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Summary

Conservation organizations often need to develop risk-diversification strategies that identify
not just what species to protect but also where to protect them. The objective of this research
is to identify optimal conservation investment allocations for both target sites and species under
conditions of uncertainty. We develop a two-step approach using modern portfolio theory
(MPT) to estimate percentages of conservation investment (referred to as ‘portfolio weights’)
for counties and taxonomic groups in the central and southern Appalachian region under
climate and market uncertainties. The portfolio weights across the counties and taxonomic
groups from the two steps entail both spatial and taxonomic diversification strategies.
Conservation decisions that allow for selecting sites for risk diversification fit the purpose of
the first step. Likewise, conservation investments that benefit the biodiversity of particular
taxonomic groups for the selected sites are made based on the relative importance of
diversifying risk among species in a given area, fitting the purpose of the second step.
The two-step MPT approach as a whole allows the greatest flexibility on where and what
to protect for conservation investment under uncertainty, and thus would be applicable for
the distribution of general conservation funds without predisposition towards protecting
either specific sites or species.

Introduction

Biodiversity is under threat because of the loss, modification and fragmentation of habitats
caused by land development and climate change (Northrup et al. 2019, Power & Jetz 2019).
Land development for human use has induced high rates of extinction and decreased biodiver-
sity as native vegetation that serves as habitat is often removed during urbanization, which is one
of the main reasons for land development (Chemini & Rizzoli 2014). For example, the diversity
of native bird species in urban areas is largely dependent on the amount of native vegetation
present (Dale 2018). The expansion of land development causes changes in habitat configura-
tion and connectivity and thus has serious ramifications for biodiversity (Bai et al. 2019).
Anthropogenic climate change is anothermajor threat to biodiversity. Many species have shifted
their geographical ranges towards higher latitudes and elevations in the Northern Hemisphere
as a result of global warming (Chen et al. 2010). The geographical ranges of species of conser-
vation concern are projected to be further affected by climate change in the future (Moritz &
Agudo 2013). A meta-analysis of 133 studies covering 120 threatened terrestrial mammal spe-
cies and 569 threatened bird species across four continents concluded that 47% of the mammals
and 23% of the birds had been negatively affected by climate change in at least part of their
distribution (Pacifici et al. 2017).

In response to the threats that land development and climate change pose to biodiversity,
considerable interest has focused on allocating conservation investments towards habitat
protection in order to mitigate the loss of biodiversity (Scroggie et al. 2019). For example,
payments for ecosystem services to private landowners as compensation for supporting bio-
diversity conservation have gained popularity (Salzman et al. 2018). Conservation invest-
ment in habitat protection to promote biodiversity typically focuses on identifying either
species or sites to protect (Cuesta et al. 2017, Boland & Burwell 2020). Regardless of its
aim, habitat protection tends to be controversial, mainly because of uncertainties about
the costs and benefits associated with it. Land development is a critical source of uncertainty,
as it depends on real-estate market fluctuations that influence the costs of conservation
investment (Cho et al. 2018). Climate uncertainty is also important for conservation invest-
ment decisions, as climate change poses an increasingly imminent threat to biodiversity
benefits at multiple scales (Urban 2015).

Modern portfolio theory (MPT) has receivedmuch attention as a risk-diversification strategy
for constructing efficient portfolios of species (Koellner & Schmitz 2006, Sanchirico et al. 2008,
Moore et al. 2010, Schindler et al. 2010, Anderson et al. 2014) or of sites (Ando &Mallory 2012,
Mallory & Ando 2014, Shah et al. 2017, Beyer et al. 2018, Eaton et al. 2019, Vinent et al. 2019).
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The tool is commonly used to integrate market fluctuations related
to conservation costs, climate uncertainties related to conservation
benefits or both (Ando et al. 2018). For example, Koellner and
Schmitz (2006) illustrate how to handle biodiversity portfolios
in ways that manage performance risk by highlighting how
the diversity of temperate grassland species has a substantial
positive impact on another important ecosystem service: the
risk-adjusted yield of biomass. Beyer et al. (2018) apply MPT
to identify a global portfolio of habitats for guiding conservation
action and strategic investment for coral reefs under rapid cli-
mate change. Sharma and Cho (2020) adopt MPT to identify a
cost-efficient budget distribution for forest protection focused
on carbon storage in eight states in the central and southern
Appalachian region.

The separate branches of the literature on efficient portfolio
analysis for species or sites are helpful for developing conservation
investment programmes that focus on protecting either species or
sites under uncertainty. Despite the merits of MPT, its applications
to conservation investment decisions to date have had a major
downside: they have only dealt with a single-dimension optimal
solution, seeking either to protect species or to protect sites but
not both. However, conservation organizations often want to iden-
tify not just what species to protect but also where to protect them
as a risk-diversification strategy. For example, conservation organ-
izations often evaluate which species are most in need of conser-
vation as well as which sites can be protected most effectively. Even
given these practical needs, studies that deal with both dimensions
of conservation decision-making under uncertainty are absent
from the literature.

The objective of this research is to identify optimal conservation
investment allocations for target regions and species within
those regions under uncertain conditions. We develop a two-
step approach using MPT to estimate an investment portfolio
represented by percentages of conservation investment allo-
cated to counties and taxonomic groups (referred to as ‘portfolio
weights’) in the central and southern Appalachian region (see
Supplementary Fig. S1, available online) under climate andmar-
ket uncertainties. In the first step, optimal target counties are
identified and corresponding portfolio weights for biodiversity
protection are estimated at four portfolio risk-tolerance levels
represented by the standard deviation of expected return on
investment (ROI). The four sets of portfolio weights indicate
optimal percentages of budget allocation at the county level
for the protection of overall biodiversity at four different risk-
tolerance levels. In the second step, taxonomic group portfolio
weights are estimated for each individual target county chosen
at each risk-tolerance level in the first step. The taxonomic
group portfolio weights indicate optimal percentages of
budget allocation that benefit the biodiversity of four particular
taxonomic groups for each individual target county.

The sequence of the two steps is determined based on the
assumption that the first step finds the risk diversification strat-
egy that focuses on spatial targeting (referred to as ‘spatial diver-
sification’) for overall biodiversity protection and the second step
determines the risk diversification strategy (referred to as ‘taxo-
nomic diversification’) that optimally distributes county-level
investment shares from the first step among specific taxonomic
groups. The two-step MPT approach as a whole is critical because
spatial diversification in the first step does not isolate specific
amounts of conservation investment tailored to specific taxo-
nomic groups, while the second step lacks the spatial diversifica-
tion component.

Methods

In the first step of theMPT approach, we used the expected county-
level ROIs of biodiversity conservation for protecting 258 forest-
dependent vertebrates that are of policy concern at the county level.
In the second-step, we used the expected ROIs of four taxonomic
groups (i.e., amphibians, birds, mammals and reptiles) in each of
the first step’s optimally selected counties. We chose 2050 as a
future timeframe for the modelling because it is far enough into
the future to allow climate and market uncertainties to influence
benefits and costs. The species benefits for the expected ROIs of
biodiversity and of taxonomic groups were calculated by estimat-
ing future species distributions using species distribution models
(see Section S1 for details of how future species distributions were
predicted).

The conservation costs for the expected ROIs were specified by
urban return minus forestland return (referred to as ‘relative
opportunity cost’) under the assumption that urban development
is the dominant competing land use for forestland. The relative
opportunity cost considers the cost of avoiding the conversion
of unprotected forestland to urban land. The assumption is made
based on evidence that urbanization and land fragmentation pre-
dominantly change the spatial structure of forest landscapes in the
study region (Wear & Greis 2013, Keyser et al. 2014). For example,
urbanization-driven forest loss centres on the Cumberland Plateau
region (Keyser et al. 2014). To predict the forest landowners’ rel-
ative opportunity costs, we needed forecasts of annualized forest
and urban returns (see Section S2 for details of how relative oppor-
tunity costs were predicted).

Our cost estimate represented by relative opportunity cost
reflects the cost of avoiding forestland conversion and does not
consider the costs of ongoing management associated with main-
taining conservation benefits. Consequently, we do not differenti-
ate among the costs of protecting different taxonomic groups,
which could vary among the groups, and thus the costs are differ-
ent across counties, but within a county they are the same for the
four groups. Nevertheless, Gordon et al. (2020) found no sta-
tistically significant differences in total (or mean) species recovery
costs among vertebrate taxonomic groups. Thus, these costs are
likely to have small differences among vertebrate taxonomic
groups, leading us to focus on the costs of avoiding conversion,
which also is the most straightforward to generalize to a taxonomic
group.

We estimated the expected ROIs for individual species for each
county in 2050 by using their future benefit measures and relative
opportunity costs (see Section S3 for details of how expected ROIs
were estimated). We aggregated the expected ROIs of 258 forest-
dependent vertebrates into one expected ROI for overall biodiver-
sity conservation at the county level for 193 of 246 total counties in
the study region. The 193 counties remained after filtering out con-
solidated city-counties and counties that do not face urban devel-
opment pressures (see Fig. S1). Then, we specified the 193 counties
as potential conservation targets in the first step, where portfolio
weights were determined representing optimal percentages of con-
servation investment for overall biodiversity across counties at four
risk-tolerance levels. In the second step, we selected counties with
positive portfolio weights assigned in the first step at four risk-tol-
erance levels and determined portfolio weights for the protection
of four taxonomic groups for each individual county selected. By
focusing on counties with positive portfolio weights in the first step
to determine portfolio weights for taxonomic groups in the second
step, we implicitly assume that counties with non-positive weights
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in the first step are excluded from spatial and taxonomic diversi-
fication strategies because they are of no consequence for those.

The following subsection provides a description of how we used
the scenario-specific expected ROIs (see Section S4 for details of
scenario design) to derive efficient portfolios for each step of
our MPT approach (see Fig. S2 for a schematic diagram of the
empirical framework and their related scenarios).

MPT framework

For simplicity, we offer a single MPT framework below because the
same MPT framework was applied in both steps of the two-step
approach. Under climate and market uncertainties, the MPT
framework determines the optimal portfolio weight wi for an asset
i byminimizing the portfolio’s variance σ2P for a particular portfolio
P of assets, conditional on the weights that achieve a target level of
the portfolio’s expected ROI, �P , as follows:

Minw : σ2p ¼ wTΩw (1)

subject to

wT� ¼ �P (2)

wT1 ¼ 1 (3)

where w is an n� 1 vector of optimal portfolio weights wi, wT is a
1� n vector transpose of w, Ω is an n� n variance–covariance
matrix and σ2P is the portfolio’s variance, which is the variance
of the weighted sum of the expected ROIs of assets (i.e., counties
in the first step and taxonomic groups in the second step). The vari-
ance of an asset i is calculated as σ2i ¼

P
s2S ris � �ið Þ2ps 8i 2 n, in

which �i is the expected ROI of asset i under all climate andmarket
scenarios and is equal to

P
s2S risps 8i 2 n, ris is the ROI of asset i in

scenario s and ps is the probability of scenario s occurring.
The optimal solutions from the second step of the two-step

approach may yield zero or extremely small portfolio weights
for any of the four taxonomic groups within a selected county indi-
cating zero or an extremely small percentage of the budget being
allocated to the target taxonomic group. This possibility is con-
cerning since it implies that taxonomic groups are completely fun-
gible, which would inevitably lead to poor ecological outcomes if an
entire taxonomic group of a selected county were lost following
such recommendations. Thus, we ran an alternative second step
that constrains the portfolio weights required for each taxonomic
group within each selected county to aminimum of 10%. Although
we mainly discuss the portfolio weights of the second step without
the 10% constraint in the ‘Results’ and ‘Discussion’ sections, we
briefly comment on the alternative outcome as a sensitivity analysis
in the Supplementary Material. We note that changes in the port-
folio weights triggered by the constraint can bemostly explained by
the covariance structure among taxonomic groups (see Section S6
and Table S3 for detailed outcomes).

Consistent with a uniform prior on climate and market uncer-
tainty, we assumed an equal probability of each scenario by setting
ps to be the inverse of the number of the scenarios. Optimal port-
folio weights w were obtained by solving minimization problems
for both steps. We derived an efficient portfolio frontier by con-
necting the coordinates between aggregated expected ROIs and
their standard deviations at 100 different points. While an infinite
number of points could be chosen, the 100 points were arbitrarily
selected for a given portfolio frontier with equal intervals between

the points (i.e., a single portfolio frontier for targeting overall bio-
diversity and different numbers of portfolio frontiers for targeting
specific taxonomic groups for the selected counties at the different
risk levels). The optimal portfolio frontiers were converted to maps
and pie charts that illustrate how conservation organizations with
various risk tolerances can optimally distribute the portfolio
weights of each target county for overall biodiversity and the port-
folio weights for each taxonomic group given the optimally
selected counties.

For illustrative purposes, we assumed risk tolerances of conser-
vation organizations to be represented by four standard deviations:
5 percentage points above the minimum standard deviation
(referred to as ‘5% risk tolerance’); 15 percentage points above
the minimum standard deviation (referred to as ‘15% risk toler-
ance’); 25 percentage points above the minimum standard
deviation (referred to as ‘25% risk tolerance’); and maximum stan-
dard deviation (referred to as ‘maximum risk tolerance’). We
focused on the portfolios with various risk options as MPT is com-
monly used to identify diverse portfolios that reduce risk by differ-
ent amounts (Schuster et al. 2020). We assumed that the risk
tolerances of conservation organizations are consistent across both
steps. For example, a conservation organization evaluating spatial
diversification in the first step at maximum risk tolerance would
use the same risk tolerance in evaluating taxonomic diversification
in the second step.

The product of the portfolio weights from the two steps offers
the optimal portfolio weight of a taxonomic group in a selected
county for a given risk tolerance. Using these weights and a hypo-
thetical total budget of US$1 million, we calculated how much of
the investment budget to optimally distribute to each county for
the biodiversity of the particular taxonomic group for each risk
tolerance.

Results

Figures 1 and S3, respectively, show the mean standard deviation
relationships for the portfolio frontier from the first step (spatial
diversification of biodiversity) and 12 portfolio frontiers (i.e., five
counties at 5% risk tolerance, three counties at 15% risk tolerance,
three counties at 25% risk tolerance and one county at maximum
risk tolerance) from the second step (taxonomic diversification),
given the selected counties from the first step at these risk toleran-
ces. As Clay County (AL), Wolfe County (AL), Preston County
(WV) and Coosa County (AL) were selected at more than a single
risk tolerance in the first step, 8 of the 12 portfolio frontiers in the
second step are unique. All portfolio frontiers consistently show a
concave relationship between the expected ROI and its standard
deviation (risk), reflecting an increase in the risk–return trade-
off (i.e., the potential sacrifice in the expected ROI for a given
decrease in its standard deviation towards the origin) affected by
the covariance structure across counties and taxonomic groups.
The relevant meanings and implications of the rates of changes
in the slopes of the efficient frontiers are provided in Section S5.

Table 1 and Fig. 2a–d show the optimal portfolio weights under
the four risk tolerances for the portfolio frontier from the first step
shown in Fig. 1. The portfolio weights generally indicate that the
lower the risk tolerance, the greater the number of counties
assigned portfolio weights, which is consistent with a risk-diversi-
fication pattern. The findings suggest that the target counties are
conditional on risk tolerance. For example, the counties with the
two highest portfolio weights are: (1) Preston County (WV) and
Leslie County (KY) at 5% risk tolerance; (2) Wolfe County (KY)
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and Preston County (WV) at 15% risk tolerance; and (3) Wolfe
County (KY) and Clay County (AL) at 25% risk tolerance. The
county with the highest portfolio weight is Coosa County (AL)
at maximum risk tolerance. The portfolio weights at lower risk tol-
erances versus higher risk tolerances are dictated by the differences
in expected ROIs among selected counties, their standard devia-
tions and the covariances across the ROIs under different future
climate and market scenarios.

Specifically, the expected ROIs and their standard deviations for
the counties selected in the first step to be consistently lower at
lower risk tolerances. For example, the five counties selected at
5% risk tolerance had a 76% lower average expected ROI and an
87% lower average standard deviation than the single county
selected at maximum risk tolerance (see Table S1 for the averages
and standard deviations for target counties under different risk tol-
erances). In addition, selected counties for portfolios at lower risk
tolerances tend to have lower covariances across the ROIs under
different climate and market scenarios. For example, the average

pairwise covariance among the selected counties for the portfolio
at 5% risk tolerance (i.e., Clay County (AL), Jackson County (KY),
Leslie County (KY), Wolfe County (KY) and Preston County
(WV))was 0.000078, while the average covariance among the selected
counties for the portfolio at 25% risk tolerance (i.e., Clay County (AL),
Coosa County (AL) and Wolfe County (KY)) was 0.0015561, which
was 181% greater than the value for 5% risk tolerance.

The optimal portfolio weights for the four taxonomic groups
from the second step, given a specific risk tolerance and the
selected counties from the first step (Table 1 & Fig. 3a–d), indicate
that the target taxonomic groups are conditional on the selected
counties as well as the risk tolerance. The portfolio weights for
the four taxonomic groups varied considerably across the counties
for the same risk tolerance. For example, at 5% risk tolerance, more
than 40% of portfolio weights were assigned to the mammal group
in Leslie County (KY) and Wolfe County (KY), whereas only 15%
of portfolio weights were assigned to themammal group in Preston
County (WV) (see Fig. 3a for the maps and pie charts of the port-
folio weights and the locations of the counties). The difference is
triggered by differences in the expected ROIs and standard devia-
tions for the same taxonomic group across the counties. For exam-
ple, at 5% risk tolerance, themammal group had the lowest expected
ROIs and standard deviations in Leslie County (KY) and Wolfe
County (KY), while the same mammal group had the highest
expected ROI and standard deviation in Preston County (WV).
These findings suggest that conservation organizationsmay take dif-
ferent conservation strategies for taxonomic diversification in differ-
ent counties even for a given decrease in risk tolerance, depending
on the counties’ expected ROIs and standard deviations.

Likewise, the portfolio weights for the four taxonomic
groups varied considerably across risk tolerances for a given
county. For example, at 5% risk tolerance in Clay County (AL),
portfolio weights of 4%, 12%, 76% and 8% were assigned to
amphibian, bird, mammal and reptile groups, respectively, while
at 25% risk tolerance, portfolio weights of 7%, 54%, 0% and
38% were assigned to those taxonomic groups, respectively (see
Fig. 3b–d for the maps and pie charts of the portfolio weights
and the locations of the counties). These findings suggest that con-
servation organizations can adjust conservation investments that
benefit the biodiversity of the four taxonomic groups in a particular
county to accommodate the level of risk that they can endure based
on the taxonomic groups’ expected ROIs and standard deviations
in that county. For example, since the mammal group had the

Table 1. Portfolio weights for the counties selected in the first step of our modern portfolio theory approach (referred to as ‘Portfolio weights 1’), portfolio weights for
the four taxonomic groups in the second step of our modern portfolio theory approach (referred to as ‘Portfolio weights 2’) and the portion of total budget optimally
distributed to the counties for the conservation investments that benefit the biodiversity of particular taxonomic groups under four risk tolerances using a hypothetical
total budget of US$1 million (referred to as ‘Optimal budget distribution of US$1 million’).

Risk tolerance County
Portfolio
weight 1

Portfolio weight 2 Optimal budget distribution of US$1 million

Amphibian Bird Mammal Reptile Amphibian Bird Mammal Reptile

5% Clay (AL) 5% 4% 12% 76% 8% $2140 $6019 $37 048 $3780
Jackson (KY) 18% 30% 6% 44% 19% $53 156 $11 376 $77 932 $33 837
Leslie (KY) 25% 29% 12% 49% 10% $72 422 $29 292 $123 107 $24 407
Wolfe (KY) 3% 10% 10% 49% 32% $3214 $3303 $16 537 $10 696
Preston (WV) 49% 28% 29% 15% 27% $137 863 $144 630 $74 747 $134 492

15% Clay (AL) 21% 7% 46% 29% 18% $14 759 $96 803 $61 695 $38 967
Wolfe (KY) 53% 12% 20% 28% 39% $65 594 $108 451 $149 292 $206 784
Preston (WV) 26% 33% 36% 22% 10% $85 192 $91 780 $55 800 $24 882

25% Clay (AL) 13% 7% 54% 0% 38% $9514 $70 612 $0 $50 073
Coosa (AL) 6% 5% 43% 38% 14% $3284 $26 510 $23 742 $8837
Wolfe (KY) 81% 15% 29% 12% 45% $118 073 $233 199 $94 574 $361 582

Maximum Coosa (AL) 100% 100% 0% 0% 0% $1 000 000 $0 $0 $0
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Fig. 1. Mean standard deviation relationships for the portfolio frontier from the first
step of our modern portfolio theory approach (spatial diversification of overall biodi-
versity). ROI = return on investment.
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lowest expected ROI and standard deviation in Clay County (AL),
at 5% risk tolerance most portfolio weight was assigned to the
mammal group in that county, while at 25% risk-tolerance most
portfolio weight was assigned to the taxonomic groups with the
second-lowest and third-lowest expected ROIs: bird and reptile
groups (see Table S1 for the expected ROIs and standard deviations
for the four taxonomic groups in selected counties under the four
risk tolerances). Moreover, the overall allocation of the conserva-
tion budget among the taxonomic groups varied across risk toler-
ances. For example, at 5% risk tolerance, portfolio weights of 33%,
27%, 21% and 19%were assigned to amphibian, bird, mammal and
reptile groups, respectively, while at maximum risk tolerance, port-
folio weights of 100%, 0%, 0% and 0% were assigned to the respec-
tive taxonomic groups (see Fig. 3a & d for the bar graphs for the
overall portfolio weights for each taxonomic group). These find-
ings suggest that conservation organizations’ investments for each
taxonomic group can be modified to fit their risk tolerances.

Table 1 also summarizes the amounts of the total budget opti-
mally distributed to the counties for conservation investments that
benefit the biodiversity of particular taxonomic groups using
the product of the portfolio weights from the two steps and a hypo-
thetical total budget of US$1 million. At 5% risk tolerance in
Preston County (WV), the largest percentage of the budget
(29% of the total budget allocated to that county) targeted
US$144 630 to benefit the biodiversity of the bird group, whereas

at 25% risk tolerance inWolfe County (KY), the largest percentage
of the budget (44%) targeted US$361 582 to benefit the biodiversity
of the reptile group. These findings and overall numbers suggest
that increases in risk tolerance expand the optimal budget for con-
servation investment to protect a particular taxonomic group in a
selected county or vice versa.

Allocating funds to a particular taxonomic group in a given
county would increase the expected number of species in the
county. We report the subsequent increases in expected numbers
of species in Table 2 corresponding to the optimal budget distri-
bution in Table 1. The values are estimated bymultiplying the aver-
age ROI for each taxonomic group reported in Table S1 with the
budget allocated to the corresponding taxonomic group reported
in Table 1. The values in the table show the average increases in the
numbers of species when the optimal budget amount is invested in
a specified county. These average benefit estimates reflect an over-
all baseline assumption in which each scenario associated with cli-
mate, market and economic growth rate is given uniform (or equal)
probability. Therefore, this finding implies that the projected value
is not directly linked to any specific scenario, any specialized con-
servation action or any ongoing management associated with
maintaining conservation benefits. Instead, it is simply the average
of the change in the number of species conserved as the consequence
of reversing urban growth resulting from land protection invest-
ments based on the future species’ distributions and future

(a) (b)

(c) (d)

Fig. 2. The optimal portfolio weights (pw) for
the counties selected in the first step of our
modern portfolio theory approach at 5%, 15%,
25% and maximum risk tolerances represented
by the four vertical lines in Fig. 1.

176 Nawon Kang et al.

https://doi.org/10.1017/S0376892922000194 Published online by Cambridge University Press

https://doi.org/10.1017/S0376892922000194
https://doi.org/10.1017/S0376892922000194
https://doi.org/10.1017/S0376892922000194


conservation costs. Hence, the budget allocations from the second
step are assumed to be the amounts of the total budget optimally
distributed to the counties for conservation investments benefitting
the biodiversity of particular taxonomic groups for each county.

Because of the considerable differences in the expected ROIs
across species and counties (Table S1), the amount of optimal
budget allocated to a county does not linearly increase the expected
number of species (see Table 2 for increases in expected numbers of
species by county). For example, the 65% of the total budget for the
reptile taxonomic group (i.e., US$134 492 out of US$207 212) opti-
mally allocated to Preston County (WV) at 5% risk tolerance yields
37% of the total increase in expected number of species for the rep-
tile taxonomic group. By contrast, only 5% of total budget for the
reptile taxonomic group (i.e., US$10 696 out of US$207 212) opti-
mally allocated to Wolfe County (KY) at 5% risk tolerance yields
17% of the total increase in expected number of species for the rep-
tile taxonomic group. This comparison suggests that the conserva-
tion investment for the reptile group is more cost efficient inWolfe
County (KY) than in Preston County (WV). These findings imply
that conservation organizations may target Wolfe County (KY)

over Preston County (WV) if they want to focus on improving
the biodiversity of the reptile group.

Discussion

We developed a two-step approach usingMPT that estimates port-
folio weights for counties and taxonomic groups based on the cen-
tral and southern Appalachian region under climate and market
uncertainties. The portfolio weights across the counties and taxo-
nomic groups from the two steps entail a combined spatial and
taxonomic diversification strategies.

Our three main results of spatial, taxonomic and combined spa-
tial and taxonomic diversification strategies each have their own
unique implications for conservation organizations with differing
goals and conditions. For example, a species threat abatement and
restoration (STAR)metric developed by the International Union for
Conservation of Nature (IUCN) Species Survival Commission
quantifies the contributions of specific conservation and restoration
actions in specific locations for terrestrial amphibians, birds and
mammals (IUCN 2021a). The STAR metric supports conservation

(a) – 5% risk tolerance (b) – 15% risk tolerance

(c) – 25% risk tolerance (d) – Maximum risk tolerance

.                

Amphibian Bird Mammal Reptile

Selected counties 193 counties

Filtered out counties (city-counties or counties without urban development pressure)

Preston (WV)

Wolfe (KY)

Leslie (KY)

Jackson (KY)

Clay (AL) Clay (AL)

Wolfe (KY)

Preston (WV)

Clay (AL)

Coosa (AL)

Wolfe (KY)

Coosa (AL)

0%
0%
0%

100%

42%
12%

33%
13%

27%
27%
30%

17%

21%
33%

19%
27%

Fig. 3. Portfolio weights for the four taxonomic
groups identified in the second step of our
modern portfolio theory approach in the
counties selected in the first step of our modern
portfolio theory approach at 5%, 15%, 25% and
maximum risk tolerances. Bar graphs in the top-
left corner of each map show the overall portfo-
lio weights for each taxonomic group at each risk
tolerance.
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organizations and agencies in identifying geographical targets for the
protection of overall biodiversity by summing STARmetrics among
taxonomic groups. By applying the STAR metric instead of the
expected ROI to the first step, portfolios of target sites for biodiver-
sity can be created to help improve spatial diversification.

Conservation organizations also often develop lists of species in
different threat categories for protective measures in a priority site.
For example, the IUCN (2021b) reports the Mediterranean Red
List of Species that informs on the threat status of species in the
Mediterranean Basin, which is the second largest biodiversity hot-
spot globally. The probability of extinction is one of the main attrib-
utes that determines towhich of the nine different threat categories a
species is assigned (IUCN 2012). Accounting for the impact of cli-
mate change on population decline by developing models of biocli-
matic habitat or population dynamics is encouraged in assessing
species for the IUCN Red Lists (IUCN Standards and Petitions
Committee 2019). While the effects of climate change on species
are analysed using various model outputs under different future cli-
mate scenarios, the scenario-specific models cannot help with the
identification of portfolios of threatened species that can diversify
climate and other types of risk. Thus, the application of our second
step to the Mediterranean Red List to develop diversified conserva-
tion investments that benefit the biodiversity of particular taxo-
nomic groups is critically needed.

Conservation organizations also often want to identify both tar-
get sites and species under conditions of uncertainty. For example,
Global Conservation Fund (GCF 2021), which helps design and
support sustainable financing mechanisms, is intended to protect
the natural areas that are most essential to human well-being with-
out predisposition towards protecting either specific sites or spe-
cies. Because of this flexibility, the GCF is a suitable candidate
for the application of the two-step MPT approach, which can sug-
gest spatial portfolios that are also tailored for diversifying conser-
vation investments that benefit the biodiversity of particular
species or taxonomic groups.

Despite our study’s contribution, we offer several caveats. Our
empirical model is framed at the county and taxonomic group lev-
els, whereas conservation decision-making is often made at finer
individual parcel and species levels. We are capable of creating
binary suitability layers for individual species at the 1-km2 pixel
level; however, establishing cost data at this scale for a large study

area is challenging because of the difficulty of obtaining consistent
cost data that are composed of returns from both urban and forest-
land at such a fine scale. With those data available, future research
could explore the two-step MPT approach at the individual parcel
or site level and/or the individual species level to provide more
refined policy implications. This kind of framework would require
switching from optimally solving for continuous portfolio weights
for budget allocations across counties and taxonomic groups to
binary decisions for specific parcel sites for conservation invest-
ment targeting individual species’ biodiversity. In addition, such
a revised framework would need to include considerations that
are relevant at the parcel or site scale, such as species connectivity
and adjacency to other protected sites.

The use of county-level relative opportunity costs to proxy con-
servation costs for the four taxonomic groups within a county in
the second step of the MPT approach is another limitation of our
study if such costs are similar across counties. The reason for this
is that this approach does not incorporate differences in cost asso-
ciated with conservation actions or any ongoing management asso-
ciated with maintaining the conservation benefits for each
taxonomic group. Such differences in cost are important to consider
in a taxonomic diversification strategy for cases where the relative
opportunity cost is similar across counties because some taxonomic
groups are more expensive to conserve, especially if they require
intensive actions. For example, nest boxes may be needed to con-
serve some bird groups, while predator exclusion fencing may be
necessary for the effective protection of some mammal groups,
and such costs are drastically different and become a significantly
different component of total cost if the relative opportunity cost
is similar. In short, an analysis that considers the costs of ongoing
management associated with maintaining conservation benefits or
of conservation activities would probably need to be done on a spe-
cies-by-species or taxonomic group-by-taxonomic group basis for
cases where the relative opportunity cost is similar across counties.

Conclusion

The optimal portfolio weights for the counties and taxonomic
groups from our two-step approach offer risk-diversification infor-
mation to help conservation organizations determine which taxo-
nomic groups to protect in which counties and the shares of the
total investment budget to allocate for given market and climate
risk levels. Furthermore, our two-step MPT approach can identify
different optimal target counties and taxonomic groups along a
continuum of assumed risk levels. These optimal risk diversifica-
tion strategies can be presented to conservation organizations,
who can then choose a strategy that matches their risk tolerances.
The outcomes from each step of this approach have vital impli-
cations in their own rights. For example, conservation decisions
that allow for selecting sites for risk diversification fit the purpose
of the first step of our MPT approach. Likewise, conservation
investments that benefit the biodiversity of particular species
for a selected site are made based on the relative importance
among species of diversifying risk in that site, fitting the purpose
of the second step of our MPT approach. The two-step MPT
approach as a whole allows the greatest flexibility regarding
where and what to protect for conservation investment under
uncertainty and thus would be applicable for the distribution
of general conservation funds without prior motivation to protect
either specific sites or species.

Table 2. Subsequent increases in expected numbers of species corresponding
to the optimal budget distribution in Table 1. The values show the average
increases in the numbers of species persisting when the optimal budget
amount is invested in a specified county.

Risk
tolerance

County Amphibian Bird Mammal Reptile

5% Clay (AL) 0.0000 0.0001 0.0002 0.0001
Jackson (KY) 0.0004 0.0001 0.0002 0.0002
Leslie (KY) 0.0006 0.0002 0.0004 0.0001
Wolfe (KY) 0.0001 0.0000 0.0001 0.0001
Preston (WV) 0.0008 0.0007 0.0004 0.0003

15% Clay (AL) 0.0002 0.0008 0.0003 0.0005
Wolfe (KY) 0.0010 0.0015 0.0008 0.0024
Preston (WV) 0.0005 0.0004 0.0003 0.0000

25% Clay (AL) 0.0001 0.0006 – 0.0007
Coosa (AL) 0.0001 0.0009 0.0003 0.0003
Wolfe (KY) 0.0019 0.0031 0.0005 0.0042

Maximum Coosa (AL) 0.0398 – – –
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