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Abstract

In response to biodiversity declines worldwide, over 190 nations committed

to protect 30% of their lands and waters by 2030 (hereafter, 30�30). System-

atic conservation planning and return on investment analysis can be help-

ful tools for determining where protection efforts could deliver the most

efficient and effective reserve design, and supporting decision-making when

trade-offs among objectives are required. Here, we propose a framework for

efficient “30�30” implementation and apply it to the state of California

(USA). Because conservation of a region's full suite of biodiversity is the pri-

mary objective of the global initiative, we prioritized representation in our

analysis. We used Zonation to identify networks that close the gap in repre-

sentation of major habitat types in California's protected area network and

that also conserve the places important for biodiversity or climate change

mitigation. We identified networks that are efficient relative to metrics

likely to be important in implementation including land acquisition cost,

number of transactions, and conservation benefit per hectare, and we illus-

trate not only trade-offs associated with these metrics but also differences

in the co-benefits achieved. Five of the eight major habitat types in Califor-

nia are not currently protected at a 30% level statewide, and if representa-

tion was achieved solely through private land acquisition, targets could be

met for as little as $5.84 billion, with as few as 364 transactions, or with

2.18 million additional conserved hectares. Implementation of 30�30 will

likely require more flexibility than a single network design. A “no regrets”
action would be to protect properties that were prioritized across all net-

works and additional implementation should include properties with char-

acteristics of any of the individual networks. Our analytical framework and

implementation guidance can be applied to other geographies and jurisdic-

tions to increase the likelihood of both meeting 30�30 targets and deliver-

ing the conservation benefits they aim to secure.
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1 | INTRODUCTION

In response to concerns about global biodiversity loss,
more than 190 countries committed to protect at least
30% of the earth's lands and waters by 2030 (hereafter,
30�30) as Target 3 of the Kunming-Montreal Global Bio-
diversity Framework (CBD, 2022). A multitude of initia-
tives before and since have endeavored to develop
frameworks to guide and track progress towards those
targets, including definitions of what constitutes
“protection,” criteria for prioritizing additional invest-
ments, and methodologies for monitoring and reporting
(e.g., Bateman et al., 2023; Carroll et al., 2022; Carroll &
Ray, 2021; Dreiss et al., 2022; Dreiss & Malcom, 2022;
Gallo et al., 2023; Jetz et al., 2022; Oshun & Grantham,
2023; Simmons et al., 2021; Venegas Li et al., 2023).
Given the severity and urgency of the biodiversity, cli-
mate, and sustainability crises (Crossley et al., 2020;
IPCC, 2023; Laliberte & Ripple, 2004; Muths, 2012;
Rockström et al., 2009; Rosenberg et al., 2019), and the
relatively short timeframe remaining to meet 2030 tar-
gets, it is critical that the myriad societal actors imple-
menting 30�30 use approaches that increase the
likelihood their commitments will indeed be fulfilled and
that the effort will deliver the needed conservation
impact.

Systematic conservation planning is widely recog-
nized as a best practice for prioritizing the allocation of
limited resources to achieve conservation goals (Groves &
Game, 2016; Margules & Pressey, 2000). Often, the output
of a systematic conservation planning process is an opti-
mized design of a network of land and waters that if
managed for conservation would sustain the region's bio-
logical diversity and support ecological processes. Repre-
sentation of the full diversity of habitats in a network of
connected, conserved lands is recognized as a founda-
tional planning principle for biodiversity conservation
(Dinerstein et al., 2019; Kukkala & Moilanen, 2013;
Margules & Pressey, 2000; Olson & Dinerstein, 1998).
Several analytical tools have been developed to support
the design of efficient, representative networks, such as
Marxan (Ball et al., 2011) and Zonation (Moilanen,
2007). Seeking representation at the ecological system or
major habitat level (coarse-filter targets) is often a start-
ing place in these analyses because they capture biogeo-
graphic differences and encompass many species
and population-level (fine-filter) targets within those

habitats (Groves, 2003; Halpin, 1997; Hunter
et al., 1988; Noss, 1987).

Planning for multiple objectives has become increas-
ingly important as more conservation programs aim to
provide ecosystem services, including carbon sequestra-
tion, in addition to biodiversity conservation (Bateman
et al., 2023; Carroll & Ray, 2021; Dreiss & Malcom, 2022;
Nelson et al., 2008; Polasky et al., 2012). This has raised
the question of whether biodiversity conservation and
securing the delivery of ecosystem services are spatially
synergistic goals or involve trade-offs (Chan et al., 2006).
The degree that both can be simultaneously advanced
likely depends on the ecosystem and the ecosystem ser-
vice of interest (Chan et al., 2006). For example, one
study in Minnesota found a high degree of overlap
between the optimal area for ecosystem services and bio-
diversity (Polasky et al., 2012), whereas another in Ore-
gon showed that pursuing carbon sequestration and
species conservation would likely require different
designs (Nelson et al., 2008).

Incorporating the costs of land acquisition and stew-
ardship in conservation site selection can dramatically
increase cost-effectiveness relative to approaches that
focus solely on conservation targets (Ando et al., 1998;
Polasky et al., 2001). The magnitude of potential gains in
cost-effectiveness when using a return on investment
(ROI)-centered approach is linked to the high variability
of land costs: it has been observed that land costs, along
with threats to biodiversity, typically vary significantly
more than the distribution of species richness or other
biodiversity metrics (Bode et al., 2008; Murdoch
et al., 2007; Polasky, 2008). This fact creates opportunities
to identify lower-cost properties and therefore increase
the ROI of conservation programs, although high-
resolution land value data may be required to identify
these opportunities (Nolte, 2020). Land value alone also
does not capture transactional costs for each property,
such as the capacity required to evaluate, obtain funding,
transfer legal ownership, and develop a management
plan (Naidoo et al., 2006). Consequently, for some con-
servation actors reducing the number of transactions
required to meet the conservation objective is an explicit
design principle.

To achieve the desired impact of 30�30 commit-
ments, substantial effort and investment will be required.
A robust optimization framework can inform resource-
efficient decision-making. Here, we demonstrate and
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apply such a framework to the state of California, USA.
The framework is premised on two key assertions. First,
because 30�30 commitments were motivated in response
to the global biodiversity crisis, core principles of system-
atic conservation planning need to be applied. Thus, we
considered the representation of major ecosystem types
and application of network design principles to be foun-
dational in this effort. Second, because of the urgency of
the extinction and climate crises, as well as the time-
boundedness of the commitments, we incorporated ana-
lyses that would allow for explicit consideration of imple-
mentation efficiency, comparing alternative network
designs by various types of efficiency, identifying oppor-
tunities for multi-benefit solutions, and estimating the
funding that will be required to meet the commitment in
order to inform budgeting.

1.1 | Study area and policy context

California is home to one of the 36 global biodiversity
hotspots, regions with high biodiversity that are threat-
ened by conversion (Myers et al., 2000). California has
some of the highest richness of unprotected, range-
restricted imperiled species in the United States
(Hamilton et al., 2022) and also has been experiencing
extensive land conversion with over a million acres of
natural land converted to human uses between 2001 and
2017 (Conservation Science Partners, 2019).

In 2020, an executive order by the state's governor
committed California to conserve 30% of its lands
and coastal waters by 2030 (EO N-82-20 State of
California, 2020). The executive order identified three
key objectives to guide the state in this commitment: pro-
tecting and restoring biodiversity, expanding equitable
access to nature and its benefits, and conserving the
places that help California achieve carbon neutrality
and/or build climate resilience.

Here, we focus on the role of private land conserva-
tion in implementing the terrestrial component of Cali-
fornia's 30�30 commitment. We use Zonation to identify
networks of privately owned land that, if conserved
alongside currently protected lands, would encompass at
least 30% of all major terrestrial habitat types statewide.
These networks factored in one of two additional objec-
tives: biodiversity protection, including areas that provide
habitat connectivity, and climate change mitigation, spe-
cifically carbon storage in soils and living biomass. We
describe the characteristics and geographic distributions
of networks designed to achieve targets via the smallest
area (area-efficient), the least cost (cost-efficient), or the
fewest transactions (transaction-efficient). We quantify

the cost of each network and the co-benefits achieved to
illustrate the trade-offs and opportunities for flexible and
inclusive implementation and to help the state plan for
appropriate budgets to succeed in this effort.

2 | METHODS

2.1 | Framework

Below, we outline the components of an analytical frame-
work for the design of 30�30 and apply those methods to
the state of California.

2.2 | Representation and network design

2.2.1 | Gap analysis

To determine how well major natural, non-aquatic habitat
types were already represented by existing conserved lands
statewide, we conducted a gap analysis using the broad
13-class California Wildlife Habitat Relationship (CAL
FIRE, 2015) vegetation classification to determine the distri-
bution and extent of California's major habitats. We consid-
ered all IUCN category I-VI lands (Dudley, 2008), state parks,
Areas of Critical Environmental Concern (ACEC) (PAD-US,
USGS, 2020), and conservation easements (GreenInfo
Network, 2022a) to be “conserved lands” (Figure 1). We cal-
culated the area of each habitat type statewide, the area
already conserved, and the additional area needed to conserve
30% of the habitat's distribution in California.

2.2.2 | Habitat targets

To set percentage targets for habitat types, we divided the
area of each major habitat still needed to ensure that
the protected area network covers 30% of each habitat by
the total area of the analytical extent for the spatial prior-
itization (i.e., all privately owned, non-conserved lands
greater than the minimum planning unit area threshold)
(Appendix S1, Figure 1).

2.2.3 | Spatial prioritization⸺Zonation

Zonation is a spatial prioritization software tool
(Moilanen, 2007) widely used for conservation planning
(e.g., Bateman et al., 2023; Howard et al., 2018; Kreitler
et al., 2015; Stralberg et al., 2019) that addresses comple-
mentarity of conserved lands, ranks the entire landscape,
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and allows for the combination of multiple types of con-
servation asset data. Zonation ranks the landscape by
iteratively removing planning units for which removal
corresponds with the smallest marginal loss of conserva-
tion value.

We used the target-benefit function in Zonation to
identify efficient networks that achieve 30% representa-
tion of California's major, non-aquatic habitat types. The
target-benefit function uses proportional targets to
approximate a minimum set solution (Moilanen et al.,
2014). In this cell-removal process, just before any target
is violated via the next successive cell removal, the target-
benefit function results in a near-optimal minimum-set
solution (Moilanen, 2007).

2.2.4 | Planning units

We used all large, privately owned properties in Califor-
nia as planning units because properties are the units on

which many conservation actions can be applied whether
through land use planning, land-owner incentives, con-
servation easements, or fee title acquisitions. Addition-
ally, the variable size of properties allowed us to evaluate
opportunities and trade-offs for conservation action
(e.g., larger properties mean fewer transactions are
required but at a higher overall cost per transaction). We
defined properties as aggregations of near-adjacent
(i.e., <0.75 miles apart) parcels that share common own-
ership using a fuzzy match on ownership name
(Appendix S2). We used 202.3 hectares (500 acres) as a
minimum size property for analytical feasibility and with
the assumption that most transactions that support biodi-
versity conservation and climate change mitigation and
resilience will likely occur on somewhat large properties.
We removed properties with more than 70% of their area
within an easement (per CCED, GreenInfo Network,
2022a) or that fell within public ownership or conserved
land (per CPAD, GreenInfo Network, 2022b or PAD-US,
USGS, 2020) from this set of planning units. We used the

FIGURE 1 Zonation and gap analysis input layers. Maps of richness and carbon are displayed in quintiles.
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combined geography of these large, privately owned
properties as the extent of the Zonation analysis to reduce
processing time. Multi-use public lands (e.g., U.S.
National Forests and most U.S. Bureau of Land Manage-
ment lands) and military bases were not included in the
set of “conserved lands,” nor are they available as lands
to include in meeting the objectives described below.

2.2.5 | Multiple objectives

We used Zonation to rank this landscape for its contribu-
tion to habitat representation combined with one of two
alternate objectives: (1) biodiversity protection as mea-
sured by species richness by taxonomic group and con-
nectivity or (2) climate mitigation as measured by carbon
storage. We refer to these objectives as “biodiversity pro-
tection” and “climate mitigation” hereafter.

Areas likely to support connectivity (Cameron
et al., 2022) and the greatest number of species of birds,
mammals, reptiles, amphibians, plants, and the rarest
endemic plants (Kling et al., 2019; Stewart et al., 2016;
Veloz & Jongsomjit, 2012; Wright et al., 2013) are priori-
tized in the biodiversity protection objective and areas
with the highest carbon storage both in living biomass
and in soils as soil organic carbon (Sleeter et al., 2019)
are prioritized in the climate mitigation objective
(Appendix S1, Figure 1).

For this broader set of conservation assets used in the
prioritization that go beyond habitat representation tar-
gets (e.g., species richness, connectivity linkages, ecosys-
tem carbon), we set the conservation target at 1% for
each individual feature (Appendix S1). We set these tar-
gets low so that each feature would contribute to the
marginal value of every cell throughout the entire cell
removal process and would result in networks with plan-
ning units with a high richness of every feature, weighted
by occurrence across the analytical extent. We used an
established model of landscape connectivity (Cameron
et al., 2022) to prioritize planning units selected in the
biodiversity protection objective, rather than implement-
ing one of Zonation's methods to prioritize network con-
nectivity (Di Minin et al., 2014).

2.3 | Efficiency, trade-offs, and budget

For both the biodiversity protection and climate mitiga-
tion objectives, we ran Zonation with different cost
parameters to identify networks that are prioritized
under different types of efficiency: area, cost, or transac-
tion. To create an area-efficient network, we make use of
the fact that in Zonation the target-benefit function

automatically uses the total area of a planning unit as a
“cost” layer when planning units are applied. The mar-
ginal value of a planning unit with this parameterization
is the total additive conservation value across all features
(based on the remaining distribution of each feature)
divided by the total area of the planning unit. To identify
a cost-efficient network, we used a modeled 30 m esti-
mate of cost per hectare (Nolte, 2020), converted to cost
per pixel, and aggregated to 90 m. We first modified the
30 m cost raster by filling in any zero-value pixels which
correspond to roads and water bodies, within the bound-
aries of a private property with the area-weighted average
cost per hectare of the property. To identify a transaction-
efficient network, we used a raster of 1 divided by the
number of grid cells on the property as the cost. Zonation
uses the sum of all the values in a “cost” raster to calcu-
late the cost of a planning unit. Therefore, using the
inverse of the total number of grid cells, the total plan-
ning unit cost for analysis would be 1. With this parame-
terization, the full aggregate conservation value for a
property would be used for evaluation, therefore, larger
properties have a higher likelihood of higher aggregate
conservation value with no penalty for their higher cost
or larger area.

2.3.1 | Network comparison

After ranking the landscape with Zonation, we deter-
mined the minimum network at which all habitat repre-
sentation targets were met by iteratively adding
properties to a network according to the highest Zonation
rank until the target for every major habitat type is
achieved. We then calculated the total size, estimated
cost of acquisition, and number of transactions of each of
the six networks prioritized for different objectives and
with different efficiency goals. Here, cost refers to fee title
acquisition. Easement costs are usually a proportion of
the acquisition cost, but this proportion is variable and
estimating both the percentage of networks likely to be
easements and the variable cost of these easements is
beyond the scope of this analysis. In addition, we calcu-
lated the average land value per hectare, average transac-
tion size, average cost per transaction, and proportion of
each habitat type within the network. We calculated the
Jaccard-similarity index to determine similarities in net-
works across planning objectives and type of network
efficiency. For visualization purposes, we mapped the
network at a 647.5-hectare (1600-acre) hexagon resolu-
tion by identifying any hexagon that intersects with a
property in the network.

Given the model results generated, we identified
properties that appear in every network regardless of
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conservation objective or network efficiency. We then
summarized the average size, cost, habitat composition,
and co-benefits covered by these properties common to
all networks to evaluate the potential for “no-regrets”
opportunities for 30�30 investment.

2.3.2 | Co-benefits evaluation

After identifying the six prioritized networks, we quanti-
fied the coverage of a suite of co-benefits (Appendix S3)
for additional features that were not used in our prioriti-
zation that are likely to directly support or be comple-
mentary to California's 30�30 three key objectives
(EO N-82-20 State of California, 2020). Co-benefits
included measures related to equity and access, commu-
nity risk and resilience, biodiversity and climate resil-
ience, modeled risk of conversion to development, and
adjacency to conserved lands. We then scored each net-
work for its ability to achieve co-benefits by comparing
the quantity of additional assets covered by the network
to the maximum amount of that asset covered by any net-
work. We considered any network within 5% of the maxi-
mum to be of the same rank and assigned a subsequent
rank for each 5% increment below the maximum. We
assigned a rank of zero if the co-benefit coverage was less
than 50% of the maximum coverage. This method cap-
tures both rank and magnitude of difference.

3 | RESULTS

In this section, we first identify the statewide gap in pro-
tected area by major habitat type and then give an over-
view of results from Zonation, discussing the degree of
similarity between the identified efficient networks. We
then detail the results of each form of efficiency, starting
with metrics of total area, total estimated acquisition cost,
and number of transactions per network and then com-
paring the co-benefits corresponding to each type of net-
work. Lastly, we identify the attributes of properties that
overlap among all networks.

3.1 | Representation: Gap analysis and
habitat targets

Of the 13 major habitat types classified by California
Wildlife Habitat Relationships, eight are non-aquatic and
natural. Three of those habitats, conifer woodland, desert
shrub, and desert woodland, are already conserved at
30% (41%, 66%, and 76% respectively; Appendix S4), how-
ever, the remaining habitats have protection coverage

ranging from 14% to 28% (Appendix S4). 1.9 million
hectares of protection would be needed to represent
the remaining five habitats, conifer forest, hardwood
woodland and forest, grassland, and shrub at 30%
(Appendix S4).

3.2 | Network design and efficiency

The analytical extent of the Zonation analysis covers
8.9 million hectares, representing the combined area of
privately owned, unprotected properties greater than the
minimum size threshold, covering 22% of California's
land area. Prioritized networks of private lands cover
24%–34% of the analytical extent (5.3%–7.5% of statewide
land area) depending on the objective and network effi-
ciency. Over 75% of each network consists of a combina-
tion of grassland, hardwood woodland, and conifer
forest. Closing the representation gap could be achieved
in a network of large properties with as few as
2.18 million additional conserved hectares, for as little as
$5.84 billion, or with as few as 364 transactions (Table 1).

Networks that achieve representation with different
planning objectives (i.e., biodiversity protection vs. climate
change mitigation) were more similar to each other than
networks planned for different types of efficiency (Jaccard
index range 41–90.7 for the former and 6–22 for the latter;
Appendix S5). Therefore, in our descriptions of the net-
works below, we combine the planning objectives and
compare networks by type of efficiency.

3.3 | Area-efficient network

The area-efficient networks for both biodiversity protec-
tion and climate change mitigation (Figure 2a,b) consist
of many (>2000) small properties (average size 956–
1024 ha) that are dense in terms of conservation value
(Table 1). These properties are often close to major urban
centers such as within the San Francisco Bay Area, the
Sacramento foothills, and the southern coast of California
where property sizes are relatively small and property
costs are relatively high (Figure 2a,b). Many properties
are also on the north coast, especially for the climate
change mitigation objective. Although the area-efficient
networks are the smallest in total area (2.18–2.21 M ha),
they also have the highest total estimated cost of acquisi-
tion (>$19B), highest land value per hectare (>$8800/ha)
and the most transactions (Table 1, Appendix S6). The
area-efficient networks are more sensitive to planning
objective than networks with other cost parameters
as is reflected by the lowest Jaccard Index score
(Appendix S5).
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3.4 | Cost-efficient network

The cost-efficient network (Figure 2c,d) generally
includes properties further from both the coast and major
metropolitan areas. It is the only network to include
properties in the desert (albeit for biodiversity only) and
in the Modoc Plateau in the north-eastern corner of the
state. These networks are much less expensive (<$6.15B)
with an average land value per hectare around $2600
(Table 1, Appendix S6). These networks have a relatively
high number of transactions (1851 and 1702 for biodiver-
sity protection and climate mitigation, respectively).

3.5 | Transaction-efficient network

The transaction-efficient network (Figure 2e,f) consists of
fewer, very large properties concentrated in the inner-
central coast and the north coast and the northern foot-
hills. The network achieved representation with few
transactions (<400), but with very large properties (aver-
age size >8000 hectares) that cost over $44 million each
on average and with a total network size of roughly
3 million hectares (Table 1). Despite the high cost of each
transaction, the average land value of around $5400 per
hectare is intermediate compared to other networks
(Table 1, Appendix S6). The transaction-efficient net-
works have the highest proportion of conifer forest (41%)
and lower proportions of hardwood woodland (13%) and
hardwood forest (6%) compared to other networks
(Appendix S6). Overall, this network has the highest rank
for coverage of co-benefits (Table 2).

3.6 | Co-benefit comparison

The transaction-efficient networks, which cover the largest
overall area and include the largest properties, had the

highest percentage of properties adjacent to existing con-
served lands, and also attained the most co-benefits across
all metrics except for climate migration routes and siting
in areas of no park access, both of which the area-efficient
networks better cover. The cost-efficient networks are the
least effective at achieving co-benefits (Table 2), the least
likely to be at risk of development (<7% of properties),
and include the lowest percentage (35%) of properties in
places that lack park access (Appendix S6). Although the
networks differ in the overall area of resilient lands and
climate migration routes, 88%–95% of properties in each
network are within a climate migration route or within
resilient landscape. The percent of properties sited in dis-
advantaged communities (i.e., vulnerable populations that
face a disproportionate pollution burden; Appendix S6) is
least sensitive to efficiency type though all of the networks
have a low proportion of properties within this designa-
tion. There is the most disparity in coverage by different
networks for water resources including groundwater-
dependent ecosystems, wetlands, and floodplains.

3.7 | Network overlap

The intersection of the six networks (Figure 3) indicates a
potential core set of properties where multiple objectives
can be met at every measure of efficiency. There are
47 properties totaling 200 thousand hectares and
approximately $600 million that are included in the
area-efficient, cost-efficient, and transaction-efficient net-
works for both the biodiversity protection and climate mit-
igation objectives. These properties average 4256 hectares
in size at an average cost of $3000 per hectare or
$12.9 million per transaction. This subset of properties are
primarily clustered in the inner-central coast with others
in the Tehachapi Mountains and in the foothills surround-
ing the northernmost part of the Central Valley. They con-
sist primarily of grassland and hardwood woodland,

TABLE 1 Comparison of network characteristics prioritized for different conservation objectives and different types of efficiencies.

Key objective
Type of
efficiency Hectares Cost

# of
transactions

Average property
size (ha)

Average
property cost

Average
$/ha

Protect
biodiversity

Area-efficient 2.21 M $19.48B 2312 956 $8.43 M $ 8816

Cost-efficient 2.35 M $6.15B 1851 1269 $3.32 M $ 2618

Transaction-
efficient

3.08 M $16.55B 376 8196 $44 M $ 5371

Mitigate climate
change

Area-efficient 2.18 M $19.97B 2133 1024 $9.36 M $ 9143

Cost-efficient 2.25 M $5.84B 1702 1320 $3.43 M $ 2600

Transaction-
efficient

2.96 M $16.14B 364 8145 $44.35 M $ 5445

Note: Every network meets all five habitat representation targets.
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covering 40% and 28% of the total area of these properties
combined respectively. About 45% of these properties
would be in locations with no park access within a half
mile, while 75% would be investments in low-income com-
munities, and 28% would be investments in disadvantaged
communities with vulnerable populations that face a dis-
proportionate pollution burden. 83% of these properties
are adjacent to conserved lands.

4 | DISCUSSION

Over 28 million hectares of lands in California fall out-
side of the lands categorized herein as “conserved,”
which leaves a great deal of flexibility as to where addi-
tional protection can occur to meet the state's 30�30 tar-
gets. This flexibility provides myriad opportunities not
only to design a more representative network of

FIGURE 2 Maps showing 647.5 hectare hexagons that intersect with a property within the networks of large, unprotected properties

prioritized from Zonation-ranked landscapes that would close the representation gap for all major, natural habitat types and additionally

prioritize species richness and connectivity (a, c, e) or carbon storage (b, d, f) in an area-efficient (a and b), cost-efficient (c and d), or

transaction-efficient (e and f) networks. Gray hexagons on all maps indicate hexagons that intersected with the analytical extent but that did

not intersect with the prioritized network.
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conserved lands but also additionally focus on actions
that contribute to the California Executive Order's three
key objectives, including protecting the most biodiverse
places, wildlife linkages and climate migration routes,
conserving carbon sequestration in soils and vegetation,
and improving equitable access to nature and the broad
array of benefits it provides to California communities.

The analytical framework we present can be used to
identify such opportunities and provide helpful informa-
tion to decision-makers when they face trade-offs
between different objectives. By using representation as a
foundational planning principle, the framework increases
the likelihood that implementors of 30�30 will meet the
primary conservation objective of the initiative. And by
including explicit analytics on efficiencies, it can help
them meet the objective in the face of limited time and
resources. By offering a variety of flexible and inclusive

network designs, versus a single idealized network
design, our framework allows for a transparent evalua-
tion of trade-offs in implementation, which is essential
given the complex social arena in which most conserva-
tion investments get made. We offer guiding questions to
consider during opportunity evaluation based on oppor-
tunities present in each of the six networks (Figure 4).

4.1 | Implementation

We found that network geography is more sensitive to
the type of efficiency than it is to the chosen planning
objective. The high degree of similarity between networks
that prioritized biodiversity protection or climate change
mitigation indicates ample opportunity for multi-
objective conservation. Still, we found there is no single

TABLE 2 Ranked comparison of co-benefits of networks prioritized for different conservation objectives and types of efficiency.

Protect biodiversity objective Mitigate climate change objective

Co-benefit type Co-benefit feature
Area-
efficient

Cost-
efficient

Transaction-
efficient

Area-
efficient

Cost-
efficient

Transaction-
efficient

Conservation
planning context

Adjacent to conserved
lands

7 8 10 6 8 10

At risk of development 10 6 10 10 6 10

Community risk and
resilience

Fire risk 6 5 10 6 4 10

Wildland-urban
interface

8 4 10 8 4 10

Flood risk 0 0 10 0 0 6

Equity and access Low-income
communities

5 10 10 5 10 10

Disadvantaged
Communities

7 9 10 6 9 10

Drinking water source
Watersheds

6 6 10 2 5 10

Low park access 9 4 9 10 4 9

Biodiversity and
climate resilience

Wetlands 0 8 10 0 6 9

Groundwater-
dependent ecosystems

2 0 10 5 0 6

Well-connected
landscapes

3 5 10 5 5 10

Unprotected imperiled
biodiversity

10 7 10 6 6 10

Resilient landscapes 6 7 10 6 6 10

Climate migration
routes

10 6 7 3 5 6

Total score 6.3 5.6 9.3 5 5 8.6

Note: Highest scores (10) indicate the maximum quantity of the co-benefit covered by any network, and subsequently lower scores were assigned for each 5%
increment below the maximum. A rank of 0 was assigned if the co-benefit coverage was less than 50% of the maximum coverage achieved by another network.
Darker shades of gray indicate higher ranks.
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ideal network design for implementation of California's
30�30 commitment. There will always be trade-offs,
whether it be in land costs, transaction costs, the oppor-
tunity cost of alternative land uses, additionality from
risk of conversion, participation by all regions and actors,
or ability to advance multiple objectives. For example,
the cost-efficient network may seem appealing due to its
more attainable budget ($5.84–$6.15 billion); however,
there are many trade-offs associated with this network.
Less than 7% of properties in the cost-efficient networks
are in areas projected to be at risk of development or den-
sification by 2050. This indicates that land uses may be
less likely to change by 2050, and therefore, conservation
intervention may not be necessary to conserve existing
biodiversity values (Maron et al., 2013). Moreover, the
cost-efficient networks were less likely to achieve addi-
tional co-benefits than other networks, and they were
absent in several regions of the state due to higher land
values (e.g., along the California coast, in the central-
Sierra foothills, and areas surrounding large metropolitan
regions) which could be limiting to inclusive participa-
tion from regionally focused organizations and agencies.

In contrast, the area-efficient network has many prop-
erties in regions absent or scarcely represented in the

cost-efficient network, providing options for correspond-
ing local and regional organizations and agencies to par-
ticipate. Proximity to population centers also makes
properties in these networks potentially important for
access as this network has the highest percentage of prop-
erties in places that currently lack park access. However,
these networks have a smaller percentage of properties in
low-income communities (Appendix S6), so the addi-
tional access achieved through protection of this network
may not necessarily improve measures of equity in
access. The properties in this network also are less likely
to be adjacent to currently conserved lands, are smaller
than properties in other networks, and may therefore
result in isolated protected areas with the potential for
higher management costs per hectare (Adams
et al., 2012; Parker, 2012) and a lower potential for cli-
mate resilience (Parker, 2012). The overall budget and
the quantity of individual transactions required to imple-
ment this network also may reduce the feasibility of full
network implementation.

The transaction-efficient network seems appealing for
implementation because it has the greatest capacity
for achieving multiple objectives with a more practicable
number of transactions to complete before 2030 and with
an intermediate land value per hectare (approximately
$5400 per hectare). However, the large size of each prop-
erty (>8000 ha) makes the total cost of each transaction (>
$44 million) over five times the cost of transactions in the
other networks, and therefore may require collaboration
of many conservation actors and multiple funding sources.

4.2 | Network overlap

Although there was not a single ideal network design in
our analysis, the overlap of all of the networks could be a
good place to spend the first $600 million allocated
towards 30�30 implementation. There are 47 properties
that are a part of any network regardless of planning
objective or network efficiency, making up over
200,000 hectares. The per-hectare land value is low
($3000) and 19% of these properties are at risk of conver-
sion to development. This subset of properties may be an
ideal place to begin implementation because these are
somewhat large properties, but with an average cost of a
quarter of the price of the transaction-efficient network
(average size 4256 hectares; average cost $12.9 million).
These properties align well with foundational network
design principles such as advancing complementarity
and representation, and the expansion of the existing
conserved network. 83% of properties in this subset are
adjacent to already conserved lands, so investment will
not result in isolated habitat patches.

FIGURE 3 Map showing the number of Zonation prioritized

networks that intersect with a 647.5 hexagon. All hexagons shown

are in at least one network (light blue) with successively darker

shades of blue indicating inclusion in 2–5 networks. The darkest
blue hexagons include properties prioritized in all six networks

regardless of the type of efficiency or planning objective.
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4.3 | Equity and access

Although many properties in these networks (58%–85%)
are in low-income communities, very few of the properties
(6%–28%) are in disadvantaged communities defined by the
combination of population vulnerability and pollution bur-
den. For this latter population, nature-based solutions and
equitable distribution of access to nature are particularly
important and relevant to alleviating the inequity in the
exposure risk to pollution these populations face. Because
of the importance of improved access to both nature and
its benefits in these disadvantaged communities in particu-
lar, the subset of properties that were within a disadvan-
taged community and were a part of any of the six
networks may also serve as a good focal point of initial
investment. There are 538 properties with an average cost
per hectare of $4200 and an average property size of
2400 hectares that are within any prioritized network and
within disadvantaged communities. The subset of proper-
ties totals 1.3 million hectares at a cost of $5.5 billion.
Nearly 50% of this network is grassland and nearly 20% of
the properties may be at risk of conversion to development.

4.4 | Risk of conversion

Because implementation will not occur all at once and
because 30�30 is just the beginning of a longer

trajectory and more ambitious goal to stem biodiversity
decline, a first step could be to protect properties
more likely to be at risk of conversion. In these exam-
ple networks, the proportion of properties at risk of
conversion is low (6.8%–28.8%). Bringing modeled
risk of conversion into the Zonation parameterization
and driving Zonation to prioritize properties at
risk could address this issue, however, there will be tra-
deoffs because conversion threat is correlated with
land value (Costello & Polasky, 2004). Within all prop-
erties within the analytical extent that are at risk of
conversion, there is not enough habitat coverage of
hardwood forest, conifer forest, or hardwood woodland
to meet representation targets. The subset of properties
at risk of conversion, greater than the minimum size
threshold, and that have any amount of these three
habitat types totals just over 2 million hectares
across 1642 properties. While this subset has an
overall size and number of properties within the
range of the Zonation priority networks, the total price
would be $35 billion dollars, seven times more expen-
sive than the cost-efficient network, and with an aver-
age price per hectare of $17,000. Although these
properties may face the most imminent conversion
threat, the price of this network makes implementation
by 2030 infeasible and investment would only achieve
representation targets for one of the five under-
protected major habitats.

FIGURE 4 Guiding questions to consider tradeoffs and opportunities for efficient and effective implementation of 30�30.
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4.5 | Using this analysis

The state has identified 10 pathways to achieve 30�30, of
which land acquisitions and easements are only two
(CNRA, 2022). This analysis can help identify regions
where certain pathways are most applicable. For exam-
ple, properties in only the area-efficient network are
small, conservation-dense properties that are more
expensive on average than properties in other networks.
For these properties, accelerating regional conservation
by resourcing local conservation organizations would be
an important pathway. Voluntary easements could also
be a valuable tool to reduce the cost of conservation
action on these properties, but in areas where park access
enhancement is needed for low-income or disadvantaged
communities direct land acquisition is a better approach
as open public access would enhance equitable access to
parks. Because properties in this network are smaller,
acquisitions and easements adjacent to existing conserved
lands should also be prioritized for conservation action to
avoid the creation of small isolated patches in the net-
work. Properties that are only in the transaction-efficient
network are generally larger and for many likely have
existing economic uses such as timber extraction or ranch-
ing. These properties could be good options for incentiviz-
ing conservation-compatible management, implementing
Other Effective Area-based Conservation Measures
(OECMs), or for voluntary conservation easements.

To achieve its ambitious goal within its rapidly
approaching deadline, 30�30 will need to be implemen-
ted across all regions, by a variety of organizations with
different capacities, goals, and geographic focuses,
through a mix of private land protection, easements,
changes to public land management, incentives, OECMs,
and other pathways (CNRA, 2022). Implementation on
private land will likely need to include properties with a
variety of characteristics, indicative of the various net-
works we identified here: large remote properties that
expand the protected area network; smaller properties
that are dense in conservation values but are also expen-
sive and at risk of development; properties that enhance
equitable access to nature. All will be necessary. And the
framework we presented can inform how each such
transaction can be built towards the ultimate goal of a
representative network that also provides multiple socie-
tal benefits (Figure 4).

4.6 | Budget required

To protect all habitats statewide at 30% through private
land acquisition, we estimate between $5.84 billion to
$19.97 billion dollars will be needed. These estimates are

based solely on land values assuming fee acquisition is
the only conservation action available to achieve 30�30
targets. However, there are many pathways to
30�30 implementation beyond acquisition of fee title, so
our cost estimates of implementation could be biased
upwards. For example, retiring extractive uses and
increasing the durability of protection and management
for biodiversity on public, multiple-use lands that are cur-
rently not being counted towards this effort could
advance 30�30 objectives without additional land acqui-
sition costs. Another pathway, conservation easements,
may be a more cost-effective conservation tool than
acquisition as they typically have significantly lower
upfront costs than a full acquisition (California Range-
land Trust, 2020; Main et al., 1999; Schöttker &
Santos, 2019) as well as lower land management costs.
Even just considering private land acquisition, the actual
cost of implementation is difficult to predict due to a
number of factors that lie beyond the scope of this analy-
sis. We only estimate cost based on land value, but in
reality, each transaction will have additional costs associ-
ated with the transfer of ownership, land stewardship,
recreational access development, biodiversity manage-
ment, and management for climate resilience. Therefore,
even our highest cost estimate (over $19 billion for the
area-efficient network) may be conservative.

5 | CAVEATS AND ASSUMPTIONS

5.1 | Conserved lands

A major decision in planning for and implementing
30�30 is determining “what counts” as protected. We
took an inclusive approach to defining what is already
protected to better align what counts as protected today
with conservation actions that will count for 30�30 mov-
ing forward. For example, because easements will be an
important tool for private landowners to meaningfully
contribute to the 30�30, we erred on the side of inclusion
for existing easements even though biodiversity objec-
tives, management requirements, and allowed alternative
land uses can be highly variable and were not well docu-
mented. Similarly, we included state parks and some
lands protected through designations (e.g., ACEC)
because both of these are likely critical tools in this accel-
erated and ambitious goal moving forward. This resulted
in higher estimates of currently conserved lands than
what the California Natural Resources Agency (2022) is
counting, higher estimates of the percentage of each hab-
itat type that is currently conserved, and therefore a con-
servative estimate of the remaining protection needed
and associated budget.
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5.2 | Property size

We implemented a minimum planning unit size for ana-
lytical feasibility with the assumption that both meaning-
ful conservation action for biodiversity and feasible
implementation in the next 6 years will require larger
properties and fewer transactions. However, smaller
properties will be an important component of the key
objective of enhancing access to nature, particularly in
urban landscapes.

5.3 | Planning for meaningful
biodiversity protection

We applied targets of 30% per coarse habitat type state-
wide as a starting place, however, targets should be
applied per finer-scale habitat and per ecoregion (Groves
et al., 2002; Huber et al., 2010) and include fine-filter spe-
cies level targets. Ecoregional stratification would ensure
redundancy of habitat protection across climatic gradi-
ents, genotypic and phenotypic variation, and therefore
would lead to a network of protected areas more resilient
to climate change. It may also offset some of the network
differences where efficiency factors may have limited or pri-
oritized inclusion in certain regions. Using a finer classifica-
tion would ensure more comprehensive representation of
habitat types and additionally adding in fine-filter species
level targets would ensure that rare and under-protected
species are represented in this network. Even with these
additions, 30% protection targets will not be sufficient for
habitats that have historically been converted. All of these
refinements increase the acreage so the networks and asso-
ciated budgets should be treated as a minimum starting
point for meaningful conservation action.

5.4 | Planning for meaningful climate
change mitigation

We used carbon storage as a surrogate for climate change
mitigation potential. However, this is a limited measure
because carbon storage represents a single snapshot in
time of carbon on the landscape, but in reality, carbon is
dynamic and can increase or decrease with changes to
management, land use, climate change, and fire (Sleeter
et al., 2019). Also, natural climate solution pathways such
as afforestation or agroforestry may have patterns of
climate mitigation potential that differ from patterns of
current carbon storage and are not evaluated here.
Appendix S7 further discusses some of the assumptions
and limitations of this analysis.

5.4.1 | Concluding remarks

In this paper, we propose an analytical framework for
designing an effective and efficient implementation of
30�30. This framework centers around habitat represen-
tation, network design, explicit consideration of effi-
ciency, flexibility, and inclusivity in implementation, and
estimate of sufficient budget needed for implementation.
We apply this approach to the state of California and use
Zonation to identify efficient networks that close the gap
in representation of major habitats in the protected area
network and that additionally protect places important
for biodiversity or climate change mitigation. We find
that California could meet its 30�30 goals through pri-
vate land acquisition for as little as $5.84 billion, with as
few as 364 transactions, or with 2.18 million additional
conserved hectares. Our findings indicate that network
geography is more sensitive to type of efficiency than it
is to the chosen planning objective. We show that a sin-
gle design is limiting because there will always be trade-
offs among types of efficiency, inclusivity across regions
and implementing actors, and conservation benefits
achieved. A better understanding of the kinds of trade-
offs measured in this paper will be critical for designing
and implementing California's 30�30 effort. As a global
environmental leader, the state of California has an
opportunity to model a design approach that can inform
programs elsewhere in the United States and interna-
tionally. Further, 30�30 is just one milestone on a path
towards the 50% protection levels needed to truly stem
the biodiversity crisis (Bhola et al., 2021; Dinerstein
et al., 2019; Wilson, 2016). Reaching these ambitious
protection levels will require a long-term planning effort
grounded in rigorous estimates of the public benefit of
acquiring private lands and an understanding of the
trade-offs with other conservation strategies.
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