultural and species capacity, agriculture in the
optimal landscape always took place in the highest-yielding agricultural parcels. For the sparing
assemblage, landscapes minimizing trade-offs between agricultural production and biodiversity had
all agricultural production focusing on those parcels with the highest agricultural capacity, at highest
possible intensity. For the sharing assemblage, optimal landscapes had high agricultural intensity on
high-capacity land and lower intensity elsewhere. For the mixed species assemblage, the optimal
landscape had both high and low agricultural intensity parcels for the maximum population baseline

and a sparing landscape for a natural habitat baseline (Figure 3 column 4, Table 2).

Case 5. Species positive relationship between agricultural capacity and species capacity
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When assuming a positive relationship between agricultural and species capacity, agricultural
production was focused on the highest yielding parcels. For the sparing assemblage, this resulted in
the same landscape as in the homogenous (i.e., classic) case, where parcels were used at full intensity
or not at all. For the sharing assemblage, the optimal landscape differed markedly from the classic
sharing landscape, as some parcels were left undeveloped, whereas other parcels were used at varying
intensity. Finally, when the maximum population baseline was used the optimal landscape for the
mixed assemblage had attributes of sparing and sharing landscapes, and agriculture primarily took
place in the areas with the highest agricultural capacity (Figure 3 column 5, Table 2). For the natural
habitat baseline a sparing landscape was found. In all cases, there is a tendency to produce agriculture

on low-productivity lands.

Case 6. Species negative relationship between agricultural capacity and species capacity
Assuming a negative relationship between agricultural capacity and species capacity resulted in an
optimal landscape where production was concentrated on the lowest-yielding parcels. For the sparing
assemblage, this resulted in a classic sparing landscape, where parcels were either used to their
maximum intensity or not at all. For the sharing assemblage, our results differed from the classic
sharing landscape, as some parcels were left undeveloped, and others were used at varying intensity.
Finally, the optimal landscape for the mixed assemblage was a mix of medium-intensity and low-
intensity agricultural use (Figure 3 column 6, Table 2) for the maximum population baseline and a
sparing landscape for the natural habitat baseline. In all cases, there was a tendency to produce

agriculture on high productivity lands.

The cost of forcing pure sharing or sparing strategies instead of a mixed strategy

Our results allow us to see the difference in potential agricultural production between using sparing
and sharing strategies, versus a mixed strategy that was most often more optimal in our analyses.
When we apply a pure sparing strategy, the objective function is never satisfied. That is, no solution
can be found using this strategy. This is because no parcels were used at intermediate levels, which is
where some species thrive best, and therefore these species never met the 40% threshold. Using a pure

sharing strategy on heterogeneous parcels is likewise a poor strategy. In our case, this resulted on
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average in a 24% reduction in agricultural output when forcing a sharing strategy as opposed to the

truly optimal strategy across all heterogeneous landscapes (Table 1).

The importance of maximum population baselines

Assumptions about how to define the maximum population per species had substantial effects on the
resulting strategy to maximize biodiversity and agricultural production. When using the maximum
population baseline, a large number of cells were used at medium intensity when intermediate species
were present (at least 37% of cells were used at a medium intensity; Table 2). This is because, when
cells were used at either zero or 100% intensity, intermediate species have very low populations and
therefore to preserve all species at least some of the landscape must be used at intermediate intensity.
However, using the natural habitat baseline we found results very similar to a sparing landscape
(Table 2). This is because under this assumption, differences between intermediate and sparing are

small, with decreases in population starting at higher land use intensities.

Discussion

Harmonizing agricultural production and biodiversity conservation has emerged as one of the
greatest sustainability challenges of the 215t century (Chappell & LaValle 2009; Tilman et al. 2011;
Kehoe et al. 2017). Past research has generally focused on how biodiversity responds to land-use
intensity (Newbold et al. 2015, 2016), and how to use this knowledge to suggest strategies for
landscape design (Phalan et al. 2011; Macchi et al. 2013). Yet, existing work to date has largely
ignored that real-world landscapes are not homogeneous in their land capacity. Here, we show how
heterogeneous landscapes can be managed to maximize agricultural production while maintaining
species populations. We expand on past analyses (Butsic & Kuemmerle 2015) to include landscapes
with different relationships between agricultural and species capacities, and to incorporate empirical
data to characterize intermediate species. The results of our models suggest that pure land sparing and
land sharing strategies are rarely optimal unless one reference populations always take place when
land-use intensity is equal to zero. Based on these results we suggest rules of thumb that can be
applied widely when thinking about how to manage landscapes to minimize trade-offs between

agricultural production and biodiversity.
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First, conservation with the goal to safeguard species’ populations should focus on areas
where species capacity has a comparative advantage over agricultural capacity. This does not mean
that conservation should take place only on the areas with the highest populations. Rather
conservation should take place in those areas where the positive difference between species capacity
and agricultural capacity is maximized. Counterintuitively, this means that sometimes biodiversity
and agricultural production trade-offs are minimized when agriculture is carried out at 4igh intensity
on Jow capacity land. That is, instead of maximizing yield on areas of high production to minimize
total land-use extent, it is sometimes better to use areas of low productive capacity at high agricultural
intensity, if areas of high agricultural productivity have very high species productivity as well. Such
situations can arise where species populations are highest on the areas that are most productive, a

pattern that may be common globally (Clough et al. 2011; Cusens et al. 2012).

This insight is useful for land-use and conservation planning alike and is in line with other
conservation planning approaches that minimize opportunity cost and maximize return on investment
(Naidoo & Adamowicz 2006; Goldstein et al. 2008). Most of the world’s most fertile agricultural
areas, such as riverine floodplains, deltas, or black earth regions are today used intensively for
agricultural production (Ellis et al. 2013) producing among the world’s highest yields. Our results
provide a cautionary note regarding the potential biodiversity trade-off of agriculture in these regions.
Although a focus on the most fertile and productive regions minimizes the land area required for a
given production goal, it may in fact not minimize the trade-off between agricultural production and
biodiversity conservation (Figure 3, column 5). A policy that focuses agriculture on the most fertile

lands may be sub-optimal if these places are even more fertile for species.

Moreover, agricultural capacity may also change quickly and dramatically. For example, areas
that are water-limited may have very low agricultural capacity, but the introduction of rainwater
harvesting or irrigation can raise this capacity many times over. Likewise, the agricultural capacity of
areas which are nitrogen limited can be lifted through the use of fertilizers. Our results suggest that in
the long term, in some situations, the best way to meet the needs of agriculture and biodiversity may
be to conserve at least some of the land with highest capacity for biodiversity conservation, and use
lower capacity land for agricultural production, while developing farming techniques to maximize

yield on such lower-capacity lands. It might therefore be beneficial for the conservation community to
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engage with those working to grow food on less fertile grounds, especially where this land has little
biodiversity value, or to engage in the restoration of marginal lands (Evans et al. 2015). Obviously,
any strategy to shift agricultural production into more marginal lands (those with low yields) for
agriculture requires careful consideration of possible short-term and long-term land-degradation

outcomes.

Notably, when agricultural capacity and species capacity are proportional, our findings for
heterogeneous landscapes are the same as previous findings for homogenous landscapes. That is, a
pure land sparing strategy minimizes trade-offs when only land sparing species are present, and a
sharing strategy is best when only sharing species are present. In heterogeneous and homogeneous
landscapes, when sparing, sharing, and intermediate species are jointly present, the best strategy
depends on how the reference population is defined. Such a mixed assemblage of species is almost
always the case in real-world situations; in fact, we know of no study that assessed yield/density
curves that did not have at least some intermediate species (Phalan et al. 2011; Mastrangelo & Gavin
2012; Hulme et al. 2013; Macchi et al. 2013; Dotta et al. 2017; Williams et al. 2017). This suggests
that to date, there is no empirical basis for suggesting that a pure sparing or sharing strategy is optimal
to conserve all species unless one is acting under the assumption that the relevant reference

population occurs when land use intensity is zero.

The issue of what spatial scale (i.e. what extent and resolution) is most appropriate is an
important question for any model. In our case, we suggest the appropriate spatial extent for our model
is the extent for which targets for conservation planning are set in order to protect, maintain or restore
threatened species’ populations. This differs substantially across the globe, due to diverse species’
ecology and biogeography, different environmental settings, and different institutional setups. For
some species, population goals might best be set at the country level, for other species, population
goals may be relevant on ecoregional scales or on an individual farm. As for spatial resolution, in our
case the size of individual cells, we suggest the best resolution is the size of a management unit at
which a population can be influenced. Again, this will vary depending on the species of interest.
Mathematically, our model is agnostic to questions of extent and resolution and works regardless of
the size and number of spatial cells or the extent of the landscape. Of course, as the number of cells

increases (as would be likely at larger extents) the computational effort increases.
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We found that the decisions about how to define the reference population, specifically where
along the land-use intensity gradient it occurs, has considerable impacts. When intermediate species
have reference populations in natural habitat that has zero land-use intensity, the optimal landscape
moves towards a land sparing landscape. This result is not surprising given past theoretical work
showing that in the absence of intermediate species, sparing landscapes are optimal (Butsic and
Kuemmerle 2015). When the reference population occurs at their empirically-observed maximum,
which is often not natural habitat, we found that landscapes had some medium-intensity use parcels.
This is because species with intermediate responses require such parcels to meet population targets.
Both methods to set reference populations can be justified, but allowing for population maxima
occurring along the gradient of land-use intensity seems especially warranted where disturbance-

dependent species or farmland biodiversity are of conservation concern.

As with all modeling exercises, our model does not address all potential facets of complex
human-environment interactions. First, each species is given equal weight in our models, and in the
case where a manager chooses a number of species of equal importance, this may be a good
assumption. However, if species differ in the size of their home ranges, a weighting scheme may be
appropriate. Likewise, weighting endemics over non-endemic species might be appropriate. Second,
an omission of our model is the lack of spatial spillovers from one cell to another, which would make
the arrangement of landscape heterogeneity important (Lamb et al. 2016). In instances where
populations are dependent on individuals moving across cells, the spatial arrangement would impact
on population dynamics and viability. Third, our choice of optimization methods precludes the
important issues of food security, food sovereignty, and food justice; issues which may be of equal
importance as simply the amount of agricultural commodities produced. Likewise, the amount of food
produced is just one potential factor to be maximized. For instance, food quality, nutrient composition
or minimizing pesticide residues may also be worthwhile goals. Indeed, the very fact that we optimize
across only two variables (production and biodiversity) leaves out many important dimensions that
could be worthwhile to consider when aligning agriculture and biodiversity, such as human health and
pollution. Finally, we acknowledge that even though adding landscape heterogeneity to our model is
an improvement over past models, it still leaves out many potentially important dynamics such as

species population dynamics, habitat connectivity, interactions between species, climate change
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mitigation corridors, land degradation, and feedbacks between food production and food demand.
Finally, our model does not account for the potential for biodiversity itself to impact yields. While
prominent examples have been recently report, especially for the case of bees and pollination
(Garibaldi et al. 2014), this important component is left out primarily because the functional form of
this relationship has rarely quantified empirically and is taxa dependent (Bommarco et al. 2013),
although including this feedback in future work is a priority. Proxies of these desired-objectives
could be integrated in optimization exercises, where specific targets for each of them would further

constrain the analysis.

Landscapes are often heterogeneous in their capacity to produce agricultural output and
biodiversity, and our model demonstrates that considering landscape heterogeneity can lead to useful
and at times unintuitive results. For example, the assumption that farming is best for biodiversity
when it uses the most productive land may be problematic if that land is also valuable for species.
Similarly, our work highlights that in real-world situations with varying land capacity, oftentimes
neither pure sparing nor pure sharing strategies are the most beneficial to create co-benefits between
agriculture and biodiversity, unless one assumes that reference populations of species take place when
land use intensity is equal to zero. The relationship between land capacity for agriculture and
biodiversity requires further research efforts. It may well be the case that this relationship is variable
across landscapes and scales. Understanding the land capacity relationship is a needed step to
assessing the tradeoffs between agriculture and biodiversity to optimize landscapes, with several
successful applications now showing the power of such approaches (Polasky et al. 2005, 2008; Law et
al. 2017). More generally, we suggest a land management path that addresses not only the intensity at
which we should farm, but also focuses on finding areas that produce highest yield with the lowest

harm.
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Table 1. Comparison of production when species target of 10% of maximum population is
maintained under optimal landscape configuration, sparing configuration and sharing configuration

for various types of landscapes and the empirical species assemblage. Maximum production is 100 in

all landscapes when no species are conserved.

Relationship between landscape capacity and species capacity

Homo- Ag. Proportional | Reverse | Species | Species

genous Heterogeneity Positive | Negative
Optimization
with
Maximum 471 35.4 25.5 43.2 26.5 26.4
Population
baseline
Optimization
with Natural

60.4 439 32.7 49.8 34.1 33.9
Habitat '
Baseline
Production
using land
sharing ' ‘ ' No No No

No solution | No solution No solution _ _ _
method ‘ ‘ ) solution | solution | solution

‘ possible possible possible ‘ ‘ ‘
(Maximum possible | possible | possible
population
baseline)
Production
) 27.5 13.8 13.8 13.8 13.8 13.8

using land
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sharing
method
(Natural
Habitat

Baseline)

Production
using land
sparing
method
(Maximum
population

baseline)

No solution

possible

No solution

possible

No solution

possible

No
solution

possible

No
solution

possible

No
solution

possible

Production
using land
sparing
method
(Natural
Habitat

Baseline)

90

45

45

45

45

45
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Table 2. Number of cells spared (i.e., land-use intensity <0.01), number of cells shared (land-use

intensity between 0.01 and 0.99) and number of cells developed (land-use intensity >0.99) in

optimizations with 40% of each species maintained on the landscape.

Ag Species | Species
Homogenous | Heterogeneity | Proportional | Reverse | Positive | Negative

All Sparing Number of spared | 43 43 49 26 45 48

cells

Number of shared | 1 1 1 1 0 0

cells

Number of 56 56 50 73 55 52

developed cells

Total production 56 39 26 46 28 29
All Sharing Number of spared | O 3 0 2 0 0

cells

Number of shared | 100 52 100 27 96 100

cells

Number of 0 45 0 71 4 0

developed cells

Total production 72 43 37 48 37 38
Empirical Number of spared | 40 40 42 25 52 51
(Maximum cells
Population Number of shared | 45 40 47 37 37 37
Baseline) cells

Number of 15 20 11 38 11 12

developed cells

Total production 47 1 354 255 43.2 26.5 26.4
Empirical Number of spared | 40 40 38 24 53 57
(Natural cells
Habitat Number of shared | 0 0 1 1 1 0
Baseline) cells

Number of 60 60 61 75 46 43

developed cells
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Total production 60.4 43.9 32.7 | 49.8 | 34.1 | 33.9
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List of figures

Figure 1. Relationship between land-use intensity and species abundance for the empirical example.
Figure A uses the maximum population method to find the maximum population. Figure B uses the
natural habitat method. Note that in figure A the there are two intermediate curves that become
sparing curves in figure B.

Figure 2. Landscapes depicting six relationships between agricultural capacity and species capacity.
Darker colors indicate higher capacity, lighter values lower capacity. To make the relationships
between agricultural capacity and species capacity easier to visualize, we have arranged the parcels
with highest capacity agriculture in the lower right-hand corner. The results of the optimization is not
dependent on the spatial arrangement of the parcels.

Figure 3. Landscapes that maximize agricultural production while maintaining at least 40% of each
species population on the landscape. The landscapes represent all six relationships between

agricultural capacity and species capacity, as well as all three species assemblages
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