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Prioritizing conservation actions
in urbanizing landscapes

A. K. Ettinger?*, E. R. Buhle?3, B. E. Feist?, E. Howel, J. A. Spromberg?, N. L. Scholz? &
P.S. Levin'*

Urbanization-driven landscape changes are harmful to many species. Negative effects can be
mitigated through habitat preservation and restoration, but it is often difficult to prioritize these
conservation actions. This is due, in part, to the scarcity of species response data, which limit the
predictive accuracy of modeling to estimate critical thresholds for biological decline and recovery.

To address these challenges, we quantify effort required for restoration, in combination with a clear
conservation objective and associated metric (e.g., habitat for focal organisms). We develop and apply
this framework to coho salmon (Oncorhynchus kisutch), a highly migratory and culturally iconic species
in western North America that is particularly sensitive to urbanization. We examine how uncertainty
in biological parameters may alter locations prioritized for conservation action and compare this to
the effect of shifting to a different conservation metric (e.qg., a different focal salmon species). Our
approach prioritized suburban areas (those with intermediate urbanization effects) for preservation
and restoration action to benefit coho. We found that prioritization was most sensitive to the selected
metric, rather than the level of uncertainty or critical threshold values. Our analyses highlight the
importance of identifying metrics that are well-aligned with intended outcomes.

Limited resources necessitate prioritizing where, when, and how conservation actions occur. Indeed, prior-
itization, optimization, and, to some extent, triage are at the core of conservation planning, and numerous
approaches exist for prioritizing conservation actions'~>. These include ecosystem-based risk assessment*®, capi-
talizing on ecosystem services®, cost-effectiveness approaches that seek to maximize the conservation return on
investment’?, and hybrid methods, such as those that incorporate both cost-effectiveness for a target benefit
and ecosystem services as co-benefits'.

Although conservation prioritization is widely studied and implemented, few examples exist in urban settings.
Yet, effectively and efficiently allocating conservation resources in urban and urbanizing areas is imperative.
Urban areas are growing around the world: most humans now live in cities and urban populations continue to
rise rapidly' 2. With expanding urban areas, the need for conservation is heightened because habitat area, quality,
and connectivity decline as habitat fragmentation and species use of urban areas increase'""'*>. Moreover, the co-
benefits of urban biodiversity conservation are widely acknowledged, ranging from reducing urban heat islands
and air pollution to improving human health'*"". Prioritizing conservation action is particularly important in
and near cities, where real estate values are high and there are often many competing interests for urban lands.

One transformative change in land-use associated with urbanization is expanding imperviousness from
pavement, roofs, and other hard surfaces'®!*. Among other things, this change alters the quality, quantity, and
routing of surface water runoff as it moves across the landscape during and after rain events. Urban stormwater
flows into stream and river networks via drainage pipes and open ditches, reducing habitat quality for diverse
organisms?. Urban waterways around the world exhibit a “syndrome” characterized by high flow velocities,
high concentrations of nutrients and synthetic contaminants, and reduced species richness compared to less
developed areas?' -2,

Future conservation prospects for urban watersheds may be bolstered by geographically broad, intensive
efforts to reduce urban stormwater’s multiple impacts. Conservation actions to mitigate stormwater impacts
range from conventional land preservation, common in more rural areas®, to innovative green stormwater
methods to slow and infiltrate surface runoff through various combinations of plants, soils, and other materials®.
Regardless of the approach, the overarching goals are to reduce both pollution (by capturing toxics) and flood-
ing in receiving waters. Soil infiltration is an effective means of removing contaminants and preventing toxicity
in coho salmon and other aquatic species?’*. Implementing green stormwater infrastructure is costly and
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Figure 1. Conceptual framework for prioritizing restoration and preservation actions, using an ecological or
utility threshold (dashed black line) to distinguish between restoration locations (blue, where negative effects

of urbanization need to be reduced to reach the threshold) and preservation locations (green, where negative
effects of urbanization should be prevented to avoid reaching the threshold). The prioritization is guided by the
location of the threshold and the status of a relevant conservation metric. Locations with a high status of the
conservation metric and those closer to the threshold are higher priority for conservation action (darker shades)
compared to those further away (lighter shades) because the x-axis is a proxy for effort. Restoration sites close to
the threshold require less effort to mitigate the effects of urbanization to an appropriate level compared to more
urban sites (far left). Preservation sites close to the threshold are at greater risk of exceeding the threshold than
less developed sites and are therefore higher priority for preservation action. In our case study, the ecological
threshold is the level of urbanization effects associated with the critical level of coho pre-spawn mortality
(M_), and we evaluate two different conservation metrics: amount of habitat for coho and for Chinook. A high
conservation metric status equates to a large amount of habitat, whereas low status equates to little habitat.

time-consuming, especially in the built environment, however. This and other restoration techniques, such as
constructed wetlands®, cannot reasonably be implemented everywhere and therefore must be prioritized in
some way.

Another challenge for conservation decision-making in urban (and other) settings is the need for up-to-date,
detailed ecological data, which can affect prioritization and planning outcomes®"*2. Available data and quantita-
tive analyses are rarely rigorous enough to identify specific numerical targets for all priority populations and
communities®. There may also be limited returns on the collection of more data, given inevitable constraints
on time, personnel, and financial resources. Due to the urgency of many environmental threats, it is frequently
necessary to implement conservation actions with incomplete biological data®. It is unclear the extent to which
uncertainty in biological information might affect prioritization of conservation action in urbanizing landscapes.

Here, we modify and extend a cost effectiveness framework for prioritizing conservation actions (e.g.,>>>)
in data-limited urban and urbanizing settings. Our goal is to develop a general framework for conservation in
urban and urbanizing areas (Fig. 1) that is grounded in the best available data, and incorporates uncertainties
associated with incomplete ecological data and rapidly changing landscapes. Our framework requires three
components: (1) the status of a conservation metric (e.g., habitat quantity); (2) the cost or effort associated with
mitigating threats to that metric; and (3) an ecological or utility threshold. An ecological threshold is a point
at which small changes in environmental conditions produce large and sometimes abrupt, responses in a con-
servation target, whereas a utility threshold refers a point at which small changes in environmental conditions
produce substantial changes in the societally desired state of a system®®*. Using these three components, we
seek to minimize cost or effort while reducing the risk of crossing such thresholds, and thus causing substantial
declines in the state of conservation metrics (c.f. *°).

In urbanizing landscapes, achieving conservation goals typically requires either restoration of the built envi-
ronment (e.g., green storm infrastructure, constructed wetlands) or preservation of undeveloped wildlands (e.g.,
preventing development through establishing preserves or conservation easements). Our framework explic-
itly considers both restoration and preservation as potential conservation strategies, and we create separate
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Figure 2. Gradients of urbanization across watersheds in the Puget Sound Basin. Urbanization represents the
combined effects of 19 land cover (e.g., higher imperviousness) and land use (e.g., increasing motor vehicle
traffic) attributes on coho pre-spawn mortality risk, estimated using a Bayesian structural equation model*.
The degree of urbanization ranges from relatively remote areas (blue) to highly developed (red). Map generated
using Esri ArcMap software (v. 10.1, https://www.esri.com/en-us/home).

prioritizations under each (Fig. 1, see “Methods” for details), as these different strategies constitute distinct
actions. We operationalize this framework and explore three questions:

1. How does altering the conservation objective, and thus the focal metric, change the locations that are pri-
oritized for conservation action (i.e., preservation or restoration)?

2. How do projected landscape changes (future population growth, development) modify these priorities?

3. How does altering selected thresholds and/or acceptable uncertainty change the locations that are prioritized
for conservation action?

As a case study, we apply our framework to identify priority areas of preservation and restoration in Puget
Sound, Washington State, USA (Fig. 2), which spans upland, freshwater, estuarine and marine habitats encom-
passing Seattle and extending from Olympia, Washington to the Canadian Border. The region is home to over 4.2
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Figure 3. Predicted pre-spawn mortality (M) increases with urbanization, represented by the latent factor Z

in the hierarchical Bayesian structural equation model of *2. (A) shows the posterior median logistic regression
function (black curve) and associated 90% credible interval for a site whose current conditions (Z_,, and P[M

| data]) are shown as a point estimate. (B) Given this relationship and a specified critical mortality risk (M =
0.3, horizontal red line), we estimated the level of urbanization (Z_y, vertical red line) that gives a probability 1
- o of exceeding M, (here a=0.9). The change in urbanization required to bring Z,. (uncertainty indicated by
the horizontal violin plot) below Z_;, with probability « is AZ (horizontal arrow), and the reduction in median
M risk associated with this change is AM (vertical arrow). (C) AZ is thus a proxy for restoration effort (AZ<0)
or preservation resilience (AZ>0). Points indicate posterior median estimates of current conditions in subbasins
with observed mortality data used to fit the model (squares) and out-of-sample subbasins used for mapping and
prioritization (circles). Gray lines show the subbasin-specific regression functions.

million people, with projected human population increases of 2 million by 2050*. This rapid growth, combined
with the more than 40 species listed as threatened, endangered, or candidates for state and federal protection,
make Puget Sound an important focal area for prioritizing conservation action®*!.

We address two conservation objectives (1) habitat for coho salmon, which are highly sensitive to toxic
urban runoff and frequently exhibit high mortality among adults returning to spawn in urban streams (i.e.,
high pre-spawn mortality*>**), and (2) habitat for Chinook salmon (O. tshawytscha), which are protected under
the U.S. Endangered Species Act. The effect of urbanization (represented by Z, a latent factor summarizing
multiple landscape attributes such as percent cover imperviousness, traffic, and forest cover at the watershed,
or subbasin*, level) on coho salmon pre-spawn mortality has been quantified previously by hierarchical Bayes-
ian structural equation modelling** (Fig. 3). Separate research has identified that current rates of coho spawner
mortality in Puget Sound urban streams are likely to drive otherwise healthy coho populations to local extinction
on a timescale of a few decades**. We term this “critical pre-spawn mortality threshold” (M) and use a 30%
mortality value to identify the ecological threshold in our case study: critical urbanization value, Z_, the level
of urbanization corresponding to a given M (Fig. 3). Z; varies by subbasin and is not associated with fixed
conditions across all subbasins (e.g., 10% imperviousness); we use a published model* to estimate Z_;, for each
subbasin in the Puget Sound region. We quantify for each subbasin the difference between Z_; and the current
level of urbanization effects (Z_,,); we term this difference AZ, or the desired change in urbanization effects. Using
our framework (Fig. 1), we examine the sensitivity of prioritization to uncertainty in AZ and M, as well as to
two different conservation metrics (amount of habitat for coho versus amount of habitat for Chinook salmon;
see “Methods” for details).

Results

We applied our cost-effectiveness framework, which uses required change in urbanization effects (AZ) as a
proxy for effort, to examine how altering the conservation objective (from coho to Chinook), as well as shifting
thresholds of M_; and acceptable uncertainty, modify the locations that are prioritized for conservation action.

Change in prioritization outcome based on the conservation metric.  Across preservation and res-
toration sites (Figs. 4, 5), our framework generally prioritized subbasins with intermediate urbanization effects
(i.e., sites with AZ values closer to zero, which are neither very urban nor very rural). High priority subbasins
varied, depending on the conservation metric. For example, coho habitat was more widespread than fall Chi-
nook habitat in the Puget Sound region and many locations prioritized for coho do not provide habitat for
Chinook (Figs. 4B, 5B, Table S1, S2). Some subbasins were consistently identified as high priority across both
metrics, however. For example, subbasins 296 and 15 were ranked priority 1 and 2, respectively, using both con-
servation metrics (Table S1, S2).

Implications of future urbanization. Forecasted rates of development in the region suggest that many
subbasins not currently experiencing high rates of coho spawner die-off will undergo substantial urbanization
in the coming decades, which may push coho spawner mortality rates above critical levels by 2060. At present,
there are about 11,000 km? of subbasins identified as benefitting from preservation (i.e., AZ>0) and with current
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Figure 4. Prioritization of subbasins, using amount of coho habitat as the conservation metric. Subbasins in
need of restoration (i.e., AZ<0, N=953) are shown in blue; those that are candidates for preservation (AZ>0;
N=449) are shown in green, with darker colors representing higher priority. We calculate prioritization scores
for each subbasin shown in (A) and use scores to rank all locations. For both restoration and preservation
subbasins, a lower prioritization score is associated with higher priority (see “Prioritizing sites for conservation
or restoration action” in “Methods”). Subbasins are ranked by priority on the y-axis in (B) (1 =top priority). (C)
shows subbasin locations. Coho habitat is quantified as kilometers of stream within the subbasin. Map generated
using Esri ArcMap software (v. 10.1, https://www.esri.com/en-us/home).

mean imperviousness < 10%. By the year 2060, predicted future development is likely to increase imperviousness
above 10% for many subbasins (Fig. 6), depending on the future development scenario that plays out. Under the
“status quo” scenario, ~ 32% of that 11,000 km? requiring preservation is predicted to experience > 10% imper-
viousness, placing those subbasins at risk (Fig. 6). For the less aggressive “managed growth” scenario and the
more aggressive “unconstrained growth” scenario, the proportions of those preservation areas that will be at risk
are ~ 16% and ~ 42%, respectively.

Effects of altering thresholds and uncertainty. Altering selected thresholds for M, and acceptable
uncertainty levels («) associated with current urbanization levels (Z) led to shifts in estimates of AZ (see Fig. 7
for one example subbasin). In addition, varying M_; and « altered prioritization, but the effect was minor in
comparison to changing the focal conservation metric from coho habitat to Chinook habitat. Varying the level
of M (e.g., from 0.2 to 0.4) and altering « affected the number of subbasins identified as needing restoration
versus preservation action (e.g., Fig. 7), and altered the prioritization ranking (Fig. 8). More stringent criteria
(lower M,y or higher ) result in lower AZ (i.e., reducing resilience for preservation sites and increasing restora-
tion effort for restoration sites). Thus, a lower M, or higher acceptable level of uncertainty («) would raise the
priority of a preservation site (moving it closer to the threshold, Fig. 1), and would lower the priority of a restora-
tion site (moving it further from the threshold).

Discussion

Conservation practitioners often confront conflicting demands. On one hand, conservation accomplishments
may be evaluated by hectares preserved, kilometers of stream restored, or gallons of water cleaned*-*, potentially
incentivizing the acquisition or restoration of large areas that are inexpensive or easy to restore. In contrast, some
have argued that conservation must focus on regions with the highest conservation benefit, a strategy illustrated
by the “Global Deal for Nature”. Given the finite public and private funds that realistically can be directed
towards conservation, however, a practical solution to the conflict facing practitioners is a focus on conservation
efficiency measured as the conservation cost effectiveness or return on financial investment®.
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Figure 5. Prioritization of subbasins, using amount of fall Chinook habitat as the conservation metric.
Subbasins in need of restoration (i.e., AZ<0, N=479) are shown in blue; those that are candidates for
preservation (AZ>0; N=195) are shown in green, with darker colors representing higher priority. We calculate
prioritization scores for each subbasin shown in (A) and use scores to rank all locations. For both restoration
and preservation basins, a lower prioritization score is associated with higher priority (see “Prioritizing sites

for conservation or restoration action” in “Methods”). Subbasins are ranked by priority on the y-axis in (B)

(1 =top priority). (C) shows subbasin locations. Chinook habitat is quantified as kilometers of stream within the
subbasin. Map generated using Esri ArcMap software (v. 10.1, https://www.esri.com/en-us/home).

We used a cost-effectiveness framework for prioritizing conservation action in urbanizing areas and applied
it to an urgent problem, coho salmon urban pre-spawning mortality syndrome in the Puget Sound region of
Washington State, USA. This study builds on a large and important foundation of work quantifying conserva-
tion priorities (such as’*) in at least two major ways. First, it encompasses both restoration and preservation
solutions; previous work usually focuses on preservation only (e.g., identifying locations for new preserves®!).
Second, we adapted the general cost-effectiveness approach for conservation in urban and urbanizing areas,
which have largely been ignored by other conservation prioritization schemes. Given the rapid growth of urban
areas, the potential threats they pose for biodiversity conservation, and the relative difficulty of conducting
conservation in urbanizing areas, the expansion of conservation prioritization frameworks to cities and sur-
rounding areas is crucial' %,

Our analysis highlights why threat maps alone are insufficient to guide conservation action®: incorporating
focal conservation targets or metrics is critical and conservation priorities will vary, depending on the selected
metric®. Maps of threats such as urbanization effects (Fig. 2) or coho pre-spawn mortality*? are important
starting points but cannot be translated into conservation action in a straightforward manner. For example,
should a subbasin with extremely high predicted pre-spawn mortality be prioritized for restoration? Perhaps
not, if the amount of habitat present is very small. Our approach combines the threat with a clear, quantifiable
objective®, such as amount of coho habitat (Fig. 4) or fall Chinook habitat (Fig. 5), to prioritize action, using a
framework similar to a return-on-investment approach®. We find that the identity of the selected conservation
metric dramatically alters which sites are prioritized (compare, e.g., Fig. 4 to Fig. 5; see also Table S1, S2), and
has a far greater effect on prioritization than altering acceptable levels of uncertainty or M (Fig. 8). We chose
two different metrics as examples: coho habitat and Chinook habitat (Figs. 4, 5). Selecting an entirely different
metric, such as number of people with access to healthy stream habitat (if the conservation goal was related to
human health and well-being) would likely yield a completely different prioritization. This demonstrates the
value of quantitative prioritization tools that incorporate biological attributes and uncertainty, even with limited
biological data, because trade-offs of different targets become apparent™>>.

Our focus in this case study was prioritizing conservation actions to mitigate the toxicity of urban runoff,
as coho salmon are extremely sensitive to this threat®. The lethal response of coho to untreated urban runoff
is so acute that, in the Pacific Northwest, this species is an established sentinel species for both field-based
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Figure 6. Expected development will increase urbanization impacts to coho habitat. Many subbasins currently
identified as high-priority for preservation action (i.e., because predicted pre-spawn mortality is low, shaded

in green with darker colors signifying higher priority, as in Figs. 4, 5) are projected to experience > 10%
imperviousness by the year 2060 under a status quo future scenario*, likely increasing pre-spawn mortality
above the critical value of 0.3 (areas outlined in yellow with shading). Map generated using Esri ArcMap
software (v. 10.1, https://www.esri.com/en-us/home).

monitoring of degraded water quality*® and green infrastructure effectiveness?”**. We note, however, that prob-
lems facing urbanizing ecosystems as a whole go beyond water quality. Urban stream syndrome encompasses
physical characteristics such as altered stream morphology and hydrographs, as well?***?*, Salmonid species face
numerous additional threats, including novel nonnative species, hatchery practices, and climate change***>%",
The framework we developed here could be modified to accommodate these and other threats, by adding the
necessary geospatial data layers, making it applicable to a range of conservation challenges in urbanized settings.

One such challenge is habitat connectivity, long-considered a cornerstone of watershed restoration®*.
Connectivity is typically framed in the context of hydrologic processes and fish passage (e.g., adequate flow,
migration barriers); there are also complex relationships between human activities, upland changes in land use,
rainfall patterns, surface runoff, and degraded water quality along a gradient of stormwater inputs to river and
stream networks®'. Here we have summarized effects of directional connectivity on water quality at a watershed
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fall into either the restoration (AZ<0) or preservation (AZ>0) category depending on the criteria specified.
More stringent criteria (lower M or higher «) result in lower resilience or greater restoration effort (i.e., lower
AZ).
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Figure 8. Shifting to a different conservation metric alters prioritization (represented in blue) more so than
assuming a different M, (in gray, A) or acceptable uncertainty level («) (in gray, B). We show the mean change
in priority rank, compared to using a metric of coho habitat, with M, = 0.3 and a=0.95. Blue dots show the
mean change in priority rank when shifting from a metric of coho habitat to a metric of Chinook habitat (with
M_=0.3 and «=0.95).

resolution (i.e., landscape covariates accounted for upstream conditions within the subbasin), as investments to
reduce non-point source pollution at upstream sites within a watershed are likely to benefit downstream aquatic
communities. We focus on connectivity within (not between) subbasins in our framework because the acutely
toxic response of coho salmon to landscape conditions and stormwater contaminants within the watershed are
well-documented?®#>62, Nevertheless, migratory species, such as salmonids, do use a mosaic of interconnected
watersheds at different points in their life history. Thus, there may be less benefit to some species if restoration and
preservation strategies produce a scattershot suite of locally “cost efficient” restoration sites than if the broader
landscape of functionally connected habitat corridors are incorporated into planning®. For coho, this might
involve, for example, incorporating knowledge of source and sink populations®. Our prioritization framework
and analysis could be modified to include connectivity across watersheds, using standard approaches to penal-
ize sites based on fragmentation®*> and promote sites known to be ecologically significant to target species®.
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Our analysis is based on a quantitative relationship between urbanization and pre-spawn mortality of coho
salmon, with mortality increasing in concert with urbanization in Puget Sound (Fig. 3). Dominant approaches
to stormwater management in the region likely drive this relationship. However, green stormwater infrastruc-
ture—designed to spread, infiltrate, and decontaminate stormwater—is intended to mitigate the multifaceted
negative effects of urbanization (summarized by Z in our modelling approach) on coho spawner mortality. If
green stormwater infrastructure is applied at sufficient intensity in a subbasin, holding other urbanization effects
constant, we would expect coho spawner mortality to decrease in that subbasin (though there is uncertainty
in biological responses following restoration). That is, green stormwater infrastructure is designed to break
correlations in the existing data used to parameterize our structural equation model*>. Observed declines over
time in coho pre-spawn mortality at particular subbasins with extensive green infrastructure, or a shift in the
correlation structure between coho pre-spawn mortality rates and landscape indicators of urbanization, may be
effective stormwater monitoring diagnostics that would facilitate identification of how much green infrastructure
is sufficient to benefit coho.

Our work here is not an endpoint, but an example of a further step in the management decision-making pro-
cess. It may be seen as part of a structured decision-making process for choosing among alternative management
actions®®®’. Restoration actions that could be considered include green stormwater infrastructure techniques®,
low-impact development, such as compact development with reduced imperviousness®, street sweeping’®, and
constructed wetlands®. Our framework could be used by managers to choose among alternative locations in
which to invest in stormwater intervention projects. Of course, there are many complexities to implementing
our framework on the ground, beyond uncertainty in the relationship between urbanization and coho mortal-
ity (Fig. 3). A subbasin identified as high priority for conservation would require landowner contact, site visits,
additional ecological assessment and permitting, and, ideally, a monitoring and adaptive management plan, prior
to implementing any action. Our experience is that urban natural resource managers often behave opportunisti-
cally when implementing projects. This stems partially from the need to coordinate projects and funding across
governmental agencies and grant opportunities. As a result, project investments are not always located in the
most biologically relevant areas. A structured framework such as the one we present could help managers quickly
determine which opportunities are worth pursuing by combining cost-effectiveness with ecological significance.

Our framework prioritizes action where conditions are close to an urbanization threshold, based on the
assumption that conservation in these urbanizing areas may achieve the greatest cost-effectiveness. The particular
subbasins identified as highest priority for conservation depend on the conservation metric of interest (e.g., coho
versus Chinook habitat), but high-priority locations were often in suburban/exurban areas, rather than in either
the urban core or in the most rural locations of our focal area. These intermediate locations may be close to an
urbanization “tipping point” beyond which coho and other species are unlikely to persist’"’2, Predicting tipping
points has been a focus of conservation and management in a wide range of terrestrial and marine systems’>’*.
A tipping point framework may be useful for conservation in urbanizing landscapes as well, especially if it can
be operationalized to identify sites on the cusp of entering an alternative undesirable state’>. Parts of the globe
are urbanizing at a pace even more rapid than our case study of the Puget Sound region (e.g., cities in Africa
and Asia'?); in these areas, our framework may be most useful for identifying high-priority areas for preserving
green space from fast-paced urban development. Operationalizing this framework in shrinking cities in the U.S.
rust belt’, eastern Europe'?, and elsewhere, on the other hand, may focus more on prioritizing where restorative
green infrastructure would yield greater ecological bang for the buck.

To compare cost-effectiveness, we used a proxy for effort (AZ, the difference between the estimated cur-
rent urbanization and the subbasin’s critical value for urbanization effects); translating this estimate of effort
into financial cost would be complex. Costs are likely to vary widely among the myriad potential conservation
actions. For example, retrofitting the built environment (a restoration action) is critical to reducing negative
effects of stormwater in urban areas, but is likely more expensive than incorporating clean water strategies into
future development plans and limiting growth>>”¢. In addition, costs of preservation vary geographically’? and
with the approach used (e.g., establishing conservation easements versus preserves’’). Financial estimates of
these different approaches could be incorporated into our framework to prioritize sites for conservation action.

In a rapidly urbanizing world with numerous, intense conservation challenges, the question of where to focus
conservation efforts is daunting. Straightforward frameworks, such as the one we use, provide a starting point,
but the answer clearly depends on the objectives (and thus the metrics used; Fig. 8), which can be numerous
and conflicting. Our approach can be extended to multi-objective prioritization’®; a fundamental challenge,
though, is that funding for conservation actions is uncertain and choosing priority areas and actions requires
communities and conservation organizations to define clear conservation goals. Indeed, our work highlights
that having the right tools is only beneficial if we can address challenging questions about why we are doing
conservation in the first place.

Methods

Restoration versus preservation. Our framework creates separate prioritizations for restoration and
preservation actions (Fig. 1). We use the term “restoration” to encompass actions that reduce or reverse current
negative urbanization impacts on habitats/taxa of concern and the term “preservation” encompasses actions
that prevent increases in urbanization impacts. For preservation strategies, our approach considers areas with
extremely low levels of development to be a lower priority because these sites are likely to tolerate some increased
urbanization without crossing the ecological or utility urbanization threshold. Thus, regions are not prioritized
where current urbanization effects are far from the threshold, even though such areas may have high conserva-
tion value. In contrast, regions are prioritized for preservation where advancing urbanization results in urbani-
zation effects being near the threshold. Restoration strategies are prioritized in areas where a small change in the
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urban landscape will reduce negative conditions across a threshold to a preferred state. Restoration strategies
that focus solely on ecological outcomes would therefore not be prioritized in highly urbanized locations where
conservation metrics are very far from the threshold because the effort associated with restoring conditions up
to this threshold is likely prohibitive.

Metrics. We focus our conservation metrics on Pacific salmon (Oncorhynchus spp.), which are culturally,
economically, and ecologically important in northwestern North America. They are integral to the culture and
traditional practices of indigenous peoples in the region, valued in recreational and commercial fisheries, and
are considered keystone species®>”>*. We use two Pacific salmon-related metrics for which data are available:
amount of coho habitat and amount of Chinook habitat. Within Pacific salmon, we focus particularly on coho,
because they have been termed a “sentinel species” for urban stream ecosystems; both juvenile and adult stages
are extremely sensitive to water toxicity associated with urbanization*>#>4>681,

We include a metric for Chinook salmon because many conservation efforts focus on Puget Sound Fall
Chinook salmon (e.g., Puget Sound Vital Signs, https://vitalsigns.pugetsoundinfo.wa.gov/VitalSignIndicator/
Detail/49), which occur in some of the same watersheds as coho in the region and are listed as Threatened
under the Endangered Species Act®?. Urbanization negatively affects Chinook salmon, but these effects, which
include immune suppression and increased susceptibility to disease®’, are less obvious in this species than in
coho. Because relationships between urbanization and Chinook are poorly understood, we could not identify
Chinook-specific thresholds for urbanization; we therefore apply the AZ values developed for coho (see “Esti-
mating site-specific critical pre-spawn mortality and associated urbanization levels” below). In this context, AZ
can be interpreted as change needed to reach a threshold of clean water; it is important to keep in mind that
Chinook may have a different tolerance than coho for urban water toxicity and additional research would be
necessary to quantify a Chinook-specific threshold. We expect that using a Chinook-specific threshold would
further exacerbate differences in locations prioritized across these two metrics.

Data. For details on land use/land cover and coho pre-spawn mortality data used to model relationships
between urbanization and pre-spawn mortality, see*’. Data layers of coho and fall Chinook use of streams
(including documented “rearing’, “spawning” and/or “presence”) were derived from the Washington Integrated
Fish Database (WIFD), accessed through Salmonscape (https://apps.wdfw.wa.gov/salmonscape/). These data
layers were summarized at the subbasin, or watershed*, resolution.

To better understand the future of coho mortality as a function of different urban growth scenarios, we used
predicted imperviousness in the year 2060 to quantify the total area of preservation regions that might be at risk
under three different development management scenarios: “status quo’, “managed growth” and “unconstrained
growth” These future scenarios differ based on their potential impacts on various indicators of ecosystem func-
tion, including population allocation, patterns of urban and rural growth, and protection of sensitive (e.g.,
wetlands) and nearshore/coastal areas. The three scenarios were generally defined as follows: status quo—no
change in approach to constraining urban expansion; managed growth—an aggressive set of management poli-
cies that protect and restore ecosystem function and seek to concentrate development within urban growth areas
and near regional growth centers; and, unmanaged growth—a relaxation of land use restrictions with limited
protection of ecosystem functions.

Estimating site-specific critical pre-spawn mortality and associated urbanization levels. Our
approach relies on estimates of urbanization (Fig. 2) and its predicted relationship with coho pre-spawn mortal-
ity (Fig. 3), obtained from a previously developed hierarchical Bayesian structural equation model*2. That model
identified a one-dimensional latent factor (urbanization, Z) that summarizes the effects of 19 land use/land cover
variables on coho pre-spawn mortality, in conjunction with seasonal precipitation (which we do not incorporate
here, setting rainfall equal to its sample mean). We used the model to estimate subbasin-specific critical values
(Z.;) representing the urbanization level at which the posterior probability of exceeding a critical pre-spawn
mortality risk (M) equals 1—a, for some specified uncertainty level a. The difference between the estimated
current urbanization and the critical value (AZ=Z_,, - Z;;, accounting for uncertainty in the posterior distribu-
tion of Z,,), is a proxy for the effort required to restore an impacted site to an acceptable pre-spawn mortality
risk (AZ <0) or the resilience of a less-impacted (preservation) site to continued encroachment (AZ>0).

To find AZ, we begin with the logistic regression of pre-spawn mortality risk M against Z from the structural
equation model of*2, which includes a random subbasin-specific intercept (Fig. 3A). We find the critical urbani-
zation level Z_;, by solving

P(M > Myit|Zerit, data) = 1—a,

using the MCMC samples to approximate the posterior cumulative distribution function (Fig. 3B). We then
calculate AZ as the difference between Z_;, and the a-th posterior quantile of the current site-specific urbaniza-
tion Z_,,, such that

P(Zeur + AZ < Zyit| data) = a,

as shown in Fig. 3B. We repeated these calculations for a range of reasonable values of M (0.2-0.4) and «
(0.8-0.99). Maps presented in the main manuscript use a=0.95 and M, = 0.3, based on*, who found that the
mean time to extinction for isolated, healthy coho populations experiencing 30% pre-spawn mortality is 70 years.
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Prioritizing sites for preservation or restoration action. We created spatial action maps for con-
servation action priorities for all subbasins in Puget Sound that support one or more life history stages of coho
(sensu*?). We did this by plotting each focal conservation metric (coho or fall Chinook habitat) against AZ for
each subbasin. We calculated the prioritization score as the Euclidean distance between conditions at each sub-
basin and the maximum value of the focal conservation metric at AZ=0, as shown in the equation below and
in Fig. S1:

score; = dist((AZ;, metric;), (0, metricyay)) = \/AZ,' + (metric; — metricmax)2

Score; is the prioritization score for subbasin 7, AZ, is the difference between the estimated current urbani-
zation at subbasin i and Z_;; metric; is the value of the focal conservation metric (e.g., km of coho habitat) in
subbasin i; and metric,,,, is the maximum value of the conservation metric across all subbasins in the analysis.
Lower scores indicate higher priority, as they have higher values of the conservation metric (i.e., values closer to
the maximum) and AZ values closer to 0 (corresponding to lower restoration effort or lower resilience to further
impacts; Fig. 3). Preservation and restoration were scored and prioritized separately; basins with estimated AZ <0
require restoration action, whereas those with AZ >0 were prioritized for preservation action.

Considering future change in imperviousness. We identified subbasins at risk from future devel-
opment by incorporating predicted coho spawner mortality and percent imperviousness reported by** with
predicted imperviousness in the year 2060%. Subbasins that had current imperviousness and predicted coho
spawner mortality <10% but were projected to have an imperviousness>10% in any of the three future sce-
narios, were tagged as a conservation priority. We chose a 10% threshold for imperviousness based on values in
the literature suggesting that streams above this threshold are considered impacted or impaired®-*. Subbasins
not meeting those criteria were deemed not a conservation priority. Refer to Supplemental Materials for further
details.

Data and code availability

Code for quantifying prioritization scores is available in Appendix 1. Data and code from** that were used to
generate coho pre-spawn mortality in Puget Sound may be found online at: http://onlinelibrary.wiley.com/
doi/10.1002/eap.1615/full and at https://github.com/ebuhle/cohoPSM. SalmonScape data, used to quantify coho
and Chinook habitat are available at https://www.arcgis.com/home/item.html?id=1e56a648718543ab952¢75{f9
9711086.

Received: 7 August 2020; Accepted: 26 November 2020
Published online: 12 January 2021

References
1. Game, E. T., Kareiva, P. & Possingham, H. P. Six common mistakes in conservation priority setting. Conserv. Biol. 27, 480-485
(2013).
2. Bottrill, M. C. et al. Is conservation triage just smart decision making?. Trends Ecol. Evol. 23, 649-654 (2008).
3. Wilson, K. A., Carwardine, J. & Possingham, H. P. Setting conservation priorities. Ann. N. Y. Acad. Sci. 1162, 237-264 (2009).
4. Sambhouri, J. E & Levin, P. S. Linking land-and sea-based activities to risk in coastal ecosystems. Biol. Conserv. 145, 118-129 (2012).
5. Shelton, A. O., Samhouri, J. F, Stier, A. C. & Levin, P. S. Assessing trade-offs to inform ecosystem-based fisheries management of

forage fish. Sci. Rep. 4, 7110 (2014).

. Tallis, H. Natural Capital: Theory and Practice of Mapping Ecosystem Services. (Oxford University Press, 2011).

. Murdoch, W. et al. Maximizing return on investment in conservation. Biol. Conserv. 139, 375-388 (2007).

. Carwardine, J. et al. Prioritizing threat management for biodiversity conservation. Conserv. Lett. 5, 196-204 (2012).

. Fonner, R., Bellanger, M. & Warlick, A. Economic analysis for marine protected resources management: challenges, tools, and

opportunities. Ocean Coast. Manag. 194, 105222 (2020).

10. Chan, K. M., Hoshizaki, L. & Klinkenberg, B. Ecosystem services in conservation planning: targeted benefits vs. co-benefits or
costs?. PLoS ONE 6, €24378 (2011).

11. McDonald, R. I., Kareiva, P. & Forman, R. T. The implications of current and future urbanization for global protected areas and
biodiversity conservation. Biol. Conserv. 141, 1695-1703 (2008).

12. Economic, U. N. D. of & Social Affairs, P. D. World Urbanization Prospects: The 2018 Revision. (United Nations Publications New
York, 2019).

13. Liu, Z., He, C. & Wu, J. The relationship between habitat loss and fragmentation during urbanization: an empirical evaluation from
16 world cities. PLoS ONE 11, e0154613 (2016).

14. Heidt, V. & Neef, M. Benefits of urban green space for improving urban climate. In Ecology, Planning, and Management of Urban
Forests 84-96 (Springer, 2008).

15. Wolch, J. R,, Byrne, ]. & Newell, J. P. Urban green space, public health, and environmental justice: the challenge of making cities
‘just green enough’ Landsc. Urban Plan. 125, 234-244 (2014).

16. Kondo, M. C., Fluehr, J. M., McKeon, T. & Branas, C. C. Urban green space and its impact on human health. Int. J. Environ. Res.
Public. Health 15, 445 (2018).

17. Wood, E. et al. Not all green space is created equal: biodiversity predicts psychological restorative benefits from urban green space.
Front. Psychol. 9, 2320 (2018).

18. Pickett, S. T. et al. Urban ecological systems: scientific foundations and a decade of progress. J. Environ. Manag. 92, 331-362 (2011).

19. Grimm, N. B. et al. Global change and the ecology of cities. Science 319, 756-760 (2008).

20. Walsh, C.]. et al. The urban stream syndrome: current knowledge and the search for a cure. J. North Am. Benthol. Soc. 24, 706-723
(2005).

21. Paul, M. J. & Meyer, J. L. Streams in the urban landscape. Annu. Rev. Ecol. Syst. 32, 333-365 (2001).

22. Schueler, T. R., Fraley-McNeal, L. & Cappiella, K. Is impervious cover still important? Review of recent research. J. Hydrol. Eng.
14, 309-315 (2009).

O 0 N

Scientific Reports | (2021) 11:818 https://doi.org/10.1038/s41598-020-79258-2 natureresearch


http://onlinelibrary.wiley.com/doi/10.1002/eap.1615/full
http://onlinelibrary.wiley.com/doi/10.1002/eap.1615/full
https://github.com/ebuhle/cohoPSM
https://www.arcgis.com/home/item.html?id=1e56a648718543ab952e75ff9971f086
https://www.arcgis.com/home/item.html?id=1e56a648718543ab952e75ff9971f086

www.nature.com/scientificreports/

23.

24.
25.

26.
27.
28.
29.

30.
. Rondinini, C., Wilson, K. A., Boitani, L., Grantham, H. & Possingham, H. P. Tradeofs of different types of species occurrence data

32.
33.
34.

35.
36.

37.
38.
39.

40.
41.

42.
43.

44.
45.

46.
47.
. Bottrill, M. C. & Pressey, R. L. The effectiveness and evaluation of conservation planning. Conserv. Lett. 5, 407-420 (2012).
49.
50.
51.
52.

53.
54.

60.
61.
62.
63.
64.
65.
66.

67.
68.

69.
70.

71.

Canessa, S. & Parris, K. M. Multi-scale, direct and indirect effects of the urban stream syndrome on amphibian communities in
streams. PLoS ONE 8, €70262 (2013).

Bernhardt, E. S. & Palmer, M. A. Restoring streams in an urbanizing world. Freshw. Biol. 52, 738-751 (2007).

Hardy, S. D. & Koontz, T. M. Collaborative watershed partnerships in urban and rural areas: different pathways to success?. Landsc.
Urban Plan. 95, 79-90 (2010).

Ahiablame, L. M., Engel, B. A. & Chaubey, I. Effectiveness of low impact development practices: literature review and suggestions
for future research. Integr. Environ. Assess. Manag. Int. J. 223, 4253-4273 (2012).

Mclntyre, J. et al. Soil bioretention protects juvenile salmon and their prey from the toxic impacts of urban stormwater runoff.
Chemosphere 132, 213-219 (2015).

Mclntyre, ]. K. et al. Severe coal tar sealcoat runoff toxicity to fish is prevented by bioretention filtration. Environ. Sci. Technol. 50,
1570-1578 (2016).

Spromberg, J. A. et al. Coho salmon spawner mortality in western US urban watersheds: bioinfiltration prevents lethal storm water
impacts. J. Appl. Ecol. 53, 398-407 (2016).

Seattle, D. of P. & D. 2015 Environmentally Critical Areas: Best Available Science Review. (2015).

for use in systematic conservation planning. Ecol. Lett. 9, 1136-1145 (2006).

Rhodes, J. R. et al. Regional variation in habitat-occupancy thresholds: a warning for conservation planning. J. Appl. Ecol. 45,
549-557 (2008).

Carwardine, J., Klein, C. J., Wilson, K. A., Pressey, R. L. & Possingham, H. P. Hitting the target and missing the point: target-based
conservation planning in context. Conserv. Lett. 2, 4-11 (2009).

Ruckelshaus, M. H., Levin, P, Johnson, J. B. & Kareiva, P. M. The Pacific salmon wars: what science brings to the challenge of
recovering species. Annu. Rev. Ecol. Syst. 33, 665-706 (2002).

Underwood, E. C. et al. Protecting biodiversity when money matters: maximizing return on investment. PLoS ONE 3, e1515 (2008).
Murdoch, W., Ranganathan, J., Polasky, S. & Regetz, J. Using return on investment to maximize conservation effectiveness in
Argentine grasslands. Proc. Natl. Acad. Sci. 107, 20855-20862 (2010).

Boyd, J., Epanchin-Niell, R. & Siikaméki, J. Conservation planning: a review of return on investment analysis. Rev. Environ. Econ.
Policy 9, 23-42 (2015).

Samhouri, J. F, Levin, P. S., James, C. A., Kershner, J. & Williams, G. Using existing scientific capacity to set targets for ecosystem-
based management: a Puget Sound case study. Mar. Policy 35, 508-518 (2011).

Martin, J., Runge, M. C., Nichols, J. D., Lubow, B. C. & Kendall, W. L. Structured decision making as a conceptual framework to
identify thresholds for conservation and management. Ecol. Appl. 19, 1079-1090 (2009).

Puget Sound Regional Council (PSRC). 2050 Forecast of People and Jobs. https://www.psrc.org/ (2018).

Ruckelshaus, M., Essington, T. & Levin, P. 2009 Puget Sound, Washington, USA. in Ecosystem-based Management for the Oceans
201-226 (Island Press, Washington, DC, USA, 2012).

Feist, B. E. et al. Roads to ruin: conservation threats to a sentinel species across an urban gradient. Ecol. Appl. 27, 2382-2396 (2017).
Scholz, N. L. et al. Recurrent die-offs of adult coho salmon returning to spawn in Puget Sound lowland urban streams. PLoS ONE
6, 28013 (2011).

WAECY - Water Resource Inventory Areas (WRIA).

Spromberg, J. A. & Scholz, N. L. Estimating the future decline of wild coho salmon populations resulting from early spawner die-
offs in urbanizing watersheds of the Pacific Northwest, USA. Integr. Environ. Assess. Manag. 7, 648-656 (2011).

Bolte, J. & Vache, K. Envisioning Puget Sound Alternative Futures. Or. State Univ. (2010).

King, M. A. & Fairfax, S. K. Beyond bucks and acres: land acquisition and water. Tex Rev 83, 1941 (2004).

Rissman, A. R. & Smail, R. Accounting for results: how conservation organizations report performance information. Environ.
Manag. 55, 916-929 (2015).

Dinerstein, E. et al. A global deal for nature: guiding principles, milestones, and targets. Sci. Adv. 5, eaaw2869 (2019).

Jones, K. R. et al. The location and protection status of Earth’s diminishing marine wilderness. Curr. Biol. 28, 2506-2512 (2018).
Tulloch, V. J. et al. Why do we map threats? Linking threat mapping with actions to make better conservation decisions. Front.
Ecol. Environ. 13, 91-99 (2015).

Moilanen, A. et al. Balancing alternative land uses in conservation prioritization. Ecol. Appl. 21, 1419-1426 (2011).

Rodewald, A. D., Strimas-Mackey, M., Schuster, R. & Arcese, P. Tradeoffs in the value of biodiversity feature and cost data in
conservation prioritization. Sci. Rep. 9, 1-8 (2019).

. Walsh, J. C. et al. Prioritizing conservation actions for Pacific salmon in Canada. J. Appl. Ecol. (2020).

. Chow, M. L et al. An urban stormwater runoff mortality syndrome in juvenile coho salmon. Aquat. Toxicol. 214, 105231 (2019).
. Battin, J. et al. Projected impacts of climate change on salmon habitat restoration. Proc. Natl. Acad. Sci. 104, 6720-6725 (2007).

. Council, N. R. et al. Upstream: Salmon and Society in the Pacific Northwest. (National Academies Press, 1996).

. Benda, L., Andras, K., Miller, D. & Bigelow, P. Confluence effects in rivers: interactions of basin scale, network geometry, and

disturbance regimes. Water Resour. Res. 40, (2004).

Nel, J. L. et al. Progress and challenges in freshwater conservation planning. Aquat. Conserv. Mar. Freshw. Ecosyst. 19, 474-485
(2009).

Booth, D. B,, Roy, A. H., Smith, B. & Capps, K. A. Global perspectives on the urban stream syndrome. Freshw. Sci. 35, 412-420
(2016).

Feist, B. E., Buhle, E. R., Arnold, P,, Davis, J. W. & Scholz, N. L. Landscape ecotoxicology of coho salmon spawner mortality in
urban streams. PLoS ONE 6, €23424 (2011).

Sethi, S. A, O’Hanley, J. R., Gerken, J., Ashline, J. & Bradley, C. High value of ecological information for river connectivity restora-
tion. Landsc. Ecol. 32, 2327-2336 (2017).

Watts, M. E. et al. Marxan with Zones: software for optimal conservation based land-and sea-use zoning. Environ. Model. Softw.
24, 1513-1521 (2009).

Beger, M. et al. Incorporating asymmetric connectivity into spatial decision making for conservation. Conserv. Lett. 3, 359-368
(2010).

Bower, S. D. et al. Making tough choices: picking the appropriate conservation decision-making tool. Conserv. Lett. 11, e12418
(2018).

Schwartz, M. W. et al. Decision support frameworks and tools for conservation. Conserv. Lett. 11, e12385 (2018).

Jarden, K. M., Jefferson, A. J. & Grieser, ]. M. Assessing the effects of catchment-scale urban green infrastructure retrofits on
hydrograph characteristics. Hydrol. Process. 30, 1536-1550 (2016).

Pyke, C. et al. Assessment of low impact development for managing stormwater with changing precipitation due to climate change.
Landsc. Urban Plan. 103, 166-173 (2011).

Kim, D.-G., Jeong, K. & Ko, S.-O. Removal of road deposited sediments by sweeping and its contribution to highway runoff quality
in Korea. Environ. Technol. 35, 2546-2555 (2014).

Scheffer, M. Foreseeing tipping points. Nature 467, 411-412 (2010).

Scientific Reports | (2021) 11:818

https://doi.org/10.1038/s41598-020-79258-2 nature research


https://www.psrc.org/

www.nature.com/scientificreports/

72. Halpern, B. S. Addressing Socioecological Tipping Points and Safe Operating Spaces in the Anthropocene. in Conservation for the
Anthropocene Ocean 271-286 (Elsevier, 2017).

73. Malhado, A. C. M., Pires, G. F. & Costa, M. H. Cerrado conservation is essential to protect the Amazon rainforest. Ambio 39,
580-584 (2010).

74. Selkoe, K. A. et al. Principles for managing marine ecosystems prone to tipping points. Ecosyst. Health Sustain. 1, 1-18 (2015).

75. Schilling, J. & Logan, J. Greening the rust belt: a green infrastructure model for right sizing America’s shrinking cities. J. Am. Plann.
Assoc. 74, 451-466 (2008).

76. Hughes, R. M. et al. A review of urban water body challenges and approaches:(2) mitigating effects of future urbanization. Fisheries
39, 30-40 (2014).

77. Parker, D. P. Land trusts and the choice to conserve land with full ownership or conservation easements. Nat. Resour. J. 483-518
(2004).

78. Kennedy, C. M. et al. Optimizing land use decision-making to sustain Brazilian agricultural profits, biodiversity and ecosystem
services. Biol. Conserv. 204, 221-230 (2016).

79. Kaeriyama, M., Seo, H., Kudo, H. & Nagata, M. Perspectives on wild and hatchery salmon interactions at sea, potential climate
effects on Japanese chum salmon, and the need for sustainable salmon fishery management reform in Japan. Environ. Biol. Fishes
94, 165-177 (2012).

80. Willson, M. E. & Halupka, K. C. Anadromous fish as keystone species in vertebrate communities. Conserv. Biol. 9, 489-497 (1995).

81. Mclntyre, J. K. et al. Interspecies variation in the susceptibility of adult Pacific salmon to toxic urban stormwater runoff. Environ.
Pollut. 238, 196-203 (2018).

82. Service (NMFS), N. M. E Report: 5-Year Review: Summary & Evaluation of Puget Sound Chinook Salmon, Hood Canal Summer-
run Chum Salmon, Puget Sound Steelhead. (2016).

83. Spromberg, J. A. & Meador, J. P. Relating results of chronic toxicity responses to population-level effects: modeling effects on wild
chinook salmon populations. Integr. Environ. Assess. Manag. Int. J. 1, 9-21 (2005).

84. Allan, J. D. Landscapes and riverscapes: the influence of land use on stream ecosystems. Annu. Rev. Ecol. Evol. Syst. 35, 257-284
(2004).

85. Bierwagen, B. G. et al. National housing and impervious surface scenarios for integrated climate impact assessments. Proc. Natl.
Acad. Sci. 107, 20887-20892 (2010).

86. Walsh, C. J., Fletcher, T. D. & Burns, M. J. Urban stormwater runoff: a new class of environmental flow problem. PLoS ONE 7,
e45814 (2012).

Acknowledgements

We thank The Nature Conservancy (for EB), National Marine Fisheries Service, and the National Research
Council for funding and support (fellowship to AKE). We thank Erica Simek Sloniker for improving Figure 1
from earlier versions. Findings and conclusions herein are those of the authors and do not necessarily represent
the views of the sponsoring organizations.

Author contributions

PL conceived of the research, and all authors contributed ideas that shaped the direction of the manuscript. EB,
BE JS, and NS compiled the data and developed the model. AE, EB, and BF created the figures. AE, PL, and EH
wrote the manuscript; all authors edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-020-79258-2.

Correspondence and requests for materials should be addressed to A.K.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:818 | https://doi.org/10.1038/s41598-020-79258-2 nature research


https://doi.org/10.1038/s41598-020-79258-2
https://doi.org/10.1038/s41598-020-79258-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Prioritizing conservation actions in urbanizing landscapes
	Results
	Change in prioritization outcome based on the conservation metric. 
	Implications of future urbanization. 
	Effects of altering thresholds and uncertainty. 

	Discussion
	Methods
	Restoration versus preservation. 
	Metrics. 
	Data. 
	Estimating site-specific critical pre-spawn mortality and associated urbanization levels. 
	Prioritizing sites for preservation or restoration action. 
	Considering future change in imperviousness. 

	References
	Acknowledgements


