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A B S T R A C T

Conservation organizations increasingly target ecosystem services alongside biodiversity, yet it remains unclear
whether ecosystem service goals reinforce or detract from those for biodiversity. We assess tradeoffs between
biodiversity and ecosystem services and test the hypothesis that the severity of this tradeoff is a function the
breadth of taxa and ecosystem services targeted. We identify optimal conserved lands networks for four taxa,
four ecosystem services, and all possible combinations of each. We then assess the amount of biodiversity and
ecosystem service contained within each network, its conservation cost, and its overlap with every other net-
work. We find that overlap varies widely across individual ecosystem services and taxa, and that networks
targeting multiple services contain more biodiversity than networks targeting a single service. Safeguarding a
given amount of ecosystem service and biodiversity through joint optimization requires a 13% increase in
conservation budgets relative to achieving targets for biodiversity alone, and results in a 22% budget savings
relative to achieving targets for each though separate efforts. We conclude that including ecosystem services
goals alongside those for biodiversity is likely have a net positive impact on biodiversity, especially when a broad
suite of services are targeted.

1. Introduction

Supporting the wellbeing of a growing human population while
avoiding biodiversity loss is a central challenge of sustainable devel-
opment (ICSU, 2015; Millennium Ecosystem Assessment, 2005; Steffen
et al., 2015). Ecosystem services (ES) are the benefits that people derive
from nature (Daily, 1997; Millennium Ecosystem Assessment, 2005).
Development-driven environmental degradation is rapidly eroding both
biodiversity (Butchart et al., 2010; Ceballos et al., 2015; Newbold et al.,
2015; Pimm et al., 2014) and those ecosystem services whose value is
not captured in markets (Foley et al., 2005; Millennium Ecosystem
Assessment, 2005; Sutton et al., 2016). By making explicit the link
between the well-being of people and nature, ES have the potential to
serve as common ground for human development and conservation
(Millennium Ecosystem Assessment, 2005). As a result, conservation
organizations and governments are increasingly prioritizing ecosystem
services (Bateman et al., 2013; Donovan et al., 2015; Guerry et al.,

2015; Ruckelshaus et al., 2013).
How will an ES focus impact biodiversity? Considerable debate has

arisen among the conservation community over whether an ES ap-
proach is undercutting or bolstering traditional biodiversity goals
(McCauley, 2006; Reyers et al., 2012). On the one hand, the resources
once allocated specifically to protecting nature for its own sake are now
being used to protect the parts of nature that have the highest utility to
people. Although setting aside natural areas for ES conservation may
not have direct negative impacts on biodiversity (Reyers et al., 2012),
the financial resources for conservation are scarce- the money available
to do conservation is insufficient to reach biodiversity goals (Balmford
et al., 2003; Balmford and Whitten, 2003; Margules and Pressey, 2000;
McCarthy et al., 2012). Because targeting conservation towards ES will
capture less biodiversity than targeting biodiversity directly, tradeoffs
are inevitable under a constrained budget (Goldman et al., 2011;
Margules and Pressey, 2000; Naidoo et al., 2008). The human focus of
ES may increase support for conservation and the resources to protect
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natural areas (Goldman et al., 2011, 2008). The net effect of ES con-
servation on biodiversity thus hinges on two questions: (1) How much
less biodiversity is protected when conservation efforts target ES? and
(2) Does an ES focus sufficiently boost conservation budgets to com-
pensate for this difference?

The empirical evidence assessing the biodiversity benefits of eco-
system service conservation is mixed (Cardinale et al., 2012; Harrison
et al., 2014; Luck et al., 2009; Ricketts et al., 2016) despite a strong
body of evidence establishing a mechanistic link between biodiversity
and ecological function (Cardinale et al., 2012; Hooper et al., 2005;
Tilman et al., 2012). Analyses of spatial concordance have shown
promise of win–win situations in some cases (Bhagabati et al., 2014;
Egoh et al., 2009; Turner et al., 2007), that planning jointly for services
and diversity can facilitate achieving both targets with minimal in-
creases in cost (Bateman et al., 2013; Egoh et al., 2011), and that the
land use scenarios that perform best for ecosystem services also perform
well in terms of biodiversity (Bateman et al., 2013). Other assessments
warn that spatial overlap is low in many contexts (Naidoo et al., 2008),
or have find correlations that are positive but weak (Chan et al., 2006).

One reason that spatial concordance may vary among studies has to
do with the number of taxa and ES targeted. Priority areas for multiple
ES may have greater spatial coincidence with biodiversity than priority
areas for individual services. Functionally, increasing biodiversity ty-
pically has a saturating effect for any given ES, leveling off at relatively
low diversity levels (Schwartz et al., 2000; Srivastava and Vellend,
2005). However, if each ES is associated with a different set of species
that act as ecosystem service providers (Kremen, 2005), then greater
diversity is required to support a breadth of ES (Dee et al., 2017).
Secondly, places that are important in terms of multiple ES may capture
more biodiversity than “hotspots” for a single service if ES are weakly
correlated to each other (Egoh et al., 2009). For at least these two
reasons, biodiversity and ES may be more spatially coincident when
they are defined broadly in terms of many taxa and ES than when they
are defined narrowly as a single ES or taxon. We know of no effort that
explicitly tests this hypothesis.

Here we identify optimal networks of conserved lands for four
taxonomic groups, four ES, and all possible combinations of each in
Vermont, USA. We then assess the biodiversity and ES contained in
each network, its cost, and its spatial coincidence with each other
network. Based on this analysis, we address four questions crucial to
understanding the merit of conserving ES and biodiversity simulta-
neously:

Q1: To what extent do conservation networks targeting biodiversity
and ES overlap?
Q2: Does the degree of overlap increase as the number of taxa or ES
increases?
Q3: What is the added cost of networks that meet ES goals in ad-
dition to those for biodiversity?
Q4: What is the efficiency gain of integrating ES and biodiversity
goals within a single network, instead of conserving each sepa-
rately?

2. Methods

2.1. Overview

We identified optimal conservation networks given a budget con-
straint for four taxa (birds, mammals, reptiles, and amphibians), four ES
(flood mitigation, aboveground carbon storage, crop pollination, and
nature-based recreation), and all possible combinations of one to four
taxa and one to four ES. We then measured the overlap of the resulting
networks. This allowed us to assess the potential for conservation to
protect biodiversity and ES simultaneously, and the effect increasing
the number of ES on overlap.

To determine the additional cost of conserving ES alongside biodi-
versity, we set conservation targets for each ES and taxon and identified
conservation networks that could meet these targets at minimal cost.
We followed two different methods for including ES alongside biodi-
versity: “joint targeting,” implemented as a formal joint optimization of
ES and biodiversity, and “independent efforts” implemented as the
union of the single-factor optimizations for each. We compare the cost
of the optimal conservation network in the joint targeting method to
the cost of the single-factor optimization for biodiversity to determine
the budget increase needed to meet ES goals with no net loss of bio-
diversity. We compare the cost of the optimal conservation networks
from the joint targeting and independent efforts methods to assess the
cost efficiency of integrating ES within conservation planning for bio-
diversity.

2.2. Study system

We investigate these questions using Vermont, U.S.A. as a model
landscape. Vermont is a primarily forested state in the Northeastern
Highlands ecoregion (U.S. Environmental Protection Agency, 2013).
Prior to European settlement the state was 95% forested, however 75%
of the state’s forests had been cleared by 1850. These trends represent
those throughout USA’s northeastern region and many other developed
contexts where forest cover is increasing on former agricultural lands
(Turner, 2002). The northern hardwood forests of Vermont have since
recovered, primarily via natural afforestation of abandoned pasture-
lands, such that almost 80% of the state is forested today (Thompson
and Sorenson, 2005). Approximately 25% of Vermont’s landscape falls
under some level of protected status (Sonter et al. 2016), and the most
significant intuitions managing protected areas in Vermont are the U.S.
Forest Service, The Nature Conservancy, and the Vermont Land Trust
(Author’s own calculation, TNC, 2012, Fig. A1). Following the global
trend, many conservation organizations in the state have begun to in-
corporate ES into their missions and actions.

2.3. Data sources

We obtained species distributions from United States Geological
Survey’s GAP Dataset (U.S. Geological Survey Gap Analysis Program,
2011), which included 4 amphibian species, 194 birds, 26 mammals,
and 10 reptiles within the state of Vermont. We obtained published ES
maps for flood mitigation, nature-based recreation (Watson et al.,
2019), and crop pollination (Koh et al., 2016), as well as data on
aboveground carbon storage from remotely sensed data (Kellndorfer
et al., 2012). All datasets had a 30 m resolution.

We estimated the cost of conservation using a published index of
conservation costs (Watson et al., 2019) that used log-transformed land
costs as a proxy for conservation cost. We untransformed those values
to obtain approximate land values statewide. We expect land value to
generally represent the cost of public land acquisition, and to over-
estimate the cost of conservation in Vermont because most recent
conservation has occurred via the purchase of easements, which are
cheaper than acquiring land outright. Further, this dataset has a
~5 km2 resolution, and included urbanized areas that were likely to be
expensive, but unlikely to be conservation priorities. While we do not
expect land value to strictly represent conservation costs, it does re-
present the opportunity cost of alternative uses of the land. We do ex-
pect land values to scale with conservation costs, i.e. to represent dif-
ferences in the relative costs of conservation across space.

2.4. Identifying priority areas for conservation

We used the optimization program Marxan (Ball et al., 2009) to
identify optimal conserved lands networks, which we will refer to from
here forward as priority areas. Marxan uses simulated annealing to
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approximate optimal conserved lands networks that meet a conserva-
tion target at minimal cost. It does so by minimizing an objective
function that includes two terms: the cost of the conserved lands net-
work, and the shortfall of each conservation feature being targeted (in
our case, species and ES) relative to a user defined target for each
feature. The program also includes an optional cost-based stop rule – a
budget that cannot be exceeded (Ball et al., 2009). It produces two
different outputs that indicate conservation importance: the irreplace-
ability index, which is calculated as the number of runs in which a unit
was included in the optimal network, and the best conservation net-
work from all runs, where the best network is the one that minimizes
the following objective function:

= +

+

ObjFun Land Cost Protection target Protection achieved

Cost consraint

( )i imin

(1)

Where:

Land Cost= the monetary cost of conserving all hexagons within the
selected priority areas
i = the conservation features being targeted (in our case this in-
cluded birds, mammals, reptiles and amphibians, flood mitigation,
crop pollination, carbon storage, and nature-based recreation)
Protection target = the proportion of a conservation feature that the
optimization seeks to achieve.
Protection achieved = the proportion of a conservation feature held
within the selected priority areas.
= the “species penalty factor” for missing a conservation feature’s

protection target.
Cost constraint = a penalty for exceeding a user defined cost
threshold.

For each individual ES and taxon, and for all possible combinations
of two three, and four ES and taxa, we performed 500 iterative model
runs and approximate optimal conservation networks as the best net-
work from that set.

To assess overlap (questions 1 and 2), we created networks that
maximized value for each conservation feature (taxa and ES) given a
cost constraint such that all networks had approximately equal area. We
implemented this using the objective function above and implementing
a cost constraint that allowed for approximately 15% of the landscape
to be included within conserved lands networks. We set targets for each
conservation feature (50% of statewide value) that were impossible to
reach given that constraint, and set a cost constraint penalty high en-
ough that the optimal network never exceeded the cost constraint.

To determine the budget increase needed to include ES alongside
biodiversity and the efficiency gains of doing so (questions 3 and 4), we
also identified the least cost means of meeting conservation targets. We
implemented this by removing the cost constraint from the above ob-
jective function, and setting our conservation targets at twenty percent
of all habitat for non-threatened species, 40% of all habitat for threa-
tened or endangered species, and 40% of total statewide ES for each ES.
We set species penalty factors high enough that the optimal network
always met the conservation feature target. In other words, optimal
solutions had widely varying costs, but all met the target for every
conservation feature included. We calculated the total cost of each
network as the sum of the cost for all included units of analysis, and
compared the costs of networks that included ES to otherwise equiva-
lent networks that did not.

2.5. Quantifying overlap

We measured the overlap between any two networks as the ratio of
the area included in both networks to the mean area of the two

networks:

+A U A / ((A A )/2)ES BD ES BD (2)

Where:

AES is the area of the best network for ES
and ABD is the area of the best network for biodiversity

We calculate the null expectation of the area included in both net-
works (from (Chan et al., 2006)), as:

A A / AES BD Total (3)

Where:

ATotal is the combined area of all units of analysis

Finally, we compared the observed ratio (Eq. (2)) to the equivalent
ratio based on the null expectation:

+(A A /A ) / ((A A )/2)ES BD Total ES BD (4)

We calculated pairwise overlap between networks for all ES, taxa,
and their combinations. This resulted in 196 different overlap ratios.
Sample size was unevenly distributed for question 2 (Table A1).

3. Results

3.1. Question 1 – spatial coincidence of ES and biodiversity

The average pairwise overlap between an individual ES and an in-
dividual taxon is 47%. This is high compared to a null expectation but
lower than the 62% average overlap among taxa and the 49% average
overlap among ES (Fig. 1). Overlap varies widely across ES-taxa pairs
(Fig. 1b). Birds and reptiles overlap less with ES than do mammals and
amphibians. Flooding and pollination overlap less with biodiversity
than do recreation and carbon (Fig. 1b).

3.2. Question 2 – impact of the number of ES and biodiversity

The overlap between biodiversity and ES increases as the number of
ES used in defining priority areas increases (Fig. 2a). Overlap also in-
creases with the number of taxa up to three taxa, and then levels off
(Fig. 2a). These trends hold true for each ES (Fig. 2b) and taxon
(Fig. 2c) individually. The overlap between the best network for all four
ES with the best network for all four taxa is 60%.

3.3. Question 3 – the added cost of conserving ES

The cost of meeting all biodiversity targets was 3% of the summed
cost of all units of analysis (Fig. 3). This least-cost network included
39% of all units (most of the selected units were low-cost). Meeting all
ES targets required 2% of the summed cost of all units, and included
36% of all units.

Reaching targets for all four ES and taxa through joint targeting
required a 12% cost increase relative to meeting biodiversity targets
alone (Fig. 3). On average conserving a single ES in addition to a single
taxon through joint targeting had a 13% higher cost than only con-
serving a single taxon (Table A2). Across all pairwise combinations of a
single ES and a single taxon, this cost increase ranged from 0% to 83%.

3.4. Question 4 – the efficiency gain of joint targeting

Reaching targets for all four ES and all four taxa through joint tar-
geting was 22% less costly than reaching the same targets via separate
efforts (Fig. 3). On average, conserving a single ES in addition to a
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Fig. 1. A) Maps of irreplaceability indices for all ES and taxa individually, and their pairwise combinations. Priority areas for individual ES are shown in the first
column, and for each taxa in the first row. The top left panel depicts irreplaceability for all taxa and ES combined. B) Pairwise overlap of best networks, where the
shade of blue represents the degree of overlap C) Observed versus expected overlap between biodiversity and ecosystem services, compared with the overlap among
taxa and among ES.

Fig. 2. The effect of increasing the number of taxa and services used in defining biodiversity and ecosystem service priorities, respectively, on the overlap between
the best conservation networks for each.
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single taxon through joint targeting had a 15% lower cost than through
separate efforts (Table A2). Across all pairwise combinations of a single
ES and a single taxon, the efficiency gain ranged from 6% to 23%.

4. Discussion and conclusions

The spatial coincidence of biodiversity and ES is high on average,
but varies widely depending on the taxa and ES considered. Priority
areas for multiple ES contain high levels of biodiversity even when they
are selected without explicitly seeking a biodiversity benefit.
Furthermore, achieving ES goals within the framework of biodiversity
conservation is only 13% more costly than meeting biodiversity goals
alone, and is more cost efficient than achieving each goal separately.
Collectively, these results provide general support for conserving bio-
diversity and ES jointly, especially when multiple ES are targeted.

In Vermont the overlap of conservation priorities for ES and biodi-
versity is high relative to a null expectation (Fig. 1c); however, it varies
widely across service-taxa pairs (Fig. 1a, b). Similarly, the budget in-
crease needed to meet an ES target in addition to an existing taxonomic
target is 13% on average (Fig. 3), although for some service-taxa pairs,
a< 1% budget increase is required (e.g. for birds and recreation, or
reptiles and carbon), while others require the budget to nearly double
(e.g. amphibians and flooding) (Table A2). This heterogeneity indicates
that it is important for projects seeking to conserve specific taxa and ES
to assess the tradeoffs involved and identify potential win–win locations
on a project by project basis.

The overlap of biodiversity and ES increases with the number of ES
and taxa targeted (Fig. 3). This has important conservation implica-
tions: while projects that seek to safeguard a particular ES may not
protect much biodiversity in the process (Fig. 1, overlap as low as 0.16),
efforts to protect a broad suite of ES will likely protect more biodi-
versity even when biodiversity is not explicitly sought out (Fig. 3 ES
overlaps from 0.54 to 0.60). The 0.60 overlap between priority areas for
all four ES and taxa is comparable to the 0.62 average overlap between
taxa, indicating that in the case of Vermont conserving ES alongside
biodiversity presents tradeoffs no more severe than those already faced

by conservation organizations seeking to protect a diversity of taxa.
Yet some tradeoff is inevitable when increasing the number of

conservation objectives within a fixed budget (Goldman et al., 2011).
We estimate that meeting targets for ES and biodiversity is 13% more
costly than meeting biodiversity targets alone (Fig. 3). This implies that
a 13% increase in conservation budgets is needed to incorporate ES into
biodiversity conservation without negatively impacting biodiversity
outcomes. While we do not have evidence that this budgetary increase
has occurred, an increase of this size seems feasible. The inflation-ad-
justed annual revenue from contributions and grants for World Wildlife
Fund, The Nature Conservancy, Conservation International, and the
Wildlife Conservation Society rose 18% on average between fiscal years
2011 and 2015, the interval over which many of these organization
reframed their mission statements and actions to include ES. Although
it is not clear that this growth was driven by an ES framing, projects
that include ES have been shown to attract more than four times as
much funding as projects that do not (Goldman et al., 2008).

Given the mixed results within the biodiversity-ES literature, future
research investigating explicit hypotheses that explain why tradeoffs
are severe in some cases and moderate in others is warranted. Here we
test one of these, the number of ES and taxa targeted, for the first time.
We also provide an analytical framework for how this hypothesis and
others could be tested elsewhere, or even globally. The taxa and ES
involved, the budget constraint, landscape diversity, land use history,
and spatial scale and may all also have an effect on the degree of
overlap between biodiversity and ES. For example, forests in Vermont
are diverse, native-dominated stands of mixed hardwood deciduous
forests (Thompson and Sorenson, 2005). Overlap between biodiversity
and ES is likely to be lower where forests are non-native or highly
managed; we would not expect an equivalent degree of overlap be-
tween carbon storage and biodiversity for low diversity stands managed
for carbon storage or timber harvest. However, these types of forests
(while they may be highly effective in rapidly sequestering carbon) are
unlikely to supply high levels of a diverse suite of ecosystem services
(Lamb et al., 2005). In general, we expect that our finding that priority
areas targeting multiple services safeguard more biodiversity than those

Fig. 3. The monetary cost required to meet conservation targets for biodiversity, ecosystem services, and to achieve both by joint targeting and through separate
efforts. Cost is shown as a percentage of the total cost for all units of analysis.
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targeting a single service is likely to hold across a wide array of con-
texts.

Further research is needed to compile datasets of ES and biodi-
versity and test similar hypotheses across locations. This will allow for
the formation of generalizable conclusions about when tradeoffs will be
severe, and when they will be manageable. For example, conservation
costs partially explain why priorities for ES and biodiversity have
higher overlap than the null expectation in Vermont. While low-cost
areas will broadly represent opportunities to achieve a relatively high
return on investment for any conservation feature, this opportunity is
particularly large in Vermont because biodiversity varied less across
space than did the costs of conservation, thus cost was highly influential
in determining which units were included within priority areas. Within
our system, we found that those services whose value varies widely
across space (crop pollination and flood mitigation) have overall lower
overlap relative to those services that are more evenly distributed
across the landscape (recreation and carbon sequestration), in large
part because a relatively even distribution of ES value allows a cost
minimizing strategy to be highly effective (also see Watson et al..
2019). This implies that the distribution of conservation cost relative to
that of taxa and ES may predictably influence the severity of tradeoffs
between them (Fig. A2). Vermont is a small, relatively homogenous
state with many wide-ranged species. In places with high ecological
heterogeneity or endemism, or highly uneven demand for ES, priority
areas for biodiversity and ES may show a weaker response to con-
servation cost and thus less overlap with each other.

Several caveats warrant consideration in the interpretation of our
results and the implementation of our approach elsewhere. First, the
priority networks we present here were created for the purpose of
testing a generalizable hypothesis about the spatial relationship be-
tween biodiversity and ES. Further refinement of these priority areas
would be necessary before they could be instrumental in local con-
servation context. Secondly, the computational load of carrying out all
of the optimizations required for our analysis was significant. In prac-
tice this, and the need for common units of analysis across all ES and

taxa, limited the number and spatial scale of our planning units. In the
case of pollination and carbon storage we aggregated existing datasets
to fit our purpose. In the case of recreation and flood mitigation, other
planning units (parcels and watersheds) would be more informative in
practice, and the datasets we use are implemented in these units else-
where for other applications (Sonter et al., 2016; Koh et al., 2016).

Although there has been significant debate about whether ES should
compete with biodiversity for conservation resources (McCauley,
2006), ES are clearly critical to human well-being (Balmford et al.,
2002; MEA, 2005). Their value often exceeds the cost of protecting
them (Balmford et al., 2003, 2002), and we are losing them rapidly
(Costanza et al., 2014; Sutton et al., 2016). Even if biodiversity and ES
conservation represent distinct objectives (i.e., biodiversity per se vs.
human well-being), our analysis indicates that there are significant ef-
ficiency gains associated with pursuing them jointly. While there will
certainly be cases where stark tradeoffs occur between biodiversity and
ES, our results indicate that ES conservation is more likely to boost
biodiversity outcomes in Vermont than to undermine them.
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Appendices

Table A1
Sample size for overlap means.

1 Taxa (4 combinations) 2 Taxa (6 combinations) 3 Taxa (3 combinations) 4 Taxa (1 combination)

1 ES (4 combinations) n = 16 n = 24 n = 12 n = 4
2 ES (6 combinations) n = 24 n = 36 n = 18 n = 6
3 ES (3 combinations) n = 12 n = 18 n = 9 n = 3
4 ES (1 combination) n = 4 n = 6 n = 3 n = 1

Table A2
Costs required to meet targets for all pairwise combinations of one ES and one TG through joint targeting and through separate efforts.

Biodiversity only With flooding With carbon With recreation With pollination Mean cost with service Mean % increase in cost

(A) Cost of joint optimizations
Birds 1.713E+10 1.868E+10 1.745E+10 1.735E+10 1.903E+10 1.813E+10 6%
Mammals 1.334E+10 1.447E+10 1.332E+10 1.338E+10 1.572E+10 1.422E+10 7%
Reptiles 1.208E+10 1.459E+10 1.213E+10 1.213E+10 1.510E+10 1.349E+10 12%
Amphibians 6.489E+09 1.187E+10 7.350E+09 6.855E+09 1.160E+10 9.420E+09 45%

(B) Combined cost of separate efforts
Birds 1.713E+10 2.178E+10 1.876E+10 1.848E+10 2.361E+10 2.066E+10 21%
Mammals 1.334E+10 1.783E+10 1.458E+10 1.447E+10 2.039E+10 1.682E+10 26%
Reptiles 1.208E+10 1.747E+10 1.405E+10 1.387E+10 1.967E+10 1.627E+10 35%
Amphibians 6.489E+09 1.315E+10 8.956E+09 8.916E+09 1.480E+10 1.146E+10 77%
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