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1U.S. Geological Survey, Southeast Climate Adaptation Science Center, Raleigh, NC, United States,
2Department of Applied Ecology, North Carolina State University, Raleigh, NC, United States, 3U.S.
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The challenge of selecting strategies to adapt to climate change is complicated

by the presence of irreducible uncertainties regarding future conditions.

Decisions regarding long-term investments in conservation actions contain

significant risk of failure due to these inherent uncertainties. To address this

challenge, decision makers need an arsenal of sophisticated but practical tools to

help guide spatial conservation strategies. Theory asserts that managing risks can

be achieved by diversifying an investment portfolio to include assets – such as

stocks and bonds – that respond inversely to one another under a given set of

conditions. We demonstrate an approach for formalizing the diversification of

conservation assets (land parcels) and actions (restoration, species

reintroductions) by using correlation structure to quantify the degree of risk for

any proposed management investment. We illustrate a framework for identifying

future habitat refugia by integrating species distribution modeling, scenarios of

climate change and sea level rise, and impacts to critical habitat. Using the plains

coqui (Eleutherodactylus juanariveroi), an endangered amphibian known from

only three small wetland populations on Puerto Rico’s coastal plains, we evaluate

the distribution of potential refugia under two model parameterizations and four

future sea-level rise scenarios. We then apply portfolio theory using two distinct

objective functions and eight budget levels to inform investment strategies for

mitigating risk and increasing species persistence probability. Models project

scenario-specific declines in coastal freshwater wetlands from 2% to nearly 30%

and concurrent expansions of transitional marsh and estuarine open water.

Conditional on the scenario, island-wide species distribution is predicted to

contract by 25% to 90%. Optimal portfolios under the first objective function –

benefit maximization – emphasizes translocating frogs to existing protected

areas rather than investing in the protection of new habitat. Alternatively, optimal

strategies using the second objective function – a risk-benefit tradeoff

framework – include significant investment to protect parcels for the purpose

of reintroduction or establishing new populations. These findings suggest that

leveraging existing protected areas for species persistence, while less costly, may

contain excessive risk and could result in diminished conservation benefits.
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fcosc.2024.1444626/full
https://www.frontiersin.org/articles/10.3389/fcosc.2024.1444626/full
https://www.frontiersin.org/articles/10.3389/fcosc.2024.1444626/full
https://www.frontiersin.org/articles/10.3389/fcosc.2024.1444626/full
https://www.frontiersin.org/articles/10.3389/fcosc.2024.1444626/full
https://www.frontiersin.org/articles/10.3389/fcosc.2024.1444626/full
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fcosc.2024.1444626&domain=pdf&date_stamp=2024-10-07
mailto:meaton@usgs.gov
https://doi.org/10.3389/fcosc.2024.1444626
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/conservation-science#editorial-board
https://www.frontiersin.org/journals/conservation-science#editorial-board
https://doi.org/10.3389/fcosc.2024.1444626
https://www.frontiersin.org/journals/conservation-science


Eaton et al. 10.3389/fcosc.2024.1444626

Frontiers in Conservation Science
Although our modeling includes numerous assumptions and simplifications, we

believe this framework provides useful inference for exploring resource

dynamics and developing robust adaptation strategies using an approach that

is generalizable to other conservation problems which are spatial or portfolio in

nature and subject to unresolvable uncertainty.
KEYWORDS

spatial conservation planning, reserve design, portfolio optimization, risk management,
habitat-species modeling, climate change, assisted migration
Introduction

Worldwide, coastal freshwater wetlands are among the most

sensitive of ecosystems, resulting in increasing rates of loss as a

function of anthropogenic activities (e.g., development, fragmentation

and pollution) and changing climate (e.g., salinization, hydrologic

alteration; Yu et al., 2019). Wetland-dependent species and the broad

range of ecosystem goods and socio-ecological services provided by

coastal wetlands are threatened as the distribution, extent, and function

of coastal wetlands are reduced in response to relatively rapid changes

in sea-level, nutrification, temperature and precipitation extremes, and

altered fire regimes (Bhattachan et al., 2018; Taillie et al., 2019; Yu et al.,

2019; Osland et al., 2019). Loss of coastal freshwater and tidal wetlands

from sea-level rise (SLR) has been observed to result in reduced

aboveground biomass, primary productivity, nitrogen sequestration,

and water treatment capacity (Craft et al., 2009). Human development

and other sources of habitat fragmentation are expected to limit the

capacity for positive climate niche tracking of habitat or habitat-

dependent species (Honnay et al., 2002; Yu et al., 2019; Zhu et al.,

2021). A net loss of freshwater habitat can impact populations directly

and also reduces the opportunities for marsh-dependent species to

detect andmigrate to areas of refugia as a means for climate adaptation.

Caribbean islands comprise a small fraction (0.15%) of global

land surface area, however the region supports an inordinate

representation of the worlds amphibian and reptile diversity, with

3% of all amphibians and 6.3% of the world’s reptiles occurring in

the West Indies (Hedges, 1996). Similarly, Caribbean islands have

seen a disproportionate level of anthropogenic impacts (e.g.,

development, forest loss, fragmentation, invasive species)

(Martinuzzi et al., 2007; Collazo et al., 2018) and are expected to

experience greater changes in climate extremes relative to baseline

experience in temperate regions or continental landmasses with

accelerated SLR, salinization of freshwater resources, erosion,

extreme periods of precipitation and drying (Jennings et al., 2014;

Nurse et al., 2014). Amphibians are among the most sensitive

vertebrate groups to rapid environmental changes, largely the

result of limited vagility, narrow distributions, and habitat

specialization (Joglar et al., 2011; Case et al., 2015; Zhu et al.,

2022; He et al., 2023). Puerto Rico was among the first regions to
02
observe declining amphibian populations possibly attributed to

climate change and other anthropogenic impacts (Joglar et al.,

2011). To protect sensitive biodiversity and ecosystems from

climate change on small tropical islands, the natural resource

management community is tasked with exploring, adopting, and

implementing novel conservation strategies to address proximate

factors affecting amphibians and other species at appropriate

planning scales.

Towards this end, we present a test-case to demonstrate a

potential strategy for localized adaptation planning for species

conservation in response to observed and projected global change

impacts to important coastal systems. We selected an endangered

and endemic amphibian, the plains coqui (Eleutherodactylus

juanariveroi; Spanish: coqui llanero; hereafter llanero), on the

island of Puerto Rico to represent a spatially discrete natural

resource management issue of modest spatial scale. This species is

a coastal, fresh-water wetland-obligate species with a highly

restricted known distribution, currently believed to be limited to

three small, isolated habitat patches on the island’s northern coastal

palustrine fringe (Figure 1). We believe the species was once widely

distributed throughout the northern coastal plain (Collazo et al.,

2023), but has been restricted to isolated marsh patches due to land-

use change and altered hydrology. Llanero is the smallest bodied of

Puerto Rico’s 17 extant Eleutherodactylus species (14.7-15.8mm

mean snout vent length) and is thought to occupy the smallest

geographic distribution on the island. Since llanero was first

identified from a single wetland in 2007 (Rı ́os-López and

Thomas, 2007; Rıós-López et al., 2014), there have been recent

discoveries of two additional isolated populations (Figure 1).

Puerto Rico’s coastal wetlands have been highly modified by

humans since the 1500s, mostly in the form of agriculture;

widespread urbanization of the northern coast has been the

dominant source of land-use change since the 1930s (Rıós-López

and Thomas, 2007). Wetlands of the northern coastal zone are

maintained by high aquifer discharge provided by the island’s

adjacent karst region. This discharge extends the hydroperiod on

the coast, favoring marsh over forested wetland habitat (Lugo et al.,

2001). These wetlands are characterized by emergent, seasonally

flooded herbaceous non-saline wetlands dominated by ferns,
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flatsedges, rushes, grasses, and intermittent stands of the tree

Pterocarpus officianalis (Rıós-López and Thomas, 2007; Yu et al.,

2019). The bulltongue arrowhead (Sagittaria lancifolia) has been

hypothesized to serve as an obligate substrate for llanero

reproduction; its presence thus regulating the population

dynamics and distribution of coqui llanero (Rıós-López et al.,

2014). The coastal plains of Puerto Rico are particularly

threatened by multiple factors. The rate of SLR recorded in

northern Puerto Rico has advanced dramatically in recent years,

with a 6-fold increase from 2.08 mm/year over the period 1962 to

2016 to 12.12 mm/year between 2010 and 2016 (Yu et al., 2019).

Current mean elevation of coastal wetlands does not exceed 17m

above mean sea-level (MSL; Rıós-López and Thomas, 2007) but

most llanero localities are at less than 5m above MSL (pers. obs.).

The potential of coastal marshes to naturally track SLR landward is

effectively restricted by development and may be limited to river

valleys and some riparian zones that have escaped development (Yu

et al., 2019). In addition to urbanization, SLR, and future

salinization of freshwater wetlands, other threats to the species

include recreation, contamination from landfills, habitat damage

from flood control, and competition or predation by invasive

species (Rıós-López et al., 2014). As a result of these threats to

Puerto Rico’s coastal wetlands, coqui llanero was designated as

endangered by the U.S. Fish and Wildlife Service in 2012 (Rıós-

López et al., 2014).

Climate change has been identified as a factor that may affect

the demographics, abundance, and distribution of Puerto Rico’s

natural resources, either directly (Jennings et al., 2014; Rivera-

Burgos et al., 2021) or indirectly (e.g., through increased disease

transmission; Burrowes et al., 2004; Joglar et al., 2011). The island is

predicted to experience warming and drier conditions especially in
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the rainy season (Bowden et al., 2021). These changes will

exacerbate the vulnerability of both coastal wetlands and

temperature- and humidity-sensitive amphibians, including coqui

llanero. In addition to protecting viable and resilient habitat within

the current species distribution, an important strategy for

conserving amphibians threatened by changing biotic and abiotic

conditions is to secure habitat refugia (i.e., sites predicted to develop

analog conditions into the future) in advance of these changes. Such

sites could be protected adjacent to existing habitat, allowing for a

gradual evolution of conditions (i.e., marsh migration, elevational

climate tracking) at a velocity compatible with species’ natural

dispersal capacity. An alternative approach is to use climate

model simulations to identify future analog sites wherever they

may exist; protecting and, if needed, restoring these sites now will

increase adaptation options for future conservation measures, such

as reintroductions to sites believed to be in the species’ historical

range, assisted migration (i.e., translocation) to sites beyond the

known indigenous range, or developing a connected network of

migration corridors between existing protected areas. As of 2016,

the government of Puerto Rico reported it had achieved a target of

16% of lands in various forms of conservation status (LCC

Network, 2016).

We develop our test-case using multiple climate adaptation

strategies to maximize the viability of a sensitive amphibian species

of conservation importance. We begin by evaluating projected

changes in future conditions of coastal wetlands, including SLR,

altered precipitation regimes, and habitat transitions, to predict the

possible impacts on the status and distribution of extant llanero

populations. We consider a range of future scenarios to project the

distribution of wetland refugia on the island; these become

candidate sites for possible management interventions (e.g.,
FIGURE 1

The island of Puerto Rico depicting the current distribution of coastal wetlands and the extent of the island’s karst geology. Outlined in red are the
arbitrary boundaries representing the three currently known populations of the plains coqui (E. juanariveroi, “coqui llanero”): Sabana Seca population,
discovered in 2005 (Rıós-López and Thomas, 2007) with critical habitat designated in 2012 (USFWS (United States Fish and Wildlife Service), 2012);
the Arecibo population, discovered in 2022 (Morales-Pérez et al., 2022); and the Rio Grande population, discovered in 2023.
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protection, restoration, species reintroduction or assisted

migration). Recognizing the uncertainty inherent in these climate

and habitat scenarios, we then conduct a spatial portfolio analysis to

demonstrate a well-grounded approach for managing the risk of

investing in conservation actions to meet objectives for securing

long-term resource persistence.
Methods

Modeling species and habitat distributions

For the purposes of this demonstrative model, we were limited

in the number of parameters, level of detail, and sophistication in

projecting future biotic and abiotic conditions of the island’s coastal

wetlands. For recent historical observations (1963-1995), we

characterized monthly precipitation and minimum and maximum

temperatures using data based on the Parameter-elevation

Regressions on Independent Slopes Model (PRISM, Daly et al.,

2003) and made use of high-resolution global climate data for other

abiotic variables provided by WorldClim (1970-2000; Fick and

Hijmans, 2017). Biotic variables include landcover classification

from year 2000 (Kennaway and Helmer, 2007), wetland habitat

classification (Federal Geographic Data Committee, 2013), and soils

data from the U.S. Department of Agriculture’s Natural Resources

Conservation Service (NRCS; Soil Survey Staff, 2021). We used

projected precipitation and temperature data for the period 2040-

2060 under a higher greenhouse gas emissions scenario (RCP8.5)

using dynamically downscaled climate model outputs produced for

Puerto Rico at a 2km resolution (Bowden et al., 2021). The

downscaled climate model projections were bias-corrected based

on the PRISM using a simple delta approach (Hay et al., 2000)

before using the values in any ecological models.

We developed a candidate set of niche models to estimate the

species’ distribution under current conditions and to characterize

habitat affinities and potential abiotic determinants of the species’

range based on the conditions of known localities (i.e., niche

envelope). Species data for fitting distribution models consist of

approximately 45 presence-only observational records with locality

information from personal observations and a public database

(GBIF, 2023) used to characterize environmental and abiotic

conditions to which the species is currently exposed. Although

there have been widespread, ad hoc efforts to establish the

distribution of coqui llanero (Dávila Casanova, 2021), to our

knowledge no systematic occupancy surveys have been performed

that could be used for quantifying the detection process (MacKenzie

et al., 2017) and for estimating putative species absences. To address

this, we included a random sampling of background points

distributed over the environmental and abiotic conditions of

Puerto Rico’s coastal fringe (i.e., <100m above MSL) to

characterize the variability of conditions where we assume the

species may be absent (i.e., “pseudo-absence” data; Phillips et al.,

2009). Because of the limited number of positive species records, we

were unable to evaluate an exhaustive list of covariates explaining

possible habitat affinities or avoidance. Instead, we focused on a

small number of reasonable, a priori candidate factors including
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habitat classification and abiotic climate variables. Biotic variables

include landcover classification, the refined wetland classification,

and soil type. For climate variables, we used the PRISM data to

derive mean annual precipitation, mean rainfall over the driest

period (Feb-Mar), means of the two highest rainfall months (May

and Nov), minimum temperature of the coldest month, and mean

temperature of the north coast’s wettest quarter. Given the

widespread conversion of wetland habitat to agriculture and

urban development (Collazo et al., 2018; Yu et al., 2019), we

hypothesize that low-lying, drained freshwater wetlands were

likely to have supported llanero populations in the recent past

and may represent additional viable habitat for llanero expansion

(i.e., through migration or reintroduction) if these areas were to be

restored. To evaluate this possibility, we estimate coefficient values

for an alternate model specification by adding to the dataset 15

randomly assigned, hypothetical observations to those wetlands

classified as drained or partially drained hydric soils (Cowardin

et al., 1979; Federal Geographic Data Committee, 2013).

Using combinations of the selected covariates and their values

for known llanero observation locations and background locations,

we modeled the species’ current environmental niche by specifying

a generalized linear model (GLM), using a logistic link function to

relate the response variable (probability of occurrence) to a linear

combination of habitat and environmental factors at a given

location. Assuming upland regions of the island, where wetland

habitats are mostly absent, will not be suitable to support llanero

populations, we reduced the domain of our analysis to Puerto Rico’s

coastal plains (<100m MSL). This area encompasses the three

known populations and the majority of palustrine wetlands on

the island’s coastal zone. We focus on three sub-regions around

each of the three known populations (Figures 1, 2) to summarize

and compare current wetland conditions and distributions to those

projected under various future scenarios in greater detail. We

evaluated a series of modeled combinations of current

environmental variables for their fit to the data, using lowest

values of AIC to select a final set of covariates that best explain

variation in llanero occurrence and distribution (Burnham and

Anderson, 2010). For each sub-region we evaluate the proportion of

area predicted to have a high probability (>0.6) of current llanero

occurrence. We retain the best-fit model under current conditions

when evaluating changes in species distributions conditional on

future environmental projections.

To model projected changes in species distributions and

potential habitat refugia, we would ideally consider multiple

hydrological processes that are sensitive to changes in

precipitation and rising ocean levels, including freshwater

recharge, changes in the water table, hydrologic head gradient,

and the fresh water-saline water interface. Such models would then

inform predictions of vegetation transitions and other biotic

changes, but are not currently available to explicitly model these

coastal processes. Instead, we rely on available covariate data to

estimate changes under future climate scenarios, including

precipitation and temperature projections and habitat transitions

linked to SLR scenarios, as well as some static variables such as soils

and wetland data layers. For changing sea levels, we rely on an

available scenario-based model of SLR which projects spatially
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resolved changes in habitat cover types over a range of uncertain

climate futures and sea levels, including scenarios of 0m (no

change), 1m, 2m, and 3m SLR (SLAMM; Clough, 2008). Because

future sea-levels were not attributed probabilistically to any given

time horizon, the horizon used for climatological projections (2040-

2060) represents the period for which the decision optimization is

directed. Thus, the range of possible interactions between future

precipitation and sea levels constitute an additional, unmodeled

source of uncertainty. For each of the resulting eight scenarios –

four SLR values with and without hypothetically restored wetlands

– we then identified potential future refugia across the north coast

with high predicted occurrence probability (>0.6) for further

management consideration. All distribution modeling was

performed in R (R Core Team, 2021) with the exception of

reprojecting some spatial layers using ArcGIS Pro (ESRI v3.1).
Decision analysis using
portfolio optimization

Significant and long-term investment is typically required for

designing, implementing, or modifying a protected area network.

We therefore propose the use of a quantitative portfolio

optimization approach that accounts for uncertainty, spatial

variability, and risk when evaluating any set of proposed

investments in a conservation design (Markowitz, 1959). We

evaluated the optimal allocation of resources to conserve an

endangered amphibian through assisted migration, habitat

restoration, and protection of future refugia under two related but

distinct objectives for portfolio optimization: maximizing

cumulative occurrence probability (benefit) constrained by a

range of management budgets, and a two-objective problem

balancing benefit maximization with the risk of investing in a

conservation portfolio that performs poorly if an unexpected

future unfolds. For either optimization approach, we use modern

portfolio theory (MPT), a method which formalizes investment

diversification as an explicit strategy to manage risk under
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uncertainty (Markowitz, 1959). MPT was developed in economics

for addressing market uncertainty by postulating that an investment

asset should not be assessed in isolation but that portfolios of assets

be considered based on total expected benefits and by how each

asset in the portfolio co-varies with all others as conditions (e.g.,

market, climate, or other) fluctuate. This approach quantifies risk by

integrating a measure of asset variance over uncertainty and the

correlation structure among asset pairs. Ignoring topographic,

habitat, or political boundaries, we define a regular hexagonal

grid (1000m resolution) across the focal domain coincident with

areas below 100m MSL. We treat each grid cell as the unit of

decision making (i.e., a potential asset to protect as current or future

species refugia) and quantify expected benefit (EV) of the grid cell

by taking the average projected occurrence probability from the

distribution modeling (25m resolution) for each future scenario.

We calculate the variance of each cell (var[EV]) and quantify risk by

considering individual asset variance and how refugia quality

covaries among all asset pairs over the range of future scenarios

(Eaton et al., 2019, 2021). We model SLR as independent of future

emission or warming scenarios and therefore do not assign

probabilities to SLR scenarios; thus, we calculate EV, var[EV],

and asset covariance as equally weighted.

For the optimization model, we consider both currently

protected areas (PA; Protected Areas Conservation Action Team,

2018) and unprotected sites, aggregated to the resolution of the grid

cell (i.e., a protected area is comprised of ≥1 grid cell). We identify

previously drained wetlands and aggregate these as unique assets

where they intersect with grid cells and further classify these as

currently protected or unprotected cells. Finally, grid cells

intersecting with areas of known llanero presence are classified as

occupied. To reduce the dimensionality of the optimization

problem, we further constrain the number of grid cells within the

island’s coastal zone by including only those comprising protected

areas, drained wetlands, cells with known llanero occupancy, and

cells with a non-zero probability of occupancy across any of the four

SLR scenarios. This approach reduces the decision space from

>10,000 cells (island-wide), to 3,950 cells across the coastal zone
FIGURE 2

Modeled distributions of the plains coqui (E. juanariveroi, “coqui llanero”) across Puerto Rico’s north coast as a function of current select
environmental conditions and under two model parameterizations. Parameterization 1 was modeled using known localities, none of which occur in
drained wetlands, whereas Parameterization 2 hypothesizes drained wetlands represent valuable habitat for the species if restored. Red boxes
denote the sub-regions analyzed in this study (see Figure 1 for the named designations and full spatial extent).
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(<100m MSL), to a final problem size of 925 grid cells included in

the optimization. Because of the difficulty of assessing land values

across Puerto Rico, we make simplifying assumptions regarding the

costs of translocating frogs, protecting or restoring land assets, and

monitoring existing or translocated populations. We assign a unit

cost of 0.5 for implementing a translocation to an unoccupied cell.

For each unprotected 1 km2 cell, we ascribe a cost of 1.5 as the cost

to put the asset into protected status (i.e., purchase or put into a

conservation easement at a cost of 1.0) and conduct the

translocation. Because these are identified as climate-analog cells

(i.e., matching expected future climate at one location with the

current climate at another known location; Fitzpatrick and Dunn,

2019), we assume restoration is not required. We therefore assign a

cost of 0.5 to translocate frogs to cells falling within a PA, assuming

there is no additional cost to conserve or restore these parcels.

Because the reserve design optimization software considers the

possibility of divesting from a PA to add the recovered funds to

the design budget (Ghasemi Saghand et al., 2021), we modified the

protected status of PA cells so they would be ignored for

translocation rather than be selected for divestment. For

unprotected, drained wetland sites, we assign a unit value of 2.0

to account for the cost to protect and restore these sites prior to

conducting a translocation. Therefore, a cost of 1.0 is assigned to

drained wetlands falling within a PA, reflecting the costs of

restoration and translocation. Finally, we assume a nominal cost

of 0.05 for monitoring currently occupied sites. With these

specifications, our optimal spatial portfolios include decision

outcomes reflecting nine possible management actions for each of

the 925 grid cells evaluated – 1) disregard an unprotected cell, 2)

conserve an unprotected cell and translocate frogs, 3) translocate to

a currently protected cell, 4) disregard a protected cell, 5) restore

and translocate to a protected drained wetland, 6) conserve, restore

and translocate to an unprotected drained wetland, 7) disregard a

drained wetland cell, 8) monitor a currently occupied cell, and 9)

discontinue investing efforts into a currently occupied cell.

We evaluate reserve designs under two optimization

frameworks and across a range of unit-cost budget scenarios. We

developed a range of budget constraint scenarios, using unit-costs

values of {10, 30, 50, 75, 100, 150, 200}, based on a set of trial model

runs, with the highest budget scenario corresponding to the point

where no changes in portfolio decisions or values were observed.

The two forms of optimization included a cost-constrained

maximization and a risk-benefit tradeoff analysis. The former

strategy focuses on maximization of expected occurrence value

conditional on budget constraints, while the latter prioritizes

trading off expected return with risk minimization using a Nash

bargaining solution (Nash, 1950; Eaton et al., 2019) under each

budget-constrained scenario. We performed all portfolio

optimizations using the SiteOpt package (Ghasemi Saghand et al.,

2021) in R. SiteOpt was designed to solve large portfolio

optimizations by solving a series of smaller, binary linear or

quadratic optimization problems that obviate the need to

compute the full Pareto-optimal frontier (Sierra-Altamiranda

et al., 2020). The SiteOpt optimization model allows us to

efficiently identify the best and worst values for each objective

(return, cost, risk) independently, and find Nash-optimal solutions
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that balance bi-objective problems (e.g., cost vs. benefit or benefit vs.

risk) by identifying the location on the Pareto frontier where the

volume of dominated alternatives is maximized (Santıń et al., 2017;

Eaton et al., 2019; Sierra-Altamiranda et al., 2020; Supplementary

Figure S1). For each budget scenario, we quantify the proportion of

the maximum possible management return produced by the

optimum,

PBb =
S(yS * xi,b)

S(yS)
(1)

where PBb is the proportion of total benefit provided by an

optimal portfolio at budget level b, yS is a vector of occurrence

probabilities for each grid cell (unweighted expected values across S

environmental scenarios), and xi,b is a vector of binary decision

variables which take a value of one if grid cell i is identified for a

conservation action (i.e., protection, restoration or translocation)

and zero if no action is recommended for cell i under budget level b.

We also evaluate the proportion of the ideal benefit for the optima

under each budget level, as well as the proportion of worst-case risk

or costs (i.e., nadir of the Pareto frontier) for each optima incurred

at a given budget level (see Equations 5-8 in Sierra-Altamiranda

et al., 2020). Evaluating the trends produced by these tradeoffs can

provide insights to decision makers regarding idealized levels of

funding to maximize rates of increase in management return and,

alternatively, to minimize rates of loss (i.e., cost and risk). For each

of the two optimization frameworks and under each level of

investment, we additionally quantify the number of new parcels

recommended to add to the PA network and the average value each

decision category contributes to the total expected portfolio return.
Results

Current estimates of coqui
llanero distribution

Applying a balance of statistical model diagnostics (e.g.,

minimized AIC values) and biological knowledge of the species

(Porfirio et al., 2014), we used a stepwise approach to evaluate

combinations of covariates to select a final model for predicting

species distribution. The model with the lowest AIC included

categorical variables of landcover class, soil type, and wetland

category, as well as a continuous variable of average monthly

rainfall during the driest period (Feb-Mar). The next best-

supported model included these same variables with the

exception of precipitation. Selected covariates also conform to

expert understanding of drivers of llanero distribution (N. Rıós-

López, pers. comm.). Based on the best-fit model and using a

threshold occurrence probability > 0.6, the area occupied in

Arecibo is estimated to be approximately 32 hectares (0.5% of the

undeveloped habitat extent in the demarcated sub-region), 179

hectares (3.6%) in Sabana Seca, and 53 hectares (0.4%) in the Rio

Grande region (Figure 2). The overall predicted distribution of

llanero across the coastal wetlands of Puerto Rico is 267 hectares or

0.1% of the potentially available habitat in the region (Table 1;

Figure 2). Under the same model but including hypothesized
frontiersin.org

https://doi.org/10.3389/fcosc.2024.1444626
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org


Eaton et al. 10.3389/fcosc.2024.1444626
species presence in currently drained wetlands, the predicted

distributions of llanero increase considerably. The overall

prediction of potentially occupied area for the island’s coasts

increases to approximately 1930 hectares, a more than 7-fold

expansion relative to the initial parameterization (Table 1; Figure 2).
Projected changes to abiotic conditions
and coastal wetlands

Puerto Rico’s northern coastal plains and karst region fall

within the subtropical moist forest life zone (Khalyani et al.,

2016). Daily average minimum temperatures are projected to

increase from 1.2—1.5˚C and maximum temperatures by 1.1 to

1.6˚C during the period 2041-2060 under the high emissions

scenario and annual precipitation is projected to decline between

9 and 23%, with model-consistent reductions in extreme, afternoon,

and evening rainfall (Bowden et al., 2021).

To evaluate the range of projected changes in abiotic conditions

at the scale of current llanero distribution, we compared historical

to future projected mean precipitation values for our delineated

coastal region. To do this we took the original downscaled output

from Bowden et al. (2021) and calculated the percent differences in

mean monthly precipitation at each 2km grid cell of the projection

period (2040-2060) compared to the historical model simulation

period (1985-2005). Then, we applied these percent differences to

the PRISM data (Daly et al., 2003) over that dataset’s analysis period

(1963-1995) to obtain estimated changes in the absolute amount of

mean precipitation. We assume that even though there is only

partial overlap between the PRISM historical period and the

historical climate model simulation period, the two periods are

climatologically (and statistically) similar since both dataset periods

represent times before the global anthropogenic signal had

significantly emerged. We apply this procedure, rather than

directly using the percentage precipitation change from the

climate model simulations because the absolute precipitation
Frontiers in Conservation Science 07
values are required for the species distribution models. Under the

RCP8.5 scenario, average monthly rainfall in our study area for

the driest two months (Feb-Mar) is projected to decline 16% by the

middle of the century from a current monthly average of 70 mm

(Figure 3A). Precipitation during the wettest month (May),

currently averaging 198 mm, is projected to decrease by 23% with

the greatest declines projected to occur over the northwestern karst

mountains and in the eastern cordillera (Figure 3B).

Current freshwater marsh (based on an a priori SLR scenario of no

change) is estimated to cover approximately 16% of the coastal fringe,

with the three sub-regions comprising a much higher representation of

potentially suitable marsh habitat (Arecibo: 38%, Sabana Seca: 38%,

Rio Grande: 33%; Table 2A). Across the three additional a priori SLR

scenarios (1m, 2m, 3m), SLAMM output predicts substantial loss of

freshwater marsh (ranging from less than 1% to 3.5%), with the highest

expected losses being inland freshwater marsh and irregularly flooded

marsh (losses as high as 27% and 20%, respectively, under the highest

predicted SLR). Transitional marsh is projected to more than triple in

area, open estuary area experiences up to a four-fold increase, and

ocean beach expands more than three-fold under the 3m SLR scenario

(Table 2B). Projected wetland losses are not distributed equally across

the three llanero sub-regions. Regardless of the scenario, Sabana Seca is

projected to experience the greatest relative loss of critical habitat, from

20% to 73%. The Rio Grande and Arecibo areas are projected to

experience similar levels of loss, from 2% and 3% under a minimal SLR

and 42% and 44% under highest SLR, respectively.
Projected changes in coqui llanero
distribution and identification of
habitat refugia

Interactions of climate change with SLR-driven habitat

transitions are expected to result in significant changes to the

species’ distribution, with somewhat unexpected spatial variation

over the modeled scenarios. Using a threshold probability of
TABLE 1 Projected area (hectares) and percent of sub-regions occupied by coqui llanero under current sea levels and for scenarios of 1-3m sea-level
rise (SLR).

Model 1

Area Occupied (Ha) Percent Area Occupied

0m 1m 2m 3m 0m 1m 2m 3m

AR 31.5 31.5 23.1 0.0 AR 0.5% 0.5% 0.3% 0.0%

SS 178.8 115.7 9.1 1.3 SS 3.6% 2.3% 0.2% 0.0%

RG 52.9 51.4 36.9 22.4 RG 0.4% 0.4% 0.3% 0.2%

Coast 267.0 202.4 71.9 26.1 Coast 0.1% 0.1% 0.0% 0.0%

Model 2 0m 1m 2m 3m 0m 1m 2m 3m

AR 136.3 136.3 69.3 25.4 AR 2.1% 2.1% 1.0% 0.4%

SS 346.8 282.8 156.5 120.8 SS 7.0% 5.7% 3.1% 2.3%

RG 1,159.3 1,144.1 795.1 580.5 RG 8.5% 8.4% 5.8% 4.2%

Coast 1,932.6 1,853.4 1,303.9 967.1 Coast 0.9% 0.9% 0.6% 0.5%
Model 1 estimates distribution based on habitat niche derived from observed positive localities. Model 2 includes drained wetlands as candidates for species occurrence assuming restoration of
hydrologic properties. Four sub-regions are represented: Arecibo (AR), Sabana Seca (SS), Rio Grande (RG), and the island's coastal zone below 100m above sea-level (Coast).
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occurrence of >0.6 to estimate area occupied, a 1m SLR scenario is

projected to have no impact to llanero distribution in Arecibo but

results in a 35% decline in the occupied area in Sabana Seca. Under

the 2m SLR scenario, the projected loss of occupied area ranges

from 95% in Sabana Seca to a 27% loss in Arecibo. A 3m SLR

scenario would result in total extirpation of the population in

Arecibo and a decline in occupied area of ~58% in Rio Grande.

Across the three SLR scenarios, the entire coastal zone would

experience average losses in llanero distribution of 25%, 73%, and

90%, respectively (Table 1; Figure 4). Predicting changes in llanero

distribution under the second parameterization (which models

occupancy assuming drained wetlands are currently occupied)

resulted in similar patterns of reductions in species distribution

with increasing SLR, although with overall greater extents of area

occupied and larger proportional losses under rising seas (Table 1).

Despite the disparities in projected habitat-area loss over the three

population sub-regions, shifts in future habitat refugia follow a

similar pattern, with refugia projected to shift landward over SLR

scenarios, suggesting saltwater intrusion or habitat transition may

be stronger drivers of population dynamics relative to changes in

rainfall, temperature, or other factors. The consequences of these

dynamics of near-coast habitat loss, and potential inland habitat

gains, is a shift away from areas of known occupancy, particularly in

Arecibo marshes (Figure 4). Under the second parameterization

(drained wetlands modeled as potential habitat), llanero is predicted

to be more widely distributed relative to the original

parameterization (Table 1), including scattered distributions

beyond the northern coastal plains to eastern wetlands (Figure 5).

Although the area of occupancy declines with increasing SLR, at an

occupancy probability threshold >0.6, the predicted distribution
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increases when using this more permissive niche parameterization

relative to the first parameterization. This suggests the potential

opportunity for expanding freshwater habitats (e.g., transitional

marsh; Table 2A) to act as refugia for llanero as ocean levels

rise (Figure 5).
Portfolio optimization for a risk-managed
adaptation to climate change

The covariance structure of expected parcel benefits across

climate scenarios revealed that the majority (95.2%) of grid-cell

pairs are either uncorrelated or negatively correlated with changes

in SLR (i.e., < 4.8% of cell pairs co-vary positively across scenarios).

A neutral (uncorrelated) or negative (one parcel improves while the

other declines under a given scenario) relationship between pairs

allows for managing risk through diversification of a reserve

portfolio with sites that bet-hedge over the full range of climate

uncertainty. This contrasts with a strategy of selecting those parcels

which are individually expected to provide the highest benefits (i.e.,

averaged over scenarios). Our cost-constrained optimization

approach did not include this risk-mitigation but produced

results comparable to the risk-return framework (Table 3). This

outcome may be due in part to the small percentage (< 1%) of

negatively correlated site pairs contributing to the neutral or

negative relationships among parcels, suggesting that bet-hedging

opportunities for coastal sites may be limited and, thus, managing

risk may not play as large a role in protected area design for coastal

Puerto Rico as might be expected. Under this first approach, our

evaluation of SLR scenarios across the coastal zone offers evidence
FIGURE 3

Projected declines in precipitation across Puerto Rico for (A) the dry season (Feb-Mar) and (B) the month of highest precipitation (May). Declines are
visualized as differences between mean monthly historical (1963-1995) and mid-century (2050) projections.
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that the location of potential refugia sites may vary spatially as a

function of future climate outcomes (Figure 5). As budgets increase,

a cost-constrained maximization suggests an increased focus of

translocations to existing protected areas, with greater emphasis in

the northeast region of the island (e.g., Rio Grande) with some new
Frontiers in Conservation Science 09
sites added to conserve wetlands near Sabana Seca and Rio Grande

at very high budget levels, relative to the north-western population

(Figure 6). Drained wetlands are not identified for protection or

restoration under this optimization, except for one protected site

under the highest budget scenario. Using this framework,
TABLE 2A Distribution of landcover classes under current conditions, in hectares, for the sub-regions designated in this study.

Habitat Class Arecibo Sabana Seca Rio Grande Coastal

Developed Dry Land 779 938 3,707 49,244

Undeveloped Dry Land 3,879 2,743 6,951 175,848

Nontidal Swamp 946 427 1,233 30,259

Inland Fresh Marsh 1,558 1,157 2,447 2,604

Transitional Marsh 214 332 2,318 1,123

Ocean Beach 37 10 22 322

Estuarine Open Water 1 – 0 1

Tidal Creek 2 – 30 27

Open Ocean 4,100 2,218 5,384 2,739

Irregularly Flooded Marsh 21 291 915 167

Total land area 6,656 4,959 13,916 210,351

Total fresh marsh 2,524 1,875 4,595 33,029

Proportion Fresh marsh 0.379 0.378 0.330 0.157
For comparison with future changes, landcover is based on the SLAMM model (Clough, 2008). Total land area calculation excludes open ocean.
TABLE 2B Distribution of projected future landcover classes, in hectares, for Puerto Rico’s coastal zone (below 100m above sea-level) as designated
in this study.

Habitat Class 1m 2m 3m Percent Difference from Current

1m 2m 3m

Developed Dry Land 49,210 49,048 47,987 -0.1% -0.4% -2.6%

Undeveloped Dry Land 175,754 175,376 174,042 -0.1% -0.3% -1.0%

Nontidal Swamp 30,210 30,146 29,847 -0.2% -0.4% -1.4%

Inland Fresh Marsh 2,546 2,270 1,902 -2.2% -12.8% -26.9%

Transitional Marsh 1,215 1,880 3,934 8.2% 67.4% 250.3%

Saltmarsh 10 55 351 – – –

Tidal Flat 3 20 50 – – –

Ocean Beach 337 485 1,161 4.6% 50.7% 260.5%

Estuarine Open Water 2 2 5 20.0% 85.0% 305.0%

Tidal Creek 27 27 27 0.0% 0.0% 0.0%

Open Ocean 2,742 2,753 2,783 0.1% 0.5% 1.6%

Irregularly Flooded Marsh 167 161 133 -0.1% -3.8% -20.2%

Total land area 210,272 210,422 211,453

Total fresh marsh 32,923 32,577 31,883 -0.3% -1.4% -3.5%

Proportion Fresh marsh 0.157 0.155 0.151 0.0% -0.2% -0.6%
Percent changes from current conditions under 1-3m SLR are provided in the three rightmost columns. Landcover changes are based on the SLAMM model (Clough, 2008). Total land area
calculation excludes open ocean.
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translocating to existing PAs contributes an average of nearly 80%

of the total expected conservation benefit, while adding new parcels

to the reserve design contributes only 14% of the expected benefit.

Continued investment for monitoring existing populations adds an

average of 6% to the conservation outcome (Table 3).

We repeated budget-scenario optimizations using a Nash

bargaining solution to balance expected benefits with the risks of

investing in lands that may lose their conservation value conditional

on climate futures (Figure 7). Surprisingly, average returns were

higher across budget scenarios under the Nash approach than with
Frontiers in Conservation Science 10
the benefit-maximization framework (48.2 versus 35.9, respectively;

Table 3). Relative to the previous analysis, the Nash solutions rely

more heavily on conserving unprotected cells for translocating frogs

and are less dependent on existing protected areas, with an average

of nearly 62% of conservation benefit stemming from the protection

of new land and only 33% from utilizing current PAs for species

management (Table 3). Investment in the protection and

restoration of a few additional drained wetlands near Arecibo and

Rio Grande adds to the predicted conservation outcome, but only

under a moderate budget scenario (100 cost-units; Figure 7).
FIGURE 5

Modeled probabilities of future plains coqui (E. juanariveroi, “coqui llanero”) distribution across the northern and eastern coastal zone included in this
study (see Figure 1 for the named designations) under the alternative parameterization in which predicted species distribution is modeled assuming
drained wetlands represent viable habitat. Rows represent future uncertainty in sea-levels, with scenarios of 1m, 2m, and 3m of sea-level rise (SLR).
FIGURE 4

Modeled probabilities of future plains coqui (E. juanariveroi, “coqui llanero”) distribution across Puerto Rico's northern coast, and at three sub-regions
included in this study (see Figure 1). Rows represent future uncertainty in sea-levels, with scenarios of 1m, 2m, and 3m of sea-level rise (SLR).
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TABLE 3 Results produced for reserve design optimization under two analytical frameworks: maximization of species benefits under cost constraints and a risk-benefit optimization based on a Nash
bargaining solution.

Value Contribution

PA
Ignore
PA

Restore
PA

drained
wtlnd

Protect &
restore
drained
wtlnd

Ignore
drained
wetland

Maintain
and

monitor

Discontinue
investment

29.6 0 0 5.8 2.0 1.8

17.9 0 0 5.8 2.0 1.8

9.3 0 0 5.8 2.0 1.8

2.4 0 0 5.8 2.0 1.8

0.1 0 0 5.8 2.0 1.8

0.1 0 0 5.8 2.5 1.3

0.1 0 0 5.8 2.5 1.3

0.1 0.5 0 5.3 2.5 1.3

21% 0.2% 0.0% 16% 6% 5%

Value Contribution

te Ignore
PA

Restore
PA

drained
wtlnd

Protect &
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drained
wtlnd

Ignore
drained
wetland

Maintain
and

monitor

Discontinue
investment

27.2 0 0 5.8 2.0 1.9

16.7 0 0 5.8 2.5 1.3

18.1 0 0 5.8 2.5 1.3

17.8 0 0 5.8 2.3 1.6

22.8 0.5 1.0 4.3 2.0 1.9

23.8 0 0 5.8 2.5 1.3

18.4 0 0 5.8 2.3 1.6

15.2 0 0 5.8 2.8 1.0

42% 0.1% 0.3% 12% 5% 3%
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Constrained Benefit Maximization

Budget
Constraint

Return Max
Return

D
Return

%
of

total

Spent Worst
Cost

D
Cost

%
of

Worst

Parcels
Added

Ignore
non-
PA

Add
to
PA

Trans-
locate to

10 8.4 17.2 8.8 0.1 3.7 9.7 6.0 0.4 0 73.4 0 6.4

30 20.0 37.1 17.1 0.2 12.2 29.7 17.5 0.4 0 73.4 0 18.0

50 28.7 48.3 19.6 0.3 20.7 49.7 29.0 0.4 0 73.4 0 26.7

75 35.6 60.8 25.2 0.3 27.7 74.7 47.0 0.4 0 73.4 0 33.6

100 40.7 73.2 32.4 0.4 35.2 99.7 64.5 0.4 3 70.4 2.9 35.8

125 43.0 84.2 41.2 0.4 39.2 124.7 85.5 0.3 5 68.7 4.7 35.8

150 49.0 93.0 43.9 0.4 51.2 149.7 98.5 0.3 13 62.7 10.7 35.8

200 61.5 109.5 47.9 0.6 76.2 199.7 123.5 0.4 29 50.7 22.7 35.8

Mean 35.9 65.4 29.5 33% 33.2 92.2 58.9 0.4 6.3 190% 14% 79%

Risk-Benefit (Nash) Optimization

Budget
Constraint

Spent Return Max
Return

D
Return

%
of

total

Risk Worst
Risk

D Risk %
of

Worst

Parcels
Added

Ignore
non-
PA

Add
to
PA

Transloc
to PA

10 9.6 12.7 17.2 4.5 0.1 2.7 22.3 19.6 0.1 2 71.4 2.0 8.8

30 29.7 30.2 37.1 6.8 0.3 65.7 520.3 454.6 0.1 10 64.9 8.5 19.3

50 49.7 39.3 48.3 9.0 0.4 113.1 673.1 559.9 0.2 24 54.4 18.9 17.9

75 73.1 49.0 60.8 11.8 0.4 209.0 940.0 731.0 0.2 39 44.7 28.6 18.2

100 91.1 52.3 73.2 20.8 0.5 297.6 1194.4 896.9 0.2 50 37.7 35.7 13.2

125 102.2 58.3 84.2 25.9 0.5 341.3 1651.5 1310.3 0.2 62 29.7 43.6 12.2

150 116.1 67.5 93.0 25.5 0.6 482.2 2189.6 1707.4 0.2 68 25.6 47.7 17.5

200 133.2 76.2 109.5 33.3 0.7 747.4 3892.4 3145.1 0.2 77 20.8 52.6 20.8

Mean 75.6 48.2 65.4 17.2 44% 282.4 1385.5 1103.1 0.19 41.50 90.6% 62% 33%

Bold values in bottom rows are mean quantities calculated for each column, using the units specific to the column. The means of Value Contributions columns (represent
columns summing to 100% and the sum of values for individual budget scenarios equaling the benefits provided in the column "Return" (column 3).
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Recommended additions to the reserve design are again

concentrated in the northcentral and northeast, with a few

unprotected and currently protected cells identified for

translocation along the eastern coast (Figure 7).

Although the proportion of total potential benefits increases

monotonically with available budget for both the Nash solutions

and the benefit-maximization optimizations, the risk-benefit

framework of the Nash approach returns a greater proportion of

the total available conservation benefit at each budget level relative

to a benefit-maximization framework (Figure 8). This outcome

suggests that overall conservation benefits may not have to be
Frontiers in Conservation Science 12
sacrificed by actively managing for risk – i.e., trading-off parcels

with high expected benefit for those with lower associated risk, as

theory predicts for diversified portfolios. Relatedly, the proportions

of realized relative to maximum possible gains at each budget level

were also systematically higher for the Nash solution, although

there was no overall trend across the range of budgets under either

framework (Figure 9A). However, higher proportional benefits were

achieved at lower budgets (i.e., <100 cost units) in both cases.

Evaluating complementary optimization outcomes of loss rates (i.e.,

the proportions of worst possible risks and costs incurred under

each framework, respectively) reveals the Nash risk-benefit
FIGURE 6

Reserve design results for coastal Puerto Rico to maximize the cumulative probability of occurrence of the plains coqui (E. juanariveroi, “coqui
llanero”) based on modeled habitat changes and projected species distributions over eight future scenarios. Optimization outcomes are constrained
under eight budget levels and include nine possible management decisions, conditional on the protected-area status of a parcel and whether a
parcel falls within an historical (drained) wetland.
FIGURE 7

Reserve design results for coastal Puerto Rico to balance the cumulative probability of occurrence of the plains coqui (E. juanariveroi, “coqui
llanero”) and the level of risk represented by the spatial configuration and correlation structure of parcels included in a portfolio. The optimization
used a Nash bargaining solution (Nash, 1950; Eaton et al., 2019) and is based on modeled habitat changes and projected species distributions over
eight future scenarios. Optimization outcomes are constrained under eight budget levels and include nine possible management decisions,
conditional on the protected-area status of a parcel and whether a parcel falls within an historical (drained) wetland.
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framework sustained a low and relatively consistent proportion of

potential risk for each budget scenario (mean of 19%; Figure 9B). In

contrast, the proportion of expended costs relative to the potential

was substantially greater under a benefit-maximization approach,

with a mean outlay of 37% of cost potential (Figure 9B and Table 3).

Note that this is a relative comparison between different framework

objectives and the trends in Figure 9B represent distinct scales.
Discussion

Hedging bets as a core climate
adaptation strategy

Climate change can cause direct disruptions to species

persistence through physiological effects as the planet warms

(Calosi et al., 2008), or via indirect effects to species’ habitats or

ecosystem interactions. When the conservation goal is to enhance

the persistence of valued resources across a landscape in the face of

uncertain future environmental change, some form of bet-hedging

will be an important part of any climate adaptation strategy. When

there is a spatial component to a climate adaptation problem, as is

the case with designing reserve networks when future conditions are

uncertain, decision makers can manage risk by leveraging the

spatial correlation structure that exists among the universe of

potential design elements. Theory and empirical evidence suggest

that portfolios designed to maximize total expected benefits

typically contain higher risk, because returns are generally

calculated under “average” conditions, leading to much lower

benefits if an extreme future manifests. A portfolio focused on

reducing risk rather than maximization can use spatial correlation
Frontiers in Conservation Science 13
to guide a strategy of diversification which often results in lower

expected returns but is more robust to any projected climate future

(Eaton et al., 2019). Encouragingly, inference from our Nash

optimization reveal that a risk-benefit tradeoff approach can

actually produce higher absolute and percentage returns (i.e.,

relative to the maximum possible) than a budget-constrained

maximization framework. A risk-benefit tradeoff approach was

also found to result in a lower percentage of total risk relative to

percent spending losses under the maximization optimization. The

favorable performance of the Nash optimization may in part be due

to the small percentage of negatively correlated parcel pairs

available for selection, inferring that design consideration may be

somewhat limited in terms of benefits to risk-reduction. Higher

absolute returns, higher percentage of total possible returns, and

relatively low levels of risk exposure convey the potential benefits of

a balanced risk-management approach to portfolio designs for

species conservation and spatial protected-area planning.

Both current protected areas and the potential of drained wetlands

contributed to a conservation design to increase the persistence of

coqui llanero. Recommendations to protect and restore drained

wetland were inevitably influenced by the second model

parameterization (i.e., drained wetlands being viable llanero habitat).

Cost considerations may also minimize attention given to restoring

drained wetlands, with limited numbers of parcels being

recommended for conservation as budgets increase (Figures 6, 7). If

restoring historical wetlands is found to benefit the species, decisions

to restore this habitat will likely be more important than our

preliminary findings suggest. The existing PA network protects only

14% of the current predicted distribution of llanero, and conserves

only 3% of the extant wetlands found along Puerto Rico’s northern

coast. The value of the current PA network to future conservation of

llanero may still be beneficial relative to this small percent coverage,

however, with 79% and 33% of the total expected benefits attributed to

PAs under the constrained-maximization and risk-benefit

frameworks, respectively. Importantly, cost considerations were

more pronounced under the benefit-maximization framework, with

an average of only 6.25 unprotected cells identified for adding to the

reserve network. Under the risk management Nash approach, adding

an average of 41.5 cells to the PA was assessed as optimal, even though

conserving these parcels added twice the cost relative to translocating

frogs to currently protected cells (Table 3). These results highlight

concerns that reliance on the current protected-area network for

conserving coastal species may include substantial risk. Although it

was not an explicit feature of our optimization, an additional benefit of

the Nash optimization results includes increased connectivity among

several protected areas in the northeast (Figure 7), as well as expanding

potentially valuable refugia near Sabana Seca which may support

natural migration of the extant llanero population in this region.
Model limitations

Although we applied the current state of knowledge regarding

factors affecting llanero distribution, including all known species

localities and available data on historical and future biotic

(vegetation, soils, wetlands) and abiotic (precipitation,
FIGURE 8

The percentage of total unconstrained available benefits (i.e.,
cumulative probability of occurrence) achieved under each of eight
budget levels for two spatial design optimization approaches (cost-
constrained maximization and balanced risk-return optimization).
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temperature) conditions in coastal Puerto Rico, we simplified

several aspects of our projection, species, and decision models.

Simplifications affected our modeling of projected changes in

habitat conditions, subsequent llanero distribution, and of the

optimization of spatial conservation portfolios. Due to data

limitations, we did not include coastal and karst hydrology or

estimates of water-balance in projecting vegetation dynamics.

Temperature-mediated evapotranspiration, declining freshwater

input causing reduced hydrologic head pressure, and SLR are all

expected to lead to advancing saltwater intrusion and the

conversion of fresh marsh habitat to other cover types. For the

decision modeling, we standardized parcel size to 1 km2 grid cells as

well as the costs to purchase, restore, translocate, or monitor. We

also simplified the options available for each parcel to nine

management alternatives based on expected benefits and current

protection status. The implementation of one of these options,

adding to a protected-area design, may not be realistic to consider

for the conservation of a single species, but this practice has

precedent under the “umbrella species” concept (Poiani et al.,

2001; Runge et al., 2019). There will be important complexity

(e.g., contextual details of translocating endangered species) to

consider, in addition to other decision options available to

managers (e.g., fee simple purchase versus funding conservation

easements, various levels of restoration, etc.). Connectivity between

cells receiving conservation action was not explicitly modeled,

which could have refined the resulting portfolios and improved
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management benefits (Udell et al., 2018). Finally, we did not

conduct an exhaustive evaluation of the sensitivity of our

assumptions by simulating species distribution, habitat transition,

or optimization outcomes under variations in parameter values.

Our decision framework is presented as robust strategy for making

long-term resource investments under substantial uncertainty, but

before translocation or land-conservation decisions are

implemented we advise a more thorough analysis is conducted to

test the assumptions we describe. These limitations constrain the

practical use of our results, but we believe the decision framework

outlined here will be helpful in exploring general patterns of change,

of uncertain futures, and two distinct approaches for generating

optimal strategies in response.

Because of their restricted distribution and a lack of systematic

survey (i.e., detection/non-detection) data, it is unsurprising that

our llanero occurrence models fit a relatively few environmental

variables, including landcover type, wetland categorization, soil

class, and average precipitation during the driest months.

Projected changes in these covariables over a range of possible

climate futures resulted in substantial variation in the expected

distribution of viable llanero habitat. Freshwater marshes on the

island’s coastal zone are anticipated to decline under all climate

scenarios, with inland freshwater marsh declining 27%, flooded

marsh contracting by 20%, and non-tidal swamp experiencing a

1.5% reduction under the highest SLR scenario. Saltmarsh,

transitional marsh, and tidal flats are all predicted to increase as
FIGURE 9

The gap between achieved conservation benefit at each budget level and the idealized benefit available for that budget for the two optimization
approaches (A), and the proportions of worst possible risks and costs incurred at each given budget level for the two optimization frameworks (i.e.,
representing the ability of each framework to minimize cost or risk losses) (B). Note that in (B), lower values represent better performance, and that
the results from the two optimization models illustrate different metrics and are therefore not directly comparable.
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SLR progresses. Habitat transition and loss will not be experienced

equally across the llanero distribution, with western and central

populations projected to decline to near local extirpation under the

highest SLR scenario while eastern populations could see reductions

of less than 60% under one model. Overall losses in distribution are

projected at between 50% and 90% for the northern coastal region.

When modeling these habitat responses, we treated the four SLR

scenarios as equally likely which could have attributed greater

weight to extreme futures and biased high the expected habitat

losses. Although a 3-m SLR scenario may appear extreme, updated

long-term mean sea level projections for the U.S. include a range of

0.8 to 3.9m for the modeled emission scenarios by 2150 (Sweet et al.,

2022). Regardless of timing or magnitude, sea-level rise and other

climate-change drivers are anticipated to shift potential habitat

refugia increasingly landward.
Conclusions

Although coqui llanero may be locally abundant, this tiny

coastal species with limited migration ability is currently known

from only three small populations in sensitive lowland marshlands,

putting the global distribution of this amphibian at critical risk of

extinction. Before considering localized management responses

such as restoration or conservation of individual land parcels, or

translocation of individuals to a “highly likely” refugia, evaluation of

a more comprehensive portfolio strategy may help decision makers

mitigate the risks of investing in costly, long-term activities when

facing large climate uncertainty. Investing in multiple translocation

sites and possibly a portfolio of land parcels is unavoidably much

costlier than acting on individual protection options, but the

portfolio does not have to be implemented all at once, nor by a

single decision maker. Opportunities to conserve individual parcels

as they become available do not have to be ignored, and

optimization methods exist to advance the process we detail here

by identifying an optimal sequence of parcels to conserve in an

identified portfolio design (e.g., Moilanen and Cabeza, 2007;

Golovin et al., 2011; Bonneau et al., 2018). An explicit and

deliberative process of collaborative knowledge generation,

adaptation planning, decision making, and resource sharing is

one means (Johnson et al., 2020) to begin to assemble an island-

wide reserve network to conserve a suite of valued species, habitats,

and ecosystem processes.
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alternatives (light and hatched grey). The point where both objectives are
maximized (U) is unobtainable. Solutions D1 and D2 are where Reward and

Risk, respectively, are optimized at the expense of the other objective. The Nash

solution optimizes the point on each axis (O1* and O2*, identifying N* on the
Frontiers in Conservation Science 16
efficient frontier) thatmaximizes the products of line segments s1 and s2 (i.e., the
furthest combined distance from both D1 and D2), thereby maximizing the

volume of dominated solutions (hatched grey). See Santıń et al., 2017 and Eaton

et al., 2019 (Appendix S1: Section S4) for equations and additional details.
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Villanueva, C. N. (2014). Natural history and ecology of the critically endangered
puerto rican plains coquı,́ eleutherodactylus juanariveroi Rıós-López and Thomas 2007
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