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Abstract 
Context  Habitat connectivity is key when designing 
reserve networks for conservation of species at risk. 
Acquiring land over time to achieve connectivity for 
multiple species in a systematic conservation plan can 
pose a challenge because not all high priority parcels 
will be acquired, species occurrence data is often lim-
ited, and using multiple species models together is 
complex.
Objectives  We evaluated four possible land acquisi-
tion strategies in a such a plan in their ability to meet 
each of three objectives. The strategies represent dif-
ferent combinations of what are termed ‘Priority 1’, 
‘Priority 2’, and ‘Corridor’ lands in the plan. The 
objectives are to (1) meet conservation target acre-
ages identified in the plan; these are distinct from 
connectivity goals, (2) maximize structural habitat 
connectivity, and (3) maximize connectivity for mul-
tiple focal species.

Methods  For this case study in Yolo County, Cali-
fornia, we compared the efficiency of strategies to 
meet conservation targets using MARXAN. We com-
pared structural connectivity of MARXAN solutions 
for each strategy using FRAGSTATS and distance 
between patches using ArcGIS. We compared focal 
species connectivity by using ArcGIS to define spe-
cies-specific least cost networks and then assessing 
each network’s conformity with MARXAN solutions.
Results  ‘Priority 1’ parcels and ‘Corridor’ parcels 
together provide (1) the most efficient solution for 
attaining conservation targets, (2) the highest struc-
tural connectivity, and (3) high connectivity for the 
greatest number of focal species.
Conclusions  Because land acquisition patterns 
are time sensitive and data may be limited, we rec-
ommend using spatial prioritization software often 
and employing several measures of connectivity in 
decision-making.

Keywords  Habitat connectivity · Endangered 
species · Systematic conservation planning · Reserve 
selection · MARXAN

Introduction

Connectivity of suitable habitat is a key consideration 
when planning for species conservation, particularly 
the long-term survival of a species. A desired conser-
vation outcome for a species would be one in which 
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critical portions of its range have been conserved 
and there is high connectedness in a reserve system 
between areas of suitable habitat. Classic works in 
landscape ecology and conservation highlight the 
importance of this landscape-level approach to plan-
ning for species protection (Noss et  al. 1997, Beier 
and Noss 1998, Crooks and Sanjayan 2006, Wiens 
2009). Landscape connectivity has been defined as 
both structural and functional. Structural connectiv-
ity is based on the spatial arrangement of broad struc-
tural habitat types or land cover types, such as forests 
or grasslands, in a landscape while functional connec-
tivity takes species-specific needs into account, such 
as dispersal behavior (Theobald 2006).

Designing and building reserve networks that 
achieve connectivity for multiple species can be a 
challenge for regional conservation planners for two 
primary reasons. First, acquisition of all priority land 
parcels identified in a connected reserve system is 
not guaranteed, due to policies that only allow pur-
chase of property from willing sellers. Second, spa-
tial data representing the distribution of all species 
of interest is often limited. Plans are forced to rely 
on suitable habitat as a surrogate for species protec-
tion because actual species location or occurrence 
data is likely incomplete (Noss et al. 1997; Rondinini 
et  al. 2006; Winchell & Doherty 2008). Thus, suit-
able habitat forms the basis for a species distribution 
model (SDM) that informs reserve design. Moreover, 
empirical evidence shows that patterns of species 
distribution are often constrained by dispersal limita-
tion (Nathan 2001). Yet, even novel approaches that 
reduce uncertainty in reserve selection by incorporat-
ing known species’ dispersal distances in predictive 
modeling (e.g. Underwood et al. 2010) rely on occur-
rence records.

Regardless of the level of data supporting a species 
distribution model (SDM), it can also be a challenge 
to use multiple SDMs together in reserve design. 
A search of the literature reveals the complexity 
involved in using SDMs collectively for this purpose. 
Some have noted the difficulty in selecting the best 
SDM for a specific species, let alone an appropriate 
ensemble modeling method for multiple species (Lin 
et al. 2018). Others have shown how the vast majority 
of research on SDMs focuses on methods for creating 
them rather than their application to decision prob-
lems such as reserve selection (Guisan et  al. 2013; 
Mair et al. 2018).

Here we demonstrate the use of limited occur-
rence data and multiple SDMs in reserve selection 
decision-making. We evaluate the relative efficiency 
of four different land acquisition strategies in both 
meeting conservation targets and attaining connectiv-
ity for multiple species within the context of a sys-
tematic conservation plan (SCP), the Yolo Habitat 
Conservation Plan / Natural Community Conserva-
tion Plan (hereafter “Yolo HCP/NCCP” or “plan”). 
The term “systematic conservation planning” comes 
from the seminal work of the same name published 
in Nature by Margules and Pressey (2000), who out-
lined a systematic approach to locating and designing 
reserves and meeting conservation goals. In Califor-
nia, both Natural Community Conservation Plans 
(NCCPs) under California’s Endangered Species Act 
(Fish and Game Code Sect. 2800 et seq.) and federal 
Habitat Conservation Plans (HCPs) under the Endan-
gered Species Act Sect. 10(a) (1) (B) may be consid-
ered systematic conservation plans. Both are intended 
to establish large reserve networks of permanently 
protected lands and long-term programs designed to 
conserve, mitigate for, and manage species legally 
“covered” by a plan while they allow compatible and 
appropriate development (Presley 2011). They offer 
an alternative to traditional approaches to endangered 
species conservation, which often mitigate or offset 
impacts to, or “incidental take” of, species on project-
by-project basis (McKenney and Kiesecker 2010), a 
practice that results in uncoordinated, “piecemeal”, 
and far less effective conservation (Underwood 2010).

Going beyond the requirements of federal HCPs, 
NCCPs must provide recovery—“methods and proce-
dures within the plan area that are necessary to bring 
any covered species to the point at which the meas-
ures provided pursuant to Chapter 1.5 (commencing 
with Sect.  2050) [The California Endangered Spe-
cies Act] are not necessary’” [Sect.  2805(d)]. They 
and must also provide connectivity—“the establish-
ment of one or more reserves or other measures that 
provide equivalent conservation of Covered Species 
within the Plan Area and linkages between them 
and adjacent habitat areas outside the Plan Area” 
[Sect.  2820(a)(4)(B)]). In several ways, NCCPs also 
fit the decision-making framework of SCP as it is 
defined by Schwartz et  al. (2018). First, theoretical 
foundations for NCCPs are in the fields of landscape 
ecology and land use planning, what Schwartz et al. 
term “geospatial planning”. Second, core tools for 
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decision-making include spatial prioritization tools, 
such as those used in this study. Finally, core tools are 
applied to designing reserve systems, a key feature of 
NCCPs.

The Yolo HCP/NCCP (2018) was selected as a 
case study from among 17 NCCPs approved and 
being implemented (CDFW 2020) for several rea-
sons. First, it was permitted relatively recently 
(2019), which means it is early in its implementation 
phase, before reserve lands have been purchased and 
when an analysis of potential land acquisition strat-
egies may have the greatest effect on land purchase 
decisions. Second, although habitat connectivity is 
required of all NCCPs, this plan faces some unique 
challenges in not having a large base of public lands 
within its Conservation Reserve Area upon which to 
build a connected reserve network. Also, unlike many 
other NCCPs, the matrix of land cover is not sharply 
divided between urban or semi-urban parcels and 
natural habitat but contains agricultural land cover 
types, which have direct habitat value for some of the 
covered species and are semi-permeable for others 
attempting to move through them. Finally, the results 
are of immediate interest to conservation practition-
ers. Researchers in conservation have recommended 
bridging an existing gap between research and prac-
tice by sourcing research questions from such practi-
tioners (Knight et al. 2008; Schwartz et al. 2018).

Species distribution models in the Yolo HCP/
NCCP are not unlike those of other NCCPs in Cali-
fornia in both type and level of data supporting them. 
In a study of eighteen NCCPs approved or in prepa-
ration, Parisi and Greco (2021) found that 17 out of 
18 contained mapped occurrences and 15 out of 18 
included classified (expert opinion) suitable habi-
tat. The main source of occurrence data for species 
at risk is the California Natural Diversity Database 
(CNDDB), a “natural heritage program” data set 
overseen by NatureServe that has an equivalent in 
every state (CDFW 2021).

The Yolo HCP/NCCP is also like other system-
atic conservation plans in identifying top priority 
lands in the planning phase, before the plan has been 
approved. Moreover, as an HCP/NCCP plan, it must 
identify more priority lands than can be acquired 
because of some uncertainty in the acquisition pro-
cess. Per existing policy, land purchases must come 
from willing sellers, so it is likely that some priority 
parcels will not become available. Similar to other 

HCP/NCCPs, the Yolo plan has outlined the general 
shape of a connected reserve system on the land-
scape and has identified more than one level of prior-
ity lands. In this case, Priority 1 lands are clustered 
around existing public and easement lands and Prior-
ity 2 lands clustered around these (Fig. 1). Corridors 
have also been identified to help achieve structural 
connectivity. In looking at the amount and pattern 
of priority lands, one general question arose imme-
diately: Is it possible to meet conservation objec-
tives for species in a plan—i.e. meet target acreages 
of defined suitable habitat—and still not achieve a 
highly-connected system over the plan’s permit term? 
Priority 1 lands alone total 90,170 acres (36,491 ha). 
At the rate of land acquisition needed to meet the 
plan’s 24,406-acre (9877 ha) commitment in 50 years, 
an average of 488 acres (197  ha) per year, it would 
take an additional 135  years to acquire all of them. 
There are an additional 136,000 acres (53,007 ha) of 
Priority 2 lands plus lands within identified corridors 
(Fig.  6–3 of the plan). Given this, what is the best 
land acquisition strategy? Our analysis centers around 
three research questions: (1) What is the most effi-
cient strategy for meeting conservation targets?, (2) 
What is the most efficient way to maximize structural 
habitat connectivity in the plan?, and (3) Is there a 
way to maximize connectivity for multiple focal spe-
cies in a single plan?

Study area

The Yolo HCP/NCCP plan area covers the entirety 
of Yolo County, California. However, the parcels eli-
gible for analyses and acquisition reside only in the 
Conservation Reserve Area, which the plan defines 
as the valley floor (Fig.  1). Yolo County is located 
within California’s Great Central Valley (Fig. 1) and 
is characterized by a Mediterranean-type climate, 
with cool, wet winters and hot, dry summers. Eleva-
tions in the county range from less than 100 feet 
above mean sea level on the valley floor in the eastern 
side of the county to approximately 3100 feet above 
sea level within the mountains forming the county’s 
northwest corner, the highest elevation being Little 
Blue Peak at 3123 feet (Fig. 1). Major hydrologic fea-
tures include Cache Creek in the northern part of the 
county; Putah Creek, which forms much of the south-
ern edge of the county; and the Sacramento River, 
which forms much of the county’s eastern border. 
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The valley floor is a matrix of agricultural lands and 
grasslands, some with seasonal wetlands, surrounding 

the county’s four incorporated cities – Woodland, 
West Sacramento, Davis, and Winters. The highest 

Fig. 1   Study area of Yolo County, California. Inset map shows the Great Central Valley and Yolo County in shading within the state
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elevations are characterized primarily as oak wood-
lands while riparian habitat lines the creeks and is 
found in remnants along the Sacramento River.

Methods

Methods and data sources for this study are summa-
rized in Table 1. To determine efficient solutions for 
meeting conservation targets, we employed a widely 
used semi-optimization software package called 
MARXAN (Ball et  al. 2011) to compare four pos-
sible land acquisition strategies (Fig.  2), all within 
the Conservation Reserve Area depicted in Fig.  6–5 
of the plan. MARXAN is a spatial prioritization 
software tool that uses an algorithm to evaluate the 
effectiveness of different combinations of planning 
units in achieving conservation goals. It selects plan-
ning units that, together, minimize both cost and 
boundary length, while meeting a set of conserva-
tion targets. Cost is defined by the user and can be 
both economic and ecological. Scenario A considers 
all parcels within the Conservation Reserve Area in 
selecting reserves. Scenario B includes only parcels 
identified as “higher priority” in Fig. 6–6 of the plan 
(Priority 1). Scenario C is comprised of parcels iden-
tified as “higher priority” and “lower priority” (Prior-
ity 1 and 2, respectively). Scenario D includes both 
“higher priority” (Priority 1) parcels and parcels 
inside the ecological corridors shown in Figure ES-2 
and Fig. 6–3 of the plan. All input data for identify-
ing conservation targets (Table  2) was vector-based 
geographic information system (GIS) data available 
from the Yolo Habitat Conservancy (2020b) and all 
data preparation for MARXAN was done in ArcGIS 
Desktop 10.7.1 (ESRI Inc.© 2019).

We chose land ownership parcels as a planning 
or reserve selection unit for MARXAN, considering 
this the most realistic way to identify reserve network 
solutions, as land will be acquired in whole parcels. 
The alternative would be to create a regularly-spaced 
planar tessellation surface, composed of hexagons 
for example. For parcel boundaries in Scenario A, 
we downloaded publicly available tax assessor data 
from Yolo County (2020) and, using the ArcGIS 
extraction analysis tool ‘Clip,’ we clipped it to the 
Conservation Reserve Area boundary. Priority 1 and 
2 lands layers for scenarios B, C, and D were avail-
able from the Yolo Habitat Conservancy (2020a) as 

selected parcels. For the ecological corridor portion 
of Scenario D, we intersected the downloaded parcel 
data with a boundary layer we created to represent 
ecological corridors. To create this boundary layer, 
we selected ecological corridor polygons (planning 
units 7, 9, 17 and 18) from the Planning Units layer 
depicted in Figure ES-2 and Fig.  6–3 of the plan 
(Yolo Habitat Conservancy 2020b). The plan also 
includes a corridor for the Sacramento River. To cre-
ate this polygon, we buffered a GIS line feature of the 
river by 0.25 miles or 1320 feet on each side, giving 
it initially the same width as the Cache Creek Cor-
ridor, and then clipped the buffered feature to exclude 
that portion of the river in neighboring Sacramento 
County. Once the ecological corridor layer and parcel 
layer were intersected, any polygon slivers without 
an identifying assessor’s parcel number, often those 
labeled “road” or “river”, were deleted.

To prepare biological data for MARXAN, we first 
identified the total conservation commitment acre-
age (24,406 acres, 9877  ha) from the Yolo HCP/
NCCP within the conservation reserve area and then 
each unique conservation target (Table  1, based on 
Table  6–2 [a] of the plan). A target may be a sin-
gle element, such as a natural community type, or a 
combination of elements, such as a natural commu-
nity type that is also modeled habitat for a species 
or also in a particular location in the planning area. 
The source for natural community types was land 
cover data mapped in Figs. 2–5 through 2–10 of the 
plan. For species modeled habitat, we used the data 
depicted in the species maps in Appendix A: Cov-
ered Species Accounts. Location data are the plan-
ning units shown in Figure ES-2 of the plan. Where 
a conservation target represented the intersection of 
two elements, such as acres of a natural community 
type that are also modeled habitat for a species, the 
two element layers were intersected and the polygons 
from the resulting layer dissolved into one. The dis-
solved polygon was then intersected with the parcel 
layers representing the four scenarios (Fig. 2) and the 
acreage by parcel of a conservation target calculated 
for each scenario. English units have been used here 
for both analysis and reporting of results as these are 
the sole units utilized in the plan. International (SI) 
units are reported parenthetically.

The data representing conservation targets and 
their values by planning unit (parcel) were then 
reformatted into a tab-delimited Planning Unit 
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versus Conservation Feature, one of several input 
files required by MARXAN. In the Planning Unit 
input file, we set the cost for each parcel as its calcu-
lated acreage. Authors of the MARXAN good prac-
tices handbook (Ardron et  al. 2010) are aware that 

parcel cost information is not always available, which 
is the case in this study, and note that reserve area can 
be used as a surrogate for cost based on the assump-
tion that the larger the reserve size the more costly it 
will be to implement and manage, although this is not 

Table 1   Summary of methods and data sources

Research Question Software and Procedure Input Data Sets

What is the most efficient strategy to meet 
conservation targets?

MARXAN—single best and summed 
solutions for each scenario, incorporat-
ing a Boundary Length Modifier (BLM)

Priority 1 and Priority 2 lands—shown in 
Fig. 6–6 of the plan; available as GIS data 
(Yolo Habitat Conservancy 2020a)

Ecological corridors—shown in Figure 
ES-2 and Fig. 6–3 of the plan; available 
as GIS data (Yolo Habitat Conservancy 
2020b) and also created by buffering the 
Sacramento River in ArcGIS

Planning units—land ownership parcels 
available as GIS data (Yolo County 2020)

Conservation target acreages of natural 
community types and species

modeled habitat—listed in Table 6–2(a) of 
the plan

Distribution of natural community types—
shown in Figs. 2–5 through 2–10 of the 
plan; available as GIS data (Yolo Habitat

Conservancy 2020b)
Distribution of species modeled habitat—

shown in Appendix A of the plan; avail-
able as GIS data (Yolo Habitat Conserv-
ancy 2020b)

What is the best strategy to maximize 
structural connectivity?

FRAGSTATS—‘Perimeter Area Ratio’, 
‘Contiguity Index’

Parcel polygons from the MARXAN single 
best and summed solutions layers for each 
scenario converted from vector to raster 
format; parcels available as GIS data 
(Yolo County 2020)

ArcGIS—‘Nearest Neighbor’ Parcel polygons from the MARXAN single 
best and summed solutions layers for each 
scenario in vector format; parcels avail-
able as GIS data (Yolo County 2020)

What is the best strategy to maximize 
functional connectivity for multiple focal 
species?

ArcGIS—‘Cost Connectivity’ Core habitat patches for each focal spe-
cies—(1) intersection of recent occur-
rence data and species suitable habitat 
shown in Appendix A of the plan; avail-
able as GIS data (CDFW 2021, Yolo 
Habitat Conservancy 2020b) and (2) 
intersection of public or easement land 
and species suitable habitat; available 
as GIS data (Yolo Habitat Conservancy 
2020a, 2020b)

Cost surface layer – compilation and 
rasterization of natural community types 
shown in Figs. 2–5 through 2–10 of the 
plan and individual species distribution 
models shown in Appendix A of the plan; 
both available as GIS data (Yolo Habitat 
Conservancy 2020b,)
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Fig.  2   a b Four land acquisition scenarios analyzed in MARXAN. 
Parcels eligible for selection in each MARXAN scenario are within 
the Conservation Reserve Area and marked by diagonal hatching. c 

d Four land acquisition scenarios analyzed in MARXAN. Parcels 
eligible for selection in each MARXAN scenario are within the 
Conservation Reserve Area and marked by hatching
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Fig.  2   (continued)
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Table 2   Twenty-one unique targets for MARXAN analy-
sis, based on newly protected lands commitments listed in 
Table 6–2 (a) of the Yolo HCP/NCCP. Numbers in parenthe-
ses used here for identifying each unique element or unique 
combination of elements are not synonymous with coding 
numbers used to identify targets within MARXAN. Species 

modeled habitat commitments or location commitments are 
not mutually exclusive to one another relative to their shared 
natural community. For example, if an acreage commitment for 
species modeled habitat is the same as that for a natural com-
munity, then all acres for that natural community must also be 
modeled habitat for the species

Natural community Natural community 
acreage commitment 
(inclusive)

Species modeled habitat Location

Cultivated Lands (non-rice) 14,362 (5812 ha) (1) 14,362 acres (5,812 ha) also 
Swainson’s Hawk habitat

(2) 2500 acres (1,012 ha) also 
Western Burrowing Owl habitat

Rice 2800 (1,133 ha) (3) 2800 acres (1,133 ha) also 
Giant Garter Snake habitat

Grassland 4430 (1793 ha) (4) 4430 acres (1793 ha) also 
Burrowing Owl habitat

(5) 2000 acres (809 ha) also 
California Tiger Salamander 
habitat

(6) 3000 acres (1214 ha) also in 
Planning Unit 5

(7)Valley Oak Woodland 10 (4 ha)
(8)Blue Oak Woodland 20 (8 ha)
(*) Alkali Prairie 33.7 (13.6 ha) 33.7 acres (13.6 ha) in Woodland 

Regional Park
Fresh Emergent Wetland 500 (202 ha) (9)500 acres (202 ha) also Giant 

Garter Snake habitat
(10)200 acres (81 ha) also Tri-

colored Blackbird habitat
Valley foothill riparian 1600 (648 ha) (11)500 acres (202 ha) also 

Yellow-billed Cuckoo habitat
(12)600 acres (243 ha) also Least 

Bell’s Vireo habitat

(13)1600 acres (647 ha) also 
primarily in planning units 5 
and 7

(14) Lacustrine_Riverine 600 (243 ha) (16)36 acres (15 ha) also Califor-
nia Tiger Salamander habitat

(17)420 acres (170 ha) also Giant 
Garter Snake habitat

Other 50 (20 ha) 50 acres (20 ha) also Bank Swal-
low habitat

(18)50 acres (20 ha) also in Plan-
ning Unit 7

Any Protected Natural Com-
munity

(19)1160 acres (469 ha) also 
Giant Garter Snake active-sea-
son upland movement habitat

(20)2315 (937 ha) also Giant 
Garter Snake overwintering 
habitat

(21)18,865 (7,634 ha) also 
White-tailed Kite foraging 
habitat

Total 24,406 (9877 ha) *Alkali Prairie was not included in the analysis as it exists in 
only one location. However, the 34 (rounded) acres (14 ha) are 
included here as part of the acreage total
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always the case. The status was set at “0” for parcels 
potentially selected as new reserves, allowing these 
parcels to be in the initial (or seed) reserve system. 
The status of existing reserves was set at “2”, forcing 
them into selection as the initial part of a reserve sys-
tem, although their conservation values do not appear 
in any input files because they do not contribute to 
new conservation targets.

Because a compact and connected reserve system 
with minimal edge is a desired outcome for this plan, 
an optional ‘boundary length’ input file and ‘bound-
ary length modifier’ (BLM) were used in this analy-
sis. According to Ardron et  al. (2010), a compact 
reserve system is one with a low edge to area ratio. 
Reducing the edge to area ratio of a reserve network 
results in multiple benefits including a smaller num-
ber of reserves, lower management and transaction 
costs, and potentially more viable populations and 
ecological processes. A BLM improves the compact-
ness of reserve system solutions by accounting for 
a connectivity cost between reserves based on the 
effective length of their shared boundaries. The BLM 
value is set by the MARXAN user and represents a 
tradeoff between reserve cost and the desire for com-
pactness. Boundary length between parcels included 
in each scenario was calculated using the ‘Polygon 
Neighbors’ tool in ArcGIS and the results were refor-
matted for input to MARXAN. The BLM was deter-
mined using a method from Stewart and Possingham 
(2005) as cited in Game and Grantham (2008). Total 
reserve system boundary length was plotted against 
total cost in area for repeated MARXAN runs, at 100 
iterations each, with different BLM values. BLM val-
ues of 0.0, 0.04, 0.05, 0.07, 0.075, 0.08, 0.1, 0.5, and 
1.0 were tested. The selected BLM value of 0.08 was 
at the inflection point in which both total boundary 
length and total cost were at a minimum.

For each scenario, we conducted 10 MARXAN 
runs of 100 repetitions each and recorded the 
MARXAN “best” single solution in a run as well as 
the “summed” solution, which includes the selection 
frequency of each parcel calculated across all rep-
etitions in that run. Using both solutions is recom-
mended as a best practice for interpreting and refin-
ing MARXAN outputs as well as communicating 
them spatially (Ardron et  al. 2010). We did not find 
it necessary to include very high numbers of runs and 
repetitions because, according to Ardron et al. (2010), 
the feasible solutions generated were all within a few 

percent of each other in the objective function – a 
measure of efficiency that is a function of planning 
unit costs, boundary costs, and penalties – and thus 
the best solutions generated among them were also all 
likely to be the most optimal.

We calculated average cost in acres and planning 
units of the “best” single solutions among the 10 
runs. As a way of identifying the “best of the best” 
parcels for each scenario, or a best summed solution, 
we also averaged selection frequency values for each 
parcel across the 10 runs and, because data were une-
venly distributed, classified the averaged values using 
natural breaks. We used this natural break to select 
a cut-off point for the class of parcels selected most 
often. For example, in Scenario A, which includes all 
parcels in the Conservation Reserve Area, the parcels 
retained as part of the best summed solution were 
selected at least 40% of the time. Conservation targets 
not met in each scenario were taken from MARXAN 
output files that report these data.

To determine efficient solutions for maximizing 
structural connectivity, we compared connectivity 
of the MARXAN solutions for each scenario using 
FRAGSTATS (McGarigal et al. 2013) and the ‘Aver-
age Nearest Neighbor’ tool in ArcGIS. Analyses were 
performed on both the summed solution for each 
scenario, featuring the most frequently selected par-
cels, and a randomly selected single “best” solution 
from among the 10 runs in MARXAN. We chose 
to analyze single best as well as summed solutions, 
reasoning that a summed solution with only the most 
frequently selected parcels from many repetitions 
is likely to be larger and more contiguous than any 
one single solution and may show a different level of 
structural connectivity.

To prepare data for FRAGSTATS, we first con-
verted parcel polygons from each solution layer 
from vector to raster format in ArcGIS, with a 
cell (pixel) size of 30 feet (900 square feet). Sliv-
ers – residual single pixels or strings of raster cells 
a single pixel wide – were eliminated. To analyze 
patch shape and spatial connectedness within each 
of the eight solution layers, we selected Perim-
eter-Area Ratio (PARA) and Contiguity Index 
(CONTIG) from among the patch shape metrics in 
FRAGSTATS using an eight-cell neighbor rule and 
averaged the resulting values across all patches. 
Both PARA and CONTIG may be considered meas-
ures of shape complexity. FRAGSTATS identifies 
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unique patches of contiguous pixels as a part of cal-
culating these statistics. PARA equals the ratio of 
a patch perimeter to its area and emphasizes elon-
gation (Ardron et  al. 2010). It can point to longer, 
narrower habitat patches that may be subject to 
negative edge effects. CONTIG assesses the spatial 
connectedness, or contiguity, of cells within a grid-
cell patch to provide an index on patch boundary 
configuration (LaGro 1991). It may point to patches 
that are in the process of fragmenting. CONTIG 
convolves a 3 × 3 pixel template as a moving win-
dow and assigns values to pixels based upon class 
(patch type of interest versus background) and spa-
tial relationship to surrounding pixels (horizontal 
and vertical weighted higher than diagonal). The 
value of each pixel in the output image, computed 
when at the center of the moving template, is a 
function of the number and location of pixels, of 
the same class, within the nine-cell image neigh-
borhood. Thus, large contiguous patches result in 
higher values (McGarigal 2015). The average conti-
guity value is divided by the sum of template values 
minus one to yield an index value between 0 and 1.

As a measure of patch distribution, we used the 
‘Average Nearest Neighbor’ tool in ArcGIS on the 
vector versions of each solution layer. This tool 
reports the mean distance between polygon centroids.

To assess connectivity for selected focal species, 
we used the ‘Cost Connectivity’ tool in ArcGIS. We 
chose the most dispersal-limited covered species in 
each of two major landscape matrices within the plan 
– burrowing owl (Athene cunicularia) and California 
tiger salamander (Ambystoma californiense), within 
the agricultural landscape, which includes grasslands 
and some seasonal wetlands such as vernal pools, 
and western pond turtle (Emys marmorata) and val-
ley elderberry longhorn beetle (Desmocerus califor-
nicus dimorphus) in the riparian/wetland landscape. 
In a report of independent science advisors for the 
Yolo HCP/NCCP (Spencer et  al. 2006), the authors 
recommend the use of focal species to help achieve 
the biological goals of the plan, and one such way to 
categorize species is by a combination of functional 
category such as dispersal limitation and major com-
munity type.

The ‘Cost Connectivity’ tool focuses on defining 
the optimum network of least-cost paths between 
regions, defined as core habitat patches for the 

purposes of this study. For each species, we consid-
ered a core habitat patch to be any patch of suitable 
habitat with a recent occurrence of a species (Source: 
CDFW 2021) or any patch of suitable habitat within 
public or easement land, considering this habitat to be 
already protected. Recent occurrences for a species 
and suitable habitat are the data depicted in its spe-
cies map in Appendix A: Covered Species Accounts 
of the plan. The goal was not to define a single move-
ment path for each species to disperse through from 
its point of occurrence, but to look at what the pat-
tern of dispersal might look like through the most 
highly suitable habitat and see how well it conforms 
with the four scenarios or land acquisition strategies 
of this study. So as not to limit the analysis to within-
plan boundaries that would be artificial to species, we 
chose habitat patches rather than parcel boundaries as 
cores and extended the initial scope of the analysis to 
public lands beyond the Conservation Reserve Area.

After converting each composite layer of patches 
for a species from vector to raster format, we used 
the ‘Region Group’ tool in ArcGIS to create an input 
regions layer for the ‘Cost Connectivity’ tool. To cre-
ate an input cost surface layer for the same tool, we 
assigned cost values to polygons in the land cover 
data layer or individual species distribution model 
(Yolo Habitat Conservancy 2020b) per the rules in 
Table 3 and then rasterized and merged the input data 
sets. The highest costs are for the least permeable 
forms of land cover and the lowest costs for the most 
highly suitable habitat for a species.

We then assessed conformity of the least cost 
network solution for each species (Fig.  3) with the 
best summed solution for each of the four scenarios 
(Fig. 4). Each least cost network was first clipped to 
the Conservation Reserve Area so it could be com-
pared directly with the selected parcels for each best 
summed solution, which are limited to this portion of 
the plan area. Percent of least cost network segments 
intersecting each best summed solution was deter-
mined using the ‘Select by Location’ function in Arc-
GIS and calculating the percentage of path segments 
selected. We then determined the median path cost 
value of selected path segments. The distribution of 
path cost values was often highly skewed or bimodal; 
thus, we selected median rather than mean as a pre-
ferred measure of central tendency.
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Results

Results regarding the most efficient strategy for meet-
ing conservation targets are presented in Table  4. 
Readers will note that efficiency is measured in num-
bers of parcels needed rather than acreages of tar-
geted natural communities or species modeled habi-
tat. This is because, practicably, land will be acquired 
in whole parcels. Parcels are not likely to be subdi-
vided for sale unless considered for land development 
and, even if divided, not likely by natural community 
or habitat boundaries. Scenario A, which considers 
all parcels in the Conservation Reserve Area, hits the 
highest number of conservation targets (20/21), but is 
also the least efficient in doing so, with an average of 
2241 planning units to meet these targets. Scenario 
B, which considers only Priority 1 parcels, hits the 
fewest number of conservation targets (15/21), but is 
also the most efficient in doing so, with an average of 
404 planning units. The best combination of attaining 
conservation targets (18/21) and doing so with effi-
ciency (an average of 422 planning units) appears to 
be Scenario D, which considers Priority 1 lands and 
corridors. Scenario C, which considers Priority 1 and 
2 parcels is also relatively effective and efficient with 
19/21 conservation targets hit and an average of 513 
parcels required. The relative patterns of both effec-
tiveness and efficiency hold up across all four sce-
narios when considering both MARXAN single best 
solutions and MARXAN summed solutions.

Results regarding the most efficient way to maxi-
mize structural habitat connectivity in the plan are 
presented in Table  5, along with their adherence to 
some classic principles of reserve design posited by 
Diamond (1975) and Noss et  al. (1997). MARXAN 
best summed solutions for each scenario are dis-
played in Fig. 4. Actual values of both FRAGSTATS 

and ArcGIS Average Nearest Neighbor measures are 
less important than comparative or relative values. 
Scenario A with all parcels results in habitat patches 
that are closest together on average, but they are many 
and small, with the highest perimeter-area ratio and 
the lowest within-patch contiguity. Scenario B, with 
Priority 1 lands only, and Scenario D, with Prior-
ity 1 lands and corridors, both result in fewer, larger 
habitat patches with low perimeter-area ratio and high 
within-patch contiguity, but also the greatest average 
distance between patches. Scenario C, with Prior-
ity 1 and 2 lands, – results in habitat patches closer 
together than Scenarios B or C, with a moderate 
perimeter-area ratio and relatively high within-patch 
contiguity.

Results of our analysis of connectivity for selected 
focal species are illustrated in Fig. 3 and presented in 
Table  6. The least cost pattern of movement for the 
burrowing owl had the highest conformance with 
Scenario D, Priority 1 parcels and corridors but the 
lowest average cost consistent with Scenario A, all 
parcels. For the California tiger salamander, the least 
cost network had the highest conformance and the 
lowest average cost with Scenario D, Priority 1 par-
cels and corridors. The western pond turtle network 
had the highest conformance with Scenario B, Prior-
ity 1 and 2 Parcels, with the same average cost across 
all scenarios. Finally, the valley elderberry longhorn 
beetle network had the highest conformance with 
Scenario A, all parcels, and the lowest average cost 
with Scenario C, Priority 1 and 2 parcels, and Sce-
nario D, Priority 1 parcels and corridors.

Results of each measure were then ranked across 
all four scenarios, with one representing the highest 
rank and four the lowest rank for any given measure. 
We summed the ranked scores for each scenario and 
assigned an overall ranking based on the summed 

Table 3   Land Cover Costs Assigned in Least Cost Network 
Analysis. Cost Value is an assigned number representing the 
relative difficulty for a given species to move through a land-
cover type. Rules represent attributes used to select polygons 

from a spatial dataset of landcover types (Yolo Habitat Con-
servancy 2020b). Landcover types labeled “Primary”, “Sec-
ondary” or “Other” suitable habitat for a species are based on 
expert opinion

Cost Value Rules for selecting polygons

20 Vegetation Name = “Barren” or Habitat Association = “Urban” or Natural Community = “LAC/RIV” (except for the 
Western Pond Turtle)

10 Any natural or semi-natural habitat (Natural Community = “Cultivated Lands”) not modeled as suitable for a species
2 Modeled suitable habitat for a species labeled “Other” or “Secondary”
1 Modeled suitable habitat for a species labeled “Primary” and part of a conservation target
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Fig. 3   a, b Least cost networks of four selected dispersal-limited species. c, d – Least cost networks of four selected dispersal-
limited species
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Fig. 3   (continued)
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Fig. 4   Most frequently selected parcels by MARXAN in four land acquisition scenarios
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value, with the lowest summed value representing 
the highest overall rank (Table 7). Scenario D, with 
Priority 1 lands and corridors shows the highest over-
all ranking, followed by Scenario B, with Priority 1 
lands only; Scenario C, with Priority 1 and 2 lands; 
and, Scenario A, with all parcels.

Discussion

With ever-increasing landscape fragmentation due 
to human population expansion resulting in critical 
needs for conservation and limited resources with 
which to accomplish those actions, it is increasingly 
important that the potential outcomes of systematic 
conservation strategies be assessed for their efficacy. 
This case study presents several potential conserva-
tion outcomes over a 50-year build-out time period 

for a county that has gone through an extensive effort 
at systematic conservation planning with a goal of 
habitat connectivity for multiple species. Also, data 
may be limited in a multi-species systematic conser-
vation plan, yet strategic decisions must still be made 
to maximize efficiency and effectiveness when assem-
bling a connected reserve system over time. One goal 
here was to consider several measures that may serve 
as inputs to such decision making.

For the Yolo HCP/NCCP it would seem most 
effective to focus on Priority 1 lands and corridors, 
although additional lands must still be acquired to 
fully meet all conservation targets. Priority 1 and 2 
lands together may not prove as effective, particularly 
because the advantage of Priority 2 lands lies in their 
adjacency to Priority 1 lands. If they are selected as 
an alternative to Priority 1 lands, the result may be 
less compactness and connectivity than Priority 1 

Table 4   Costs and conservation targets met from MARXAN analysis for four scenarios

Scenario A—All Parcels Scenario B—Priority 1 
Parcels Only

Scenario C—Priority 1 
and 2 Parcels

Scenario D -Priority 1 and 
Corridor Parcels

Average cost in acres of 
MARXAN single best 
solutions

84,976 ± 3,099 66,663 ± 245 56, 494 ± 937 60,751 ± 854
(34,389 ± 1,254 ha) (26,978 ± 99 ha) (22,862 ± 379 ha) (24,585 ± 346 ha)

Average number of 
planning units in 
MARXAN single best 
solutions

2241 ± 88 404 ± 2 513 ± 27 422 ± 19

Selection frequency 
threshold chosen for 
best summed solution 
parcels

40% 25% 30% 28%

Number of parcels meet-
ing selection frequency 
threshold

2678 423 550 464

Conservation targets met 
(out of 21)

20 15 19 18

Targets not met Valley Oak Woodland Grassland in Planning 
Unit 5,

Grassland / California 
Tiger Salamander,

Grassland / Swainson’s 
Hawk,

Lacustrine & Riverine 
/ California Tiger 
Salamander, Overwin-
tering GGS,

Valley Oak Woodland

Lacustrine & Riverine 
/ California Tiger 
Salamander, Valley 
Oak Woodland

Grassland in Planning 
Unit 5,

Grassland / California 
Tiger Salamander Valley 
Oak Woodland
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lands would achieve alone or in conjunction with 
corridors. The Priority 1 lands with corridors strat-
egy also holds up well for individual focal species, 
likely because many of the existing public lands are 
in the grassland/agriculture landscape matrix and 
many of the corridor lands are in both this matrix 
or in the riparian/wetland matrix along streams. We 
recommend using spatial prioritization software 

and employing several measures of connectivity in 
decision-making, and doing so either in the planning 
phase of a systematic conservation plan or early in the 
process of acquiring land for an approved plan, before 
reserve lands have been purchased and when an anal-
ysis of potential land acquisition strategies may have 
the greatest effect on land purchase decisions.

Table 5   Structural Connectivity of Four Scenarios Based on 
the Principles of Reserve Design. Measures are outputs from 
FRAGSTATS and the ‘Average Nearest Neighbor’ function in 

ArcGIS. Values are interpreted relative to one another, with the 
most desirable values representing a design principle marked 
with a *

A single large reserve is better than several small reserves of the same total area. Larger habitat blocks support higher populations 

for a species (Diamond 1975; Noss et al. 1997)

 

Measure is number of 
contiguous habitat 
patches. *Lowest is 
best

Scenario A—All parcels Scenario B—Priority 1 
only

Scenario C—Priority 1 
and 2

Scenario D—Priority 1 
with corridors

Number of Contiguous 
Patches –Summed 
Solution

211 *50 85 54

Number of Contiguous 
Patches – Random Best 
Single Solution

176 50 73 *47

A compact reserve is better than an elongated reserve. Compact shapes minimize edge effects or negative, external influences on 
habitat (Diamond 1975; Noss et al. 1997)

 
Measure is perimeter/

area ratio for each con-
tiguous patch. *Lowest 
is best

Scenario A—All Parcels Scenario B—Priority 1 
only

Scenario C—Priority 1 
and 2

Scenario D—Priority 1 
with corridors

Average Perimeter/Area 
Ratio – Summarized 
Solution

137.37 ± 97.39 33.46 ± 51.78 65.69 ± 105.08 *33.00 ± 35.50

Average Perimeter/Area 
Ratio – Random Best 
Solution

109.28 ± 98.95 *33.28 ± 51.69 43.53 ± 68.48 36.58 ± 65.21

Habitat in contiguous blocks is better than fragmented habitat. Fragments can become isolated and small, which lowers species 
richness due to decreased immigration rates and increased extinction rates (Noss et al. 1997). Contiguity in FRAGSTATS is a 
measure of patch shape, capturing habitat that is likely in the process of fragmenting

 
Measure is within-patch 

contiguity. * highest 
is best

Scenario A—All Parcels Scenario B—Priority 1 
only

Scenario C—Priority 1 
and 2

Scenario D—Priority 1 
with corridors



1638	 Landsc Ecol (2023) 38:1621–1642

1 3
Vol:. (1234567890)

Results here may be limited in that they illustrate 
best-case scenarios for connectivity under specific, 
idealized criteria for a total conservation target com-
mitment of 24,406 acres (9877  ha) in Yolo County. 
No single strategy for parcel acquisition is likely to 
be exactly realized due to a policy for the plan which 
dictates that no parcel may be purchased without a 
willing seller. Thus, some parcels may be unavailable 
for acquisition and may preclude ever achieving a 
fully connected reserve system in Yolo County unless 
the permit term for the plan is extended well beyond 
50  years. It is also worth noting that few Priority 1 
lands exist on Putah Creek, an important riparian cor-
ridovr that forms the southern boundary of the plan 
west of the county’s southeastern panhandle, so many 
parcels here were ignored by the optimization scenar-
ios. If land parcels along Putah Creek are acquired in 
the future for recreational or other purposes it could 
provide the basis for greater acquisitions by the Yolo 

HCP/NCCP plan to enhance connectivity in this 
riparian corridor. For these reasons, we recommend 
that MARXAN be re-run after each parcel is acquired 
in real time to re-assess connectivity opportunities, as 
results are highly sensitive to initial conditions.

Although NCCPs such as the Yolo HCP/NCCP are 
required to plan for habitat connectivity for covered 
species, the temporal dimension of land acquisition 
illustrates why maximizing connectivity for multiple 
focal species in a single plan is an ongoing process. 
Unexpected future land title or easement donations 
with high conservation value can alter the course of 
implementing the plan and create opportunities in 
new areas at the expense of other areas. Conversely, 
unexpected urban development in areas adjacent to 
the plan or even, in the case of the Yolo HCP/NCCP, 
a shift within the agricultural matrix from herba-
ceous and semi-permeable crops to orchards or vine-
yards with lower connectivity value, can alter future 

Table 5   (continued)

A single large reserve is better than several small reserves of the same total area. Larger habitat blocks support higher populations 

for a species (Diamond 1975; Noss et al. 1997)

 

Average Within-patch 
Contiguity index 
value—summarized 
solution

0.88 ± 0.09 *0.97 ± 0.05 0.94 ± 0.09 *0.97 ± 0.03

Average within-patch 
contiguity index 
Value—random best 
solution

0.90 ± 0.09 *0.97 ± 0.05 0.96 ± 0.06 *0.97 ± 0.06

Reserves that are close together are better than reserves that are far apart. Species can more easily disperse between habitat blocks 
that are closer together (Diamond 1975; Noss et al. 1997)

 

Measure is average near-
est neighbor between 
habitat patches. * Low-
est is best

Scenario A—All Parcels Scenario B—Priority 1 
only

Scenario C—Priority 1 
and 2

Scenario D—Priority 1 
with corridors

Average Nearest Neigh-
bor (feet, Euclidean 
distance)– Summed 
Solution

*2769 9652 6742 7743

Average Nearest Neigh-
bor (feet, Euclidean 
distance)– Random 
Best Solution

*558 2063 1736 1809
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acquisition priorities based on a lowering of conser-
vation value.

Changes in data availability also point to the need 
for ongoing assessments of efficiency and connec-
tivity. Additional species occurrence data and even 
finer-grained vegetation mapping, particularly along 
fragmented riparian corridors, may become available 
over time. Occurrence data can confirm or even alter 
expert-driven ratings of habitat suitability for a spe-
cies, the basis of both the species models developed 
for the Yolo HCP/NCCP and the cost surface layers 
developed here for least cost path modeling. Finer-
grained vegetation mapping can lead to more precise 
dispersal patterns predicted by least cost corridor 
modeling for species such as the Valley Elderberry 
Longhorn Beetle (Desmocerus californicus dimor-
phus), who are associated with a single host plant 
species found within a natural community or habitat 
type. More actual measures of parcel cost other than 
reserve size used as a surrogate may also become 
available. Authors of the MARXAN best practices 
manual (Ardron et al. 2010) acknowledge that reserve 

size does not necessarily correlate with cost yet, at 
present, these authors have no other practical metrics 
of cost available to them.

This Yolo County case study shows that the effi-
cacy of systematic conservation strategies can vary 
significantly depending on how priority lands are con-
sidered together in achieving conservation targets and 
maximizing structural and functional connectivity; 
how the pattern of acquisition can change over time; 
and, when and in what format new data becomes 
available. Conservation planners need to be cognizant 
of all these factors in developing and implementing 
future systematic conservation plans, including fed-
eral HCPs and California NCCPs for species at risk.
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segments that intersect with MARXAN best summed solutions 
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with a*
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A—All 
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Scenario B—Pri-
ority 1 Lands Only

Scenario C – 
Priority 1 and 2

Scenario D – 
Priority 1 with 
Corridors

Burrowing owl (Athene cunicularia)
% of Least cost network segments intersecting best summed 

solution
48% 65% 55% 67%*

Median path cost of intersecting segments 120* 145 145 145
Alifornia tiger salamander (Ambystoma californiense)
% of Least Cost Network Segments Intersecting Best Summed 

Solution
94% 86% 85% 99%*

Median path cost of intersecting segments 630* 678 678 630*
Western pond turtle (Emys marmorata)
% of Least cost network segments intersecting best summed 

solution
60% 70%* 63% 63%

Median path cost of intersecting segments 42* 42* 42* 42*
Valley Elderberry Longhorn Beetle (Desmocerus californicus dimorphus)
% of Least cost network segments intersecting best summed 

solution
86%* 49% 53% 68%

Median path cost of intersecting segments 232 237 207* 207*
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Table 7   Ranked Summary Results Table for Four Scenarios. Ranks represent most (= 1) to least (= 4) desirable values for each 
measure in Tables 3–5. Tied values for any given measure are assigned equal rank

Scenario 
A—All 
parcels

Scenario 
B—Priority 1 
only

Scenario 
C—Priority 1 
and 2

Scenario D—
Priority 1 with 
corridors

Lowest average cost (from Table4)
In acres 4 3 1 2
In planning units 4 1 3 2
Highest number of conservation targets met (from Table 4)
Highest number of conservation targets met 1 4 3 2
Highest level of structural connectivity following reserve design principles (from Table 5)
Lowest number of contiguous habitat patches
Summed solution 4 1 3 2
Random best solution 4 2 3 1
Lowest average perimeter/area ratio of contiguous habitat 

patches
Summed solution 4 2 3 1
Random best solution 4 1 3 2
Highest average within patch contiguity
Summed solution 3 1 2 1
Random best solution 3 1 2 1
Lowest average nearest neighbor
Summed solution 1 4 2 3
Random best solution 1 4 2 3
Highest level of connectivity for selected focal species (from Table 6)
Highest % of least cost network segments intersecting best 

summed solution
Burrowing owl (Athene cunicularia) 4 2 3 1
California tiger salamander (Ambystoma californiense) 2 3 4 1
Western pond turtle (Emys marmorata) 3 1 2 2
Valley elderberry longhorn beetle (Desmocerus californicus 

dimorphus)
1 4 3 2

Median path cost of intersecting segments
Burrowing owl (Athene cunicularia) 1 2 2 2
California tiger salamander (Ambystoma californiense) 1 2 2 1
Western pond turtle (Emys marmorata) 1 1 1 1
Valley elderberry longhorn beetle (Desmocerus californicus 

dimorphus)
2 2 1 1

Sum of ranked scores 48 41 45 31
Overall ranking (representing lowest to highest summed values) 4 2 3 1
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