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1 | INTRODUCTION

Biodiversity—the variety of life across genes, species, and
ecosystems—is rapidly declining due to human activities.
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Abstract

Cities offer viable habitat and are frequently located in biodiversity hotspots,
but are often overlooked in conservation planning. Here, we investigated how
urban greenspaces can support conservation goals within the Conservation
Lands Network, a regional biodiversity conservation plan for the San Francisco
(SF) Bay Area, which classifies lands that are either essential for or contribut-
ing to meeting biodiversity conservation goals using Marxan model selection.
We compared vegetation (normalized difference vegetation index [NDVI]),
biodiversity, and connectivity using an indicator species framework for the
three most populous cities (Oakland, SF, and San Jose) in the Bay Area in
three categories: greenspaces selected by Marxan as essential, greenspaces not
selected by Marxan as essential, and all greenspaces. We found that green-
spaces selected as essential were significantly larger in area and had a higher
mean NDVI than non-essential greenspaces. Indicator species richness was
not significantly higher in greenspaces selected as essential in all three cities,
while in SF, non-essential and all greenspaces had significantly more biodiver-
sity than essential greenspaces. Connectivity for three indicator species also
significantly improved in all cities when incorporating non-essential green-
spaces. Our results demonstrate that including urban greenspaces can bolster
regional conservation goals, supporting state and federal goals.

KEYWORDS

biodiversity, connectivity, Conservation Lands Network, GBIF, greenspace, indicator species,
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The expansion of agriculture, deforestation, urbanization,
and climate change are key drivers of this loss, altering
habitats and threatening species worldwide (Pereira
et al., 2012; Simkin et al., 2022). According to a recent
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assessment engaging thousands of biodiversity experts,
up to 50% of all known species have become threatened
or gone extinct since the year 1500 (Isbell et al., 2023). As
climate change exacerbates extreme weather events, hab-
itat fragmentation, and prolonged droughts, biodiversity
loss is expected to further accelerate (Butchart
et al., 2010; Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services [IPBES], 2019;
Maxwell et al., 2019). This crisis has been broadly recog-
nized on the international stage, with international
agreements such as the Convention on Biological Diver-
sity, the United Nations Sustainable Development Goals,
and the Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services emphasizing the
urgent need for conservation action.

To address biodiversity loss, area-based conservation
priorities have been developed at multiple spatial scales,
from local and regional action plans to global initiatives.
These priorities aim to safeguard and regenerate biodiver-
sity by identifying key areas that promote connectivity, pre-
serve ecosystem services, maintain habitat diversity and
patch size, and protect keystone and other critical species
(Kukkala & Moilanen, 2017; Pander et al., 2018; Rudnick
et al.,, 2012). One widely recognized area-based conserva-
tion prioritization initiative is the 30 x 30 goal, which
seeks to conserve 30% of water and land by 2030 (Gurney
et al., 2023). This target has been adapted at various scales,
from state and federal conservation plans to highly local,
citywide efforts (e.g., State of California, 2022). At finer spa-
tial scales, regional conservation priorities provide targeted,
context-specific approaches that allow for strategic conser-
vation planning that aligns with broader goals while
addressing regional biodiversity concerns. However, cities
remain largely overlooked in these frameworks, despite
their potential to support biodiversity and enhance ecologi-
cal resilience (De Oliveira et al, 2011; Lambert &
Schell, 2023; Spotswood et al., 2021). Prioritizing conserva-
tion strategies that integrate urban environments and the
key habitats they provide can strengthen ecological net-
works and ensure that conservation efforts reflect the full
range of landscapes where biodiversity persists.

As urbanization expands, the role of cities in conserva-
tion becomes increasingly significant (Ives et al., 2016).
Despite the persistent fallacy that cities are “biological
deserts,” various urban ecosystems are replete with unique
organisms not found elsewhere (Gentili et al., 2024;
Spotswood et al., 2021). Over 460 cities are co-located on
biodiversity hotspots (Weller et al., 2019) due to access to
high-quality natural resources, such as forests and aquatic
features. Moreover, protected areas in cities (e.g., parks
and water features) simultaneously support wildlife and
people, serving as key green infrastructure for human and
ecosystem resilience. Hence, cities have vast potential to
contribute to regional and national conservation goals,

providing a “last chance” opportunity for species facing
critical habitat loss (Soanes & Lentini, 2019; Spotswood
et al, 2021). Moreover, with nearly 70% of the world's
population living in cities (Hoornweg & Pope, 2017;
UN-Habitat, 2022), actively conserving and bolstering
biodiversity in cities via restoration, greening and steward-
ship can not only combat the biodiversity crisis but also
increase access to nature, bolster human well-being, and
promote positive human-wildlife interactions (Soga &
Gaston, 2016; Spotswood et al., 2025).

As global biodiversity continues to decline, cities are
increasingly becoming recognized for their ecological
contributions, including stopover sites, habitat heteroge-
neity, and genetic diversity (Butt et al., 2018; Spotswood
et al., 2021). Yet, cities are often excluded from conserva-
tion priorities, pushing scientists to argue for the inten-
tional inclusion of cities as rich ecological spaces for
biodiversity conservation (Miiller & Werner, 2010; Parris
et al., 2018; Soanes et al., 2019). As cities become increas-
ingly considered for conservation potential, conservation
strategies have begun to focus on prioritizing large green-
spaces in cities that generally contain diverse habitats,
excluding smaller greenspaces that may harbor vast
amounts of biodiversity in the process.

The Conservation Lands Network (CLN) is a regional
biodiversity conservation strategy for the San Francisco
Bay Area in California designed to prioritize land protec-
tion based on habitat importance and proximity to exist-
ing protected areas. The CLN identifies lands essential
for meeting acreage- and occurrence-based biodiversity
conservation goals using a science-based approach, inte-
grating factors such as habitat rarity, representation, and
diversity. These factors are incorporated through spatial
modeling (i.e., Marxan optimization) to identify areas
that, together, form an efficient (i.e., spatially compact)
network of lands (inclusive of existing protected areas)
that contain representation of all of the region's terres-
trial habitats and in appropriate amounts to address
redundancy, as determined by local experts (Bay Area
Open Space Council, 2019). These methods tend to priori-
tize non-urban areas, with urban conservation prioritiza-
tion often limited to large greenspaces, such as Golden
Gate Park in San Francisco. An empirical study explicitly
examining the value of cities in conservation prioritiza-
tion strategies, such as the CLN, would bolster arguments
for holistically including cities in conservation prioritiza-
tion and elevate all natural spaces to consideration in pri-
oritization (e.g., see Chapman et al., 2023).

In this article, we leverage open data to answer three
pressing questions. First, we investigate what proportion of
greenspace in urban areas are not considered essential in
San Francisco's regional biodiversity conservation program
and examine differences in vegetation across essential and
non-essential greenspaces (see Section 5 for definitions).
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In this study area, both “essential” and “non-essential”
greenspaces include public parks and preserves (2 of
12 are non-essential). Second, we use an indicator spe-
cies framework and leverage contributory science data
via the Global Biodiversity Information Facility (GBIF)
to investigate the amount of indicator species biodiver-
sity (Cooper et al., 2021)—a metric that can signal a
healthy habitat—that may not be incorporated into
conservation due to CLN prioritization. Lastly, we
examine the potential connectivity missed through the
non-prioritization of urban greenspaces, focusing on
three indicator species—all CLN conservation target
species—black-tailed jackrabbit (Lepus californicus),
California quail (Callipepla californica), and gopher
snake (Pituophis catenifer). We synthesize these three
questions to interrogate the degree to which cities may
contribute to regional conservation priorities despite
being overlooked. Through this study, we aim to provide
evidence that urban areas can help us reach large con-
servation goals as we combat biodiversity loss.

2 | RESULTS

2.1 | Area of and vegetation in essential
and non-essential greenspaces

Across all cities, greenspaces selected by the CLN Marxan
model as essential (Figure 1) were significantly larger on
average (0.658 km?, 95% confidence interval [CI] = 0.405,
91), than greenspaces not selected as essential (0.056 km?,
95% CI = 0.024, 0.088) (W = 81,000, p < .0001) (Figure 2a).
This pattern held true within each city. Additionally, the
proportion of greenspaces (by area) not selected as essential
was 0.41 for Oakland, 0.53 for San Jose, and 0.25 for San
Francisco (Table 1, Figures 2b, 3, and 4).

Across all sites combined, greenspaces selected by the
CLN Marxan model as essential had significantly higher nor-
malized difference vegetation index (NDVI) (0.603 + 0.011)
than non-essential greenspaces (0.477 + 0.005) (Table 2).
This significant pattern held true for Oakland (essential =
0.694 + .018; non-essential = 0.529 + 0.016) and San Jose
(essential = 0.580 + 0.012; non-essential = 0.454 + 0.006).
In contrast, despite essential greenspaces in San Francisco
having slightly higher NDVI than non-essential green-
spaces, this trend was not significant.

2.2 | Wildlife biodiversity in essential
and non-essential greenspaces

We calculated species richness using a native wildlife spe-
cies indicator species framework for 17 species found
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throughout California using GBIF data for essential, non-
essential, and all greenspaces (see Table S1 for list of spe-
cies). We wused generalized linear mixed models
(GLMMs) with NDVI and total observations as fixed
effects and greenspace area as a log-offset to control for
differences in vegetation, sampling effort, and area and
their effects on species richness. We then used estimated
marginal means to compare species richness between
CLN categories.

In Oakland, we found that greenspaces selected by
the CLN Marxan model as essential did not have signifi-
cantly more indicator biodiversity than non-essential
(f=-303, p=.675 or all (f=—.222, p=.796)
greenspaces. In San Francisco, we found that
essential greenspaces had significantly less biodiversity
than non-essential (= —1.023, p<.01) and all
(f = —.843, p < .01) greenspaces. Lastly, in San Jose, we
found that essential greenspaces did not have signifi-
cantly more biodiversity than non-essential (f = —.009,
p =.999) or all (§ = .004, p = .999) greenspaces.

2.3 | Connectivity case studies

We trained species distribution models (SDM) to estimate
habitat suitability and habitat connectivity for three spe-
cies: the California quail (C. californica) in San Francisco,
the gopher snake (P. catenifer) in Oakland, and the
black-tailed jackrabbit (L. californicus) in San Jose
(Figure S1). The C. californica maxent model
(Noceurrences = 21,248, Area Under Curve (AUC) = 0.76,
True Skill Statistic (TSS) = 0.389) showed that Percent
Slope Grade and Impervious Surfaces were the strongest
predictors of regional (SF Bay Area) distribution and
accounted for 51.8% of total variable importance. The
SDM  for L. californicus ~ (Noccurrences = 1644,
AUC = 0.856, TSS =0.56) showed that the top two
(accounting for 51.7% of total variable importance) were
Traffic, Percent Slope Grade, and Elevation. National
Land Cover Database (NLCD) Percent Tree Cover and
Percent Slope Grade together accounted for 37.4% of total
variable importance for the P. catenifer SDM
(Nyccurrences = 4075, AUC = 0.726, TSS = 0.356).

We used habitat suitability predictions from the
SDMs and least-cost path analysis to calculate habitat
connectivity metrics, including path length (the total dis-
tance covered between habitat patches), path cost (the
cumulative resistance encountered), and path density
(the number of least-cost paths crossing through a grid
cell). Pairwise t-tests revealed that path cost was consis-
tently greater in essential-only greenspaces than in all
greenspaces for every species (C. californica: 508 vs.
374, p <.001; P. catenifer: 522 vs. 419, p <.001;
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FIGURE 1 Overview of study area (a) and greenspace quality and conservation prioritization (b-g). Panel (a): Cities selected for

analysis. Panels (b-d): Conservation Land Networks (CLN) prioritization in Oakland (b), San Francisco (c), and San Jose (d). (e and f):
Vegetation in Oakland (e), San Francisco (f), and San Jose (g). NDVI, normalized difference vegetation index.

L. californicus: 49,224 vs. 9807, p <.001) and likewise
greater in non-essential greenspaces (C. californica:
478 vs. 374, p < .001; P. catenifer: 497 vs. 419, p < .001;
L. californicus: 20,119 vs. 9807, p < .001). Path length was
comparable across designations, showing no significant
differences between all and either essential or non-
essential areas (C. californica: 8151 vs. 8043 m, p = .749,
and 7739 m, p = .614; P. catenifer: 11,288 vs. 11,358 m,
p=1.000, and 11,409 m, p =1.000; L. californicus:
28,368 vs. 30,721 m, p = .073, and 29,270 m, p = .377).

Path density was variable among species. C. californica
showed slightly lower path density in essential-only
(20 vs. 21, p = .009) and non-essential greenspaces (19 vs.
21, p<.001) compared to all greenspaces together;
P. catenifer likewise exhibited lower density in essential-
only (18 vs. 20, p <.001) and non-essential (18 vs.
20, p = .0003) greenspaces; in contrast, L. californicus
had the lowest path density in all compared to essential
(38 wvs. 43, p<.001) and non-essential (38 vs.
40, p < .001) greenspaces (Figure S2).
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FIGURE 2 (a) Area of greenspaces (km?) classified as essential and non-essential across all cities, presented on a log scale for ease of
interpretability, and (b) proportion of greenspace allocated as Conservation Land Networks (CLN) essential and non-essential for each city.

TABLE 1 Summary of greenspace area (km?) and proportion of greenspace not selected by Conservation Lands Network (CLN) Marxan
model as essential to meeting habitat goals for each city.

Total greenspace Proportion of greenspace
Total city Total greenspace classified as CLN not selected by CLN
City area (km?) area (km?) essential (km?) as essential
San Francisco 121.4 231 17.3 0.25
Oakland 146.7 14.0 8.2 0.41
San Jose 469.8 86.7 40.9 0.53
(a) (b) _ (c)
610akland 61 San Francisco - 61 San Jose

: I S A I I

o 1 I 1 2 2
[

Estimated Species Richness

Essential Non-

All Essential Non- All -
essential

essential

Essential Non- All
essential

FIGURE 3 Estimated species richness across different greenspace types using conservation categories. Mean species richness (+
standard error) was calculated using generalized linear mixed models for (a) Oakland, (b) San Francisco, and (c) San Jose. Species richness
for all greenspaces is shown in purple, for essential-only greenspaces are shown in green, and for non-essential greenspaces are shown in
gray. Statistically significant differences between categories are indicated by asterisks: *p < 0.05, **p < 0.01, and ***p < 0.001.

3 | DISCUSSION

proportions of greenspaces in representative major Cali-
fornia cities (~40% on average) are left out of regional

Meeting the 2030 conservation goals requires both land
acquisition and financial investment. However, these
resources are often limited. In this study, we demonstrate
that the inclusion of urban greenspaces can assist in
meeting conservation goals. We found that large

conservation. These excluded greenspaces provide prime
opportunities for meeting conservation goals related to
biodiversity and habitat connectivity. Indeed, our work
suggests that urban greenspaces not currently considered
for conservation purposes may bolster biodiversity for
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FIGURE 4 Comparison of least-cost path lengths, costs, and overlaps between all, essential, and non-essential greenspace designations
for three species: California quail (Callipepla californica), and gopher snake (Pituophis catenifer) and black-tailed jackrabbit (Lepus
californicus) in San Francisco, Oakland, and San Jose, respectively. White diamonds indicate means and bars show 95% confidence intervals.
Statistical significance was evaluated using pairwise t-tests. Significance levels are * for p < 0.01, ** for p < 0.001, *** for p < 0.01. There were
380 paths per species. Species silhouettes for C. californica, P. catenifer, and L. californicus were sourced from phylopic.org and produced by
Ferran Sayol, Pascal Abel, and Gabriela Palomo-Munoz, respectively.

TABLE 2 Mean normalized

City CLN classification Mean NDVI 95% CI
) ) difference vegetation index (NDVI) and
All All classifications 0.488 0.478, 0.497 95% confidence intervals (CI) for
All Essential 0.603 0.581, 0.625 essential, non-essential, and all
All Non-essential 0.477 0.467, 0.486 greenspaces within each city and across
Oakland All classifications 0.554 0.526, 0.582 the entire study area.
Oakland Essential 0.694 0.659, 0.729
Oakland Non-essential 0.529 0.499, 0.560
San Francisco All classifications 0.515 0.495, 0.534
San Francisco Essential 0.567 0.494, 0.640
San Francisco Non-essential 0.511 0.491, 0.531
San Jose All classifications 0.464 0.453, 0.475
San Jose Essential 0.580 0.557, 0.603
San Jose Non-essential 0.454 0.442, 0.466

Abbreviation: CLN, Conservation Lands Network.
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indicator species and improve connectivity for species of
conservation concern. Overall, this article demonstrates
that although urban areas are often grayed out of conser-
vation priorities, they offer vast, viable habitats that allow
ambitious conservation goals to be met.

3.1 | Greenspaces and biodiversity
As expected, urban greenspaces designated as essential
for conservation were significantly larger than green-
spaces marked as non-essential. The prioritization frame-
work used by the Conservation Lands Network favors
larger greenspaces, likely due to their capacity to support
diverse vegetation, sub-habitats such as ponds and ripar-
ian zones, and greater overall biodiversity. However, this
approach renders the majority of greenspaces in the cities
we examined as non-essential, with San Jose having the
highest area of greenspace not selected by conservation
prioritization—roughly 53%. While large greenspaces can
serve as important biodiversity reservoirs (Beninde
et al., 2015; Dunn et al., 2022; Williams, 1943), our results
demonstrate that smaller, non-essential greenspaces can
play a crucial role in increasing connectivity and bolster-
ing biodiversity. Additionally, conservation prioritization
must account for equity in greenspace access. In Oak-
land, for example, most essential greenspaces are located
in the hills, except for Lake Merritt, which is in central
Oakland and also only has a very small portion of its
north shore designated as essential. However, public
transportation into the hills is incredibly limited, making
these prioritized greenspaces more accessible to those
who already live there—predominantly white, higher-
income residents. Thus, the omission of 41% of Oakland's
urban greenspaces from conservation prioritization,
which are mostly located in the more densely populated
and lower-income areas, simultaneously excludes resi-
dents in these areas from accessing greenspaces that are
higher-quality, as measured by NDVI. Additionally, given
that prioritization from the CLN can open up funding for
habitat enhancement and restoration, a barrier may be
created for non-essential greenspaces to bolster their veg-
etative quality and diversity which may have downstream
effects on human health and well-being (Spotswood
et al., 2025). As climate change further challenges the
resilience of urban nature (Cushing et al., 2023; Deb &
Sultana, 2024; Leichenko, 2011; Salazar-Miranda
et al., 2024), addressing these spatial disparities in conser-
vation planning will be key for human and ecosystem
resilience.

Interestingly, we found that essential greenspaces did
not have significantly more species across all three cities.
In San Francisco, indicator species biodiversity was

Ajournal of the Society for Conservation Biclogy

highest in both non-essential greenspaces and all green-
spaces relative to essential-only greenspaces. Conversely,
in Oakland and San Jose we found that essential green-
spaces did not have significantly different biodiversity
than non-essential or all greenspaces. Our findings high-
light several considerations for conservation planning.
First, our San Francisco results demonstrate that despite
comprising a smaller portion of overall greenspace and
being significantly smaller in size, non-essential green-
spaces can contribute considerably to conservation.
While essential greenspaces, such as the Presidio and
Golden Gate Park, offer vast flora and fauna diversity,
our results highlight that non-essential greenspaces will
be integral for conservation. For instance, Hunters Point,
a non-essential greenspace in SF, offers viable habitat for
indicator species like the jackrabbit. Second, regional and
state-level conservation priorities should integrate micro-
level (city or county) plans. For example, in Oakland and
San Jose, the non-significant differences between non-
essential and essential greenspaces suggest that non-
essential greenspaces hold potential for contributing to
conservation goals. Managers and funders may consider,
for example, opening funding streams and resources to
greenspaces of interest to increase features like habitat
quality, flora diversity, or water features that may allow
them to create and maintain the habitat features that
push them into the essential category. Incorporating
diverse sets of patches is crucial for effective conserva-
tion, as seen in studies on private parcels contributing to
national 30 x 30 goals (Chapman et al., 2023). While this
approach may be intensive on resources (e.g., time,
money), this work could be parsed out via county-specific
liaisons conducting intra-county biodiversity analyses
across taxa (e.g., mammals, birds, and insects; Jalkanen
et al., 2020) to identify greenspaces that meet predeter-
mined criteria or are close to thresholds determined by
the CLN.

3.2 | Connectivity

Our connectivity analysis revealed significant differences
between greenspaces classified by the CLN as essential,
non-essential, and all green spaces combined. The combi-
nation of essential and non-essential greenspaces
improved connectivity for the focal species in each city,
highlighting how regionally scaled conservation prioriti-
zation frameworks based on habitat rarity and represen-
tation may overlook valuable areas for habitat
connectivity. For California quail in San Francisco,
including both essential and non-essential greenspaces
resulted in significantly lower path costs, suggesting
smaller or fragmented greenspaces can provide key
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stepping-stone habitats (Iknayan et al., 2022). Path den-
sity was also highest for “all” greenspaces, suggesting that
non-essential greenspaces can further strengthen the cor-
ridors that essential greenspaces provide. Similarly, for
gopher snakes in Oakland, expanding connectivity analy-
sis beyond essential greenspaces decreased the overall
path cost and increased overall path density. Lastly, for
jackrabbits in San Jose, non-essential greenspaces con-
tributed to a substantial reduction in path cost—and
interestingly—density, suggesting that in this case the
combination of greenspaces may enhance dispersal
capacity by providing additional, albeit less direct, move-
ment corridors. To navigate the urban matrix, these spe-
cies must overcome several movement constraints,
namely roadways and a lack of vegetative cover. Our
results reflect these ecological realities by demonstrating
that small, “non-essential” patches of greenspace can bol-
ster connectivity by providing the crucial refugia wildlife
need to bypass these barriers. Taken together, our find-
ings contribute evidence supporting the importance of
these stepping-stone habitats in assisting dispersal and
persistence for species in cities (Lynch, 2019).

The Bay Area Critical Linkages project (Penrod
et al., 2012) was commissioned to complement the CLN's
rarity and representation-based approach, but it too was
regionally scaled and thus resulted in habitat linkages
that avoid urban areas. We recommend that future itera-
tions of the CLN and similar conservation frameworks
incorporate multi-scale connectivity metrics that consider
smaller, fragmented patches along with large, contiguous
habitats. This could be accomplished with a habitat suit-
ability modeling approach as described here, or with the
addition of animal telemetry data for more comprehen-
sive results. Additionally, incorporating connectivity ana-
lyses for key species into ongoing conservation planning
efforts can enhance our understanding of how urban
greenspaces contribute to broader regional conservation
goals, especially in urban areas. Valuing and prioritizing
smaller habitat patches would not only enhance ecologi-
cal resilience but provide more opportunities for equita-
ble access to biodiverse landscapes.

3.3 | Looking ahead: Recalibrating
conservation approaches for cities

As we move into the future, global urban land cover is
projected to increase up to 1.5 million km? (Simkin
et al., 2022). Cities are thus a quintessential part of our
ecological future, and integrating cities into conservation
policy and action will be crucial for maintaining biodiver-
sity and ensuring ecological resilience. To do so,

researchers and policymakers cannot rely on traditional
conservation approaches to identify opportunities
(e.g., large contiguous patches of pristine habitat), as
green space areas and quality are not distributed evenly
in cities (Rigolon, 2016). This pivot in conservation
approach is key not only to integrating urban areas but
also to addressing the deep inequity within cities with
respect to natural spaces and access to biodiversity. For
example, the Marxan-based Conservation Lands Network
modeling framework aims to select the most spatially
efficient network of lands proximate to existing protected
areas that meet habitat goals set by experts designing the
model. In Oakland, that leads to greenspaces being
selected in the hills, which are almost entirely white and
high-income, rather than in the lowlands. By design, this
regionally scaled, efficiency-optimized model is not con-
structed to identify smaller, fragmented urban green-
spaces, as they would be “inefficient” mathematically;
often, these “inefficient” greenspaces are the ones that
provide low-income, non-white communities with places
to gather, play, relax, and enjoy nature. Moreover, it does
not consider the potential of these greenspaces to become
high-quality, biodiverse patches, which can be crucial in
creating stepping stones of habitat within a city. This
highlights a critical gap: though a regionally scaled model
is useful for identifying patches of land for large-scale
conservation, these approaches leave out smaller, frag-
mented patches of greenspace that can greatly support
biodiversity and people.

Integrating urban environments into traditional con-
servation requires a significant paradigm shift. Histori-
cally, Western conservation has focused on protecting the
highest quality, “untouched” land. In cities, this bias
leads to prioritizing large, high-quality greenspaces found
in wealthier neighborhoods or periurban areas. Though
conserving these spaces is important for ecological resil-
ience, utilizing this conservation lens fails to capture
what is crucial for conservation-at-large and reproduces
inequities within urban environments. To fully integrate
urban environments, we must consider the potential of
all greenspaces. For example, fragmented greenspaces in
cities can function as ecological stepping stones for key
species. Similarly, restoring a large, low-quality green-
space can create a biodiversity hub. Identifying and con-
serving these spaces requires expanding the current
conservation framework to include non-traditional vari-
ables, such as human vulnerability, socioeconomics, and
social value.

Although urban conservation can be costly due to
remediating disturbed habitat for restoration or removing
large amounts of impervious surfaces, it will become nec-
essary as we continue to navigate a global biodiversity
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crisis. To justify these costs, conservation practitioners
should consider, for example, the positive human health
impacts and the health-care related costs that could be
saved as a result of protecting urban greenspaces or
investing in urban restoration initiatives. For example,
diverting conservation funds into a city could result in a
vacant parking lot being transformed into a patch that
supports biodiversity. This new greenspace can have myr-
iad health benefits for those living near it, including
improved physical health and positive childhood health
outcomes (Spotswood et al., 2025). Additionally, individ-
uals who visit this new greenspace in what may be a dis-
invested area can reap additional benefits from the
increase in local biodiversity, such as increased restora-
tion from bird song and other positive mental health ben-
efits (Spotswood et al., 2025). By measuring the
ecosystem services and benefits of urban greenspaces fol-
lowing conservation efforts, practitioners can better iden-
tify return on investments and justify that these costs are
offset by the numerous benefits for society and the
environment.

4 | CONCLUSION

This study demonstrates how traditional metrics of con-
servation prioritization overlook vast urban green-
spaces, despite their potential contributions to
biodiversity and habitat connectivity. While conserving
all urban greenspaces may not be feasible, we recom-
mend that future iterations of the CLN (and similar
conservation prioritization strategies) adopt more holis-
tic conservation frameworks when prioritizing land-
scapes. For example, what levels of species richness or
habitat connectivity potential should qualify a green-
space as essential, and if those thresholds are not met,
how can stewardship efforts help cities enhance their
conservation value? Furthermore, if a non-prioritized
greenspace is located near a valuable resource (e.g., a
restored creek), how can we further synergize the area
to make it a biodiversity hotspot? Integrating social-
ecological approaches into conservation prioritization
may illuminate new opportunities for conservation by
explicitly considering human values, needs, and prac-
tices. In addition to ecological factors such as species
diversity and water availability, societal variables—such
as socioeconomic status, cultural diversity, or participa-
tory identification of locally valued land—could
enhance equitable access to biodiverse greenspaces.
Ultimately, adopting holistic approaches to recognize
and incorporate urban nature into conservation plan-
ning will be key to fostering resilient and ecologically
vibrant cities.

Ajournal of the Society for Conservation Biclogy

5 | METHODS

5.1 | Study area and datasets

Our study focuses on the cities of Oakland (population:
440,646), San Francisco (873,965), and San Jose
(1,013,240) in California—three of the most populous cit-
ies in the CLN regional priorities. We used three types of
data sources: (1) conservation priorities via CLN 2.0,
(2) greenspace and vegetation indices, and (3) biodiversity
data via GBIF.

We acquired conservation-priority data using the
CLN 2.0 dataset, which uses habitats and species conser-
vation targets to identify lands that help reach conserva-
tion goals for the region's biodiversity (Bay Area Open
Space Council, 2019). Using results of Marxan optimiza-
tion modeling, the CLN classifies land in the following
way: (1) converted lands (developed, cultivated, and rural
residential [parcel sizes <50 acres]), (2) contribute to con-
servation goals (predominantly natural areas chosen by
Marxan <11 out of 20 runs), (3) areas that ensure connec-
tivity (predominantly natural areas that connect areas
chosen by Marxan >10 out of 20 runs), (4) areas impor-
tant to conservation goals (areas chosen by Marxan 11-15
out of 20 runs), and (5) areas essential to conservation
goals (areas chosen by Marxan 16-20 out of 20 runs). For
this study, we focus on (1) areas essential to conservation
goals and (2) areas not considered essential to conserva-
tion goals (i.e., defined land categories 1-4 above). We
obtained greenspace data from San Francisco Recreation
and Parks (City and County of San Francisco, 2022), the
City of San Jose (City of San Jose GIS Open Data, 2023),
and the California Protected Areas Database
(CPAD, 2023). We also calculated the NDVI during the
wet season (December 2021) at 10 m using Sentinel
(Karra et al., 2021).

To measure wildlife biodiversity, we employed a
native wildlife indicator species framework of 17 species
found throughout California in urban settings using
GBIF data (Cooper et al., 2021) (see Table S1 for list). Per
Cooper et al. (2021), these indicator species represent a
wide variation and range in habitat and are easily identi-
fiable by the public (Table S1). We downloaded all obser-
vations from GBIF for Oakland (including Piedmont),
San Francisco, and San Jose in California from January
1, 2020 until March 10, 2025, for each species. Because
we are interested in present wildlife biodiversity, we
opted to use the most recent available biodiversity data
rather than a larger temporal period.

To investigate connectivity, we leveraged species
occurrence and environmental data and processed the
data using R (v4.4.2) (https://www.r-project.org/). Species
occurrence data was pulled from GBIF and filtered to
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only include records since 2000. Because this analysis
focuses on key species of conservation concern, we did
not restrict the data to similar temporal dates as our bio-
diversity analysis to best understand where the species
has or currently occurs. The R package “coordinateclea-
ner” was used to filter out records with common spatial
errors (Zizka et al.,, 2019). We sourced a mixture of
anthropogenic, topographic, and climatic environmental
variables, most of which are cited as important predictors
for urban species distributions and commonly used in
urban SDM (Simons et al., 2022). We focused more on
generally relevant environmental variables than species-
specific sets. Environmental variables were processed
from various sources: NLCD data provided land cover
classification = and  impervious surface  metrics
(U.S. Geological Survey, 2021); CLN 2.0 data contributed
terrain variables (slope, aspect, and altitude); climate var-
iables came from WorldClim (Fick & Hijmans, 2017);
custom distance-to-greenspace rasters were created from
both NLCD and CLN 2.0 data; additional distance rasters
were created from California Aquatic Resource Inven-
tory 3.0 streams and wetlands data (San Francisco Estu-
ary Institute [SFEI], 2024). The distance raster creation
was significantly optimized using DuckDB to calculate
minimum distances to greenspaces, streams, and wet-
lands (Miihleisen & Raasveldt, 2022). California Envir-
oScreen data contributed pollution and traffic metrics
(California Office of Environmental Health Hazard
Assessment, 2021). All spatial layers were standardized to
a common projection (EPSG 3310) and resolution (30 m)
to create a consistent set of environmental predictors for
species distribution and least-cost path modeling.

5.2 | Greenspace and biodiversity models
We calculated the total area of greenspace for each city,
as well as the area of greenspace within each of the fol-
lowing conservation categories: (1) not considered to
meet habitat conservation goals (i.e., not classified as
“essential” by the Conservation Lands Network) and
(2) considered to meet conservation goals (i.e., classified
as “essential” by the Conservation Lands Network). We
also tested whether greenspace areas (km?) in these two
categories significantly differed using a Mann-Whitney
U test, since the two groups (“essential” and “not essen-
tial”) violated assumptions of normality and equal vari-
ance. Finally, we calculated the mean NDVI (including
95% CIs) within essential, non-essential, and all green
spaces, for each city and across the entire study area.

We calculated species richness for indicator species
per city using GBIF data, separately for greenspaces des-
ignated as “non-essential”, “essential” and for all

greenspaces combined. We used GLMMs to predict spe-
cies richness while controlling for differences in area and
observations between greenspaces. In our model, the
number of unique species observed was our response var-
iable, and NDVI and conservation type (“essential”
vs. “all”) were our fixed effects. Because there are differ-
ences in observation number due to differences in effort
and selection of greenspace by samplers (Carlen
et al., 2024), we initially aimed to include observations as
a log-offset variable along with area to control for differ-
ences in sampling effort and greenspace size (similar to
Estien et al., 2024). However, due to the amount of 0 s in
our dataset, we were unable to control for observations
via a log-offset variable. Thus, we included the number of
observations as a fixed effect and area as a log-offset vari-
able. We used a negative binomial model as Poisson
models were highly dispersed (Wood et al., 2024).

5.3 | Connectivity model

To analyze the impact of different classes of greenspace
on landscape connectivity, we employed a two-step
approach where SDM were trained for three model spe-
cies, and the resulting habitat suitability predictions were
used to model least-cost paths between habitat patches.
We modeled habitat suitability for three focal species and
cities (black-tailed jackrabbit in San Jose, California quail
in San Francisco, and gopher snake in Oakland) using
MaxEnt SDM and “SDMtune,” “maxnet,” and “blockCV”
R packages (Phillips, 2017; Valavi et al., 2019; Vignali
et al., 2020). These indicator species were selected based
on GBIF data availability. Occurrence data via GBIF were
filtered for quality and thinned spatially to reduce sam-
pling bias. SDMs were trained using environmental pre-
dictors covering the nine-county San Francisco Bay Area,
including bioclimatic variables, land cover class, slope,
elevation, impervious surfaces, traffic, pollution, and dis-
tance to freshwater, streams, distance to nearest green-
space, and size of nearest greenspace. We used a five-fold
cross-validation approach with spatial blocking and
determined optimal habitat threshold values using
maximum TSS.

We generated habitat suitability predictions for each
species in their respective cities under three greenspace
scenarios: (1) including only designated “essential”
greenspaces, (2) including only designated “non-essen-
tial” greenspaces, and (3) including all available green-
spaces. These nine habitat suitability maps were
converted to resistance surfaces by calculating 1-habitat
suitability per cell. To assess connectivity, we performed
least-cost path analysis using the “leastcostpath” R pack-
age (Lewis, 2023) between centroids of the suitable
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habitat patches with an area greater than 15 ha for each
species-city combination. For species with more than
20 suitable patches, we selected an evenly spaced subset
using a greedy algorithm to maximize geographic cover-
age. We calculated path metrics, including total cost, path
length (meters), and path density (number of
path crosses), then compared these metrics between the
essential-only and all-greenspace scenarios using Mann-
Whitney U tests.
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