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EXECUTIVE SUMMARY

Through a comprehensive, multi-species connectivity analysis using robust analytical
approaches, we created a connectivity plan, tools to facilitate the implementation of this plan,
and a wildlife crossing infrastructure plan for key roadways in our study area. Through this data-

driven approach, we:

e Assembled a multi-species connectivity analysis using a suite of data types and species
complemented by a landscape-focused land facet analysis

e Analyzed a suite of data types using cutting-edge analytical techniques appropriate to
each data type

e Leveraged survey and monitoring data from our study region, producing a data-informed
connectivity plan without the collection of any new field data

e Identified and mapped 12 spatially-explicit focal species corridor segments and one land
facet corridor to facilitate wildlife movement within the SR-67 region of San Diego’s
Multiple Species Conservation Plan area

e Assessed the potential functionality of those corridors for additional species including
five federally listed species and 13 other species of interest

o Attributed those spatially-explicit corridors with data on land conservation status,
biological variables, and threats and stressors to inform decision-making

e Created a decision support tool for scoring potential acquisitions, habitat restoration
projects, or other land management and planning decisions

e Used our connectivity models, species data, site specific information, and previously
collected data on crossing use and roadkill to inform wildlife crossing infrastructure
recommendations for SR-67 as well as other roadways within our analysis area

e Worked with a variety of stakeholders throughout this process to gather information,
feedback, and key input to generate a connectivity plan and conservation tool that could
readily be implemented by the diverse range of land management and planning entities

working in this region of San Diego County
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INTRODUCTION

Importance of Connectivity

Habitat fragmentation and degradation are two of the greatest threats to habitat availability and
quality, posing a direct risk to species’ persistence and consequently, to biodiversity. As
anthropogenic features such as roads and housing developments alter the landscape, landscape
connectivity for wildlife may be reduced. Current land management plans throughout North
America and Europe are designed to protect biodiversity by establishing a network of core
habitat areas that are connected via corridors or linkages. The central tenet of this large-scale
conservation planning is that viable populations and natural communities can be supported by a
connected landscape network (Beier et al. 2006, Crooks and Sanjayan 2006, Boitani et al. 2007,
Barrows et al. 2011), particularly as the landscape becomes altered by anthropogenic features.
Landscape connectivity allows for movement among patches of suitable habitat, reduces the
chance of extinction and the effects of environmental variability on small populations (Brown
and Kodric-Brown 1977), and maintains gene flow between populations in patchy landscapes
(Noss 1987). Connectivity also allows for more rapid recovery of populations after events such
as fire and disease outbreaks. Over longer time scales, and in the face of changing abiotic
conditions, connectivity may also prove critical for range shifts in response to landscape changes
caused by a changing climate and altered disturbance regimes (Hannah et al. 2002, Heller and
Zavaleta 2009).

Roadways in particular pose a significant challenge to landscape functioning (Laurence and
Balmford 2013). Though roads can have many negative indirect effects on wildlife, two
mechanisms directly impact habitat suitability and continuity (Fahrig and Rytwinski 2009): the
barrier effect whereby the road blocks species’ movement across the landscape, and direct
mortality through wildlife-vehicle collisions (Bissonette 2002). The degree of impact of a road
may depend on several factors such as the location of the road relative to open space and
protected habitats, traffic volume and traffic speed (Fahrig et al. 1995), and the sensitivity of
species affected by the road. Although many conservation network plans acknowledge the
negative effects roads can have on connectivity, few have thoroughly assessed and developed
approaches to mitigate barrier and mortality effects of roads that fall within ecological networks.

San Diego County Preserve Network and State Route 67

In southern California, the landscape-scale network approach has been adopted in response to the
widespread habitat conversion and fragmentation that has resulted from development in the
region (Riverside County 2003, County of San Diego 1998). Specifically, in San Diego County,
there are a number of public and private conservations plans and ecological networks, including
the San Diego Multiple Species Conservation Program (MSCP) and Multiple Habitats
Conservation Program (MHCP), that were designed to create an interconnected preserve system.
The overarching goal of these plans is to preserve the biological diversity of San Diego County
through the conservation and management of functional habitats and linkages'>>. In January

! Management Goals and Objectives (Section 1.51, p.49-50) under the Framework Management section of the San
Diego MSCP Plan identify viability of ecosystem function and processes, long-term persistence of populations,
functional habitats and linkages, as well as ability to adapt to changing circumstances as key goals of the plan.

2 Poway Sub-Area Plan (SAP) p. 2-10 identifies two regional wildlife corridors through Poway and into adjoining
jurisdictions, one of which is bisected by SR-67 study area.

7
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2011, the Connectivity Monitoring Strategic Plan (CMSP) for the San Diego Preserve System
was drafted. One of the primary objectives for connectivity management identified in the CMSP
was to “inform adaptive management and other conservation actions by identifying important
movement areas/chokepoints between cores for various species.” Based on the findings from
previous research, as well as the initial studies conducted to meet the Priority Objectives in the
CMSP, State Route (SR)-67 was named as one of the primary barriers to wildlife movement and
connectivity in the MSCP and MHCP areas. The identification of SR-67 as a major
threat/stressor was reiterated in the 2013 Management Strategic Plan (MSP)> for the MSCP area,
which prioritized further connectivity research in the vicinity of SR-67 and the development of a
wildlife crossing infrastructure plan as a management and mitigation goal®. This area has also
been characterized as a priority area by the California Essential Habitat Connectivity Project
(CEHC, Spencer et al. 2010) where local-scale analyses and road crossing improvement plans
were recommended prior to the development of site-specific connectivity management and
enhancement goals.

Further discussions about subregional connectivity in the area were prompted by a California
Department of Transportation (Caltrans) proposal for a median barrier safety project as the major
widening and highway improvement project that is expected to occur within the next 20 to 30
years. These projects may further challenge wildlife movement, but they also provide
opportunities to make significant improvements to wildlife connectivity. Although the widening
of SR-67 may not be initiated until 2040, a comprehensive, data-driven assessment is necessary
to facilitate conservation planning in the interim. This planning will ensure acquisitions, habitat
restoration, and management actions to establish a functionally connected landscape can progress
towards a strategy that will support viable wildlife populations in perpetuity.

Multi-species Connectivity Planning for SR-67

In response to this need for data on wildlife movement along SR-67, The Institute for Ecological
Monitoring and Management at San Diego State University (SDSU) has conducted a multi-
faceted research project to examine connectivity across SR-67 and to preserve or improve
existing crossings through identifying functioning crossing features along the highway. This
assessment leverages previously collected telemetry, occurrence, camera, and road-kill data to
conduct a multi-species comprehensive connectivity assessment for the SR-67 region. The goal
of this project was to provide a data-driven analysis that would inform connectivity planning for
the area. Our ultimate objective with this research was to improve functional connectivity of the
SR-67 area and increase permeability of the roadway through installation of larger and
appropriately-sited crossing structures. The analysis and data products produced during this
project are intended to promote proactive conservation efforts within an area of the MSCP that
has frequently been cited as a major threat to wildlife movement. One of the main objectives was
to develop recommendations for improving connectivity across SR-67 and to preserve habitat
and wildlife corridors adjacent to SR-67 prior to the initiation of any road development or
improvement. This synthesis of data will facilitate the management of healthy wildlife

3 Poway SAP p. 3-2 highlights the needs to maintain functional connectivity within Poway as well as between
Poway and adjoining jurisdictions.

4CMSP, p.5

> MSP, Volume 1, p. 2-2

6 MSP, Volume 2, p. 4-31
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populations within the MSPA by providing data-driven recommendations that can be used to
take immediate action to improve landscape connectivity in the SR-67 area, and can serve as a
template in other regions of San Diego’s NCCP plans faced with limited connectivity caused by
roadways.

Connectivity is often considered from two different perspectives, physical and functional
connectivity. Physical connectivity indicates whether there is structure connecting two patches of
habitat, whereas functional connectivity accounts for how wildlife respond to that structure and
the implications of those considerations for the species of concern (Taylor et al. 1993,
Tischendorf and Fahrig 2000a, 2000b). The distinction between physical connectivity and
functional connectivity in fragmented landscapes is critical when implementing conservation and
mitigation measures to prevent irreversible habitat fragmentation. There are a variety of factors
that can affect this response, including but not limited to, life history traits of the affected
species, habitat configuration, degree of habitat fragmentation, and type of fragmenting features
(e.g., roads, houses). Furthermore, this response will differ among species with some
demonstrating a greater sensitivity to these factors than others. Quantifying or assessing
landscape connectivity, however, is non-trivial (Fagan and Calabrese 2006) given the context-
dependent nature of connectivity (Crooks and Sanjayan 2006) and the expense and effort of
acquiring movement data for species of interest. Currently, one of the primary barriers to
conducting data-driven connectivity analyses is the general lack of knowledge of how animals
are currently using the landscape, and how landscape use changes in response to dynamic
landscape processes over time. For this reason, one of the other main objectives of this research
was to identify approaches for data synthesis that would allow us to leverage the existing data
that had been collected during monitoring and management activities in San Diego’s preserve
network. We investigated a range of analytical techniques that would support a robust,
comprehensive, data-driven study using cutting-edge methodologies to assess and map
connectivity that were appropriate for the species-specific types of data that were available.

To fully assess connectivity throughout the portion of the preserve network surrounding SR-67
and provide clear, implementable actions to achieve the desired status of landscape connectivity,
we carried out a two-phased project. Phase I focused on the collection, organization, and analysis
of available data for a suite of focal species as well as comprehensive mapping of corridors. In
Phase II, we utilized the data and resulting maps generated in Phase I to develop spatially-
explicit corridors attributed with relevant management data that was linked to the Management
Strategic Plan for the preserve network (Figure 1) as well as a wildlife infrastructure
improvement plan for improving permeability of SR-67 and other roadways in the study area.
This detailed infrastructure plan for the roadway identifies recommendations for improvements
that can be made prior to the anticipated widening as well as the major wildlife infrastructure
repairs and replacement that would take place during widening. Phase II products were
developed in cooperation with land managers, conservation planners, Caltrans, and other
stakeholders in the region.
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Figure 1. The corridor attribution guide developed for this project illustrates the three main categories of attributes as well as example
data types for each.
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The data integration, compilation, and analysis were used to inform the development of specific
data products for this project:

Phase I — Data synthesis, analysis, and corridor mapping

Habitat suitability surfaces for all focal species

Probability of movement and landscape genetic surfaces for selected focal species
Resistance surfaces for all focal species

Connectivity flow for all focal species

Phase II — Identification and prioritization of management actions
e Spatially-explicit corridors and corridor attributes
e Decision support guide for using corridor criteria in decision making
e Infrastructure placement and design for wildlife road crossings

Stakeholder Coordination

A key component to the development of the geospatial and data products we produced for this
project was stakeholder engagement. Since the inception of this project, we have coordinated
with stakeholders to ensure we had as much information as possible on prior and current research
that could inform our assessment. Based on this input, we have worked to identify any
opportunities to leverage existing data and efforts of other projects. We also worked to share our
findings during the course of this project with other researchers, planners, and land managers to
facilitate wildlife and connectivity management in this region of San Diego County. Through
these engagement sessions, we gathered information that allowed us to create actionable science
and decision support tools that would allow end users to integrate the SR-67 connectivity
implementation plan into ongoing efforts.

The process of stakeholder engagement began before this project started, in September 2014.
That initial meeting, which served as a platform for information-sharing and coordination of
research and planning activities involving SR-67, allowed us to fully form the research proposal
for this project. Once we officially kicked off the SR-67 Multi-species Connectivity Planning
Project in March 2016, we broadened our stakeholder outreach, eventually contacting 55
stakeholders from 19 organizations (Table F1). Our outreach and engagement sessions included
three types of meeting formats: 1) full stakeholder meetings for all interested parties, 2) focused
engagement sessions with small groups of experts in planning and management, and 3) one-on-
one sessions with individual researchers or species experts. During the project period, we
convened three stakeholder meetings of our full group, three focused engagement sessions with
small groups, and numerous feedback sessions with experts at several stages of the project.
Details on each of the engagement sessions as well as agendas, notes, and attendee lists from
these meetings are included in Appendix F.

Through this engagement process, we have been able to hone and refine our analyses and data
products in ways that will best serve the end users of our products. The requests and suggestions
we received during our feedback sessions not only improved our data products and
recommendations, but also have allowed our stakeholders to envision using these data products
and influence their design and delivery.

11
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METHODS

Study Area

The study was conducted within the San Diego Multiple Species Conservation Plan Area and a
portion of the Draft North County Multiple Species Conservation Plan Area in southern
California. This project was focused on areas surrounding SR-67 in central San Diego County
between Mapleview Rd. in Lakeside and Etcheverry Street in Ramona, CA. The natural habitats
and protected open space in the area are primarily publicly owned, and include Sycamore
Canyon and Goodan Ranch Preserves, Boulder Oaks Preserve, San Vicente Highlands Preserve,
Iron Mountain, Ramona Grasslands Preserve, San Dieguito River Park lands, and a portion of the
Cleveland National Forest in the eastern portion of the study area. The analysis area included
~54,000 hectares (~133,500 acres) within the region identified as Management Unit 4 in the
MSP area. Beyond the roadway, we evaluated connectivity based on previous data collected in
MSCP core preserves 5, 6, 12, and 13 (Figure 2).

Elevation across the study site ranged from 58 meters (m) in the western section of the San
Diego River and 1,110 m at the highest point of the study area, EI Cajon Mountain. Vegetation
types in the study area varied with elevation and proximity to the roadway. Habitat types in the
study area varied with both elevation and distance from the coast, but was predominantly a
shrubland ecosystem. Habitats across these areas included coastal sage scrub dominated by
California sagebrush (Artemesia californica), chaparral habitat types generally dominated by
scrub oak (Quercus berberidifolia), ceanothus (Ceanothus sp.), or chamise (Adenostoma
fasciculatum), oak woodland with coast live oak (Quercus agrifolia), grasslands dominated by
non-native annual grasses, riparian zones with an oak (Quercus agrifolia) or sycamore (Platanus
racemosa) overstory and herbaceous understory, as well as urban and altered areas. Sections of
the study area within the highway right-of-way and near industrial and urbanized areas near both
Ramona and Lakeside were dominated by a mix of non-native plants (e.g., Bromus spp., Avena,
spp., Centaurea melitensis, and Ricinus communis), and barren or sparse areas, interspersed with
coastal sage scrub and chaparral. The Mediterranean-climate of the study region is characterized
by hot, dry summers and mild, wet winters with precipitation often less than 300 millimeters
(mm).

State Route 67 is a highway that runs north and south for a distance of 24.38 miles from its
southern terminus at Interstate 8 in El Cajon, CA to its northern end at the intersection of SR-78
in Ramona, CA. The highway is a four-lane divided freeway from El Cajon to Lakeside, CA,
where it becomes an undivided highway ranging from two to four lanes. In 2008, traffic volumes
on this section of highway ranged from 23,400 Average Weekday Daily Traffic (AWDT) to
26,600 AWDT. Expanding development in the backcountry of San Diego County has led to
increasing traffic volumes on the road, which has in turn, added to traffic congestion. In addition,
the speed at which vehicles are traveling on the highway has increased over the last decade,
resulting in a number of severe and/or fatal collisions creating concerns for human. The
convergence of a heavily traveled roadway bisecting the natural habitats along SR-67 has also
led to a concurrent concern about safe road crossings for wildlife and wildlife-vehicle collisions,
which we examined in this assessment.

12
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Data Synthesis

To identify road crossings and assess landscape-level corridors across the study area, we (1)
identified focal species and available data for those species, (2) ran spatially-explicit models to
estimate habitat use and resistance to movement across the study area for each species, (3)
modeled connectivity and road crossing locations for each species, and (4) combined results
across species. San Diego County was the study area extent used to develop species habitat use,
movement, and landscape genetic models. The connectivity and road crossing analyses were
conducted in the SR-67 study area, described above and included a buffer to account for possible
edge effects produced by the models (Figure 2). We used corridor attributes as the basis for a
conservation decision-support tool and the road crossing attributes to prioritize crossing locations
and provide wildlife-specific recommendations for the wildlife infrastructure plan.
Methodological approaches are summarized below and detailed methods are provided in
Appendix B.

Focal Species and Environmental Variables

Through stakeholder input and discussions with local biologists, we identified a number of focal
species for this analysis. This initial list was narrowed to nine species that had adequate data for
analysis and represented a wide range of movement abilities and habitat requirements. Species
and data sources are listed in Table 1.

We used environmental variables thought to affect habitat use and movement for the focal
species. These included topographic, land cover, water, and human development variables (Table
2). These environmental variables were used for all species except for puma. The puma models
were mostly developed during previous research in collaboration with Drs. Winston Vickers and
Walter Boyce at the University of California — Davis, Karen C. Drayer Wildlife Health Center
Southern California Mountain Lion Project.

Before running the models, we smoothed each environmental variable using various smoothing
factors to capture the appropriate scale, or zone of influence for each variable for each species.
We ran all our models for each variable at each scale and selected the scale for each variable that
resulted in the best model performance for each species.

Habitat use and resistance modeling

For species with occurrence points, we combined occurrence points with the environmental
variables to develop ensemble Species Distribution Models (SDMs, Araujo and New 2007,
Grenouillet et al. 2011). These SDMs were used to predict habitat suitability across San Diego
County. We assumed areas with a high habitat suitability would have a low resistance to
movement and areas with a low habitat suitability would have a high resistance to movement.
Therefore we used a non-linear inverse transformation to convert habitat suitability to resistance
for each species.

13



BH-A67 Sludy Area

US Foresl Service

U5 Dureau of Land Managemenl
National Bark Serice

US Fish and Wildiife Service
Other Federal

Calitornia Department of Parks and Recraation
Calfornia Department of Fish and Wikdafc
Oilheer State

City, County (Govts

NGO

Special District

US MistaryDefense

: GHESEAYLS DS, USIDA, US
S S S T gy 3 (LY

0 10 20 40 Miles
L 1 1 1 ] 1 1 1 | W =L
I T T T 1
SAN DIEGO STATE 0 5 10 20 30 40 Kilometers S
UNIVERSITY

Figure 2. Map of SR-67 study area, depicted in yellow box within the context of San Diego County’s network of conserved lands.
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Table 1. Focal species, available data types, data sources, and analytical models used in the
analysis. Data sources are as follows: 1) San Diego Natural History Museum, In Prep; 2) County of San Diego
2016; 3) eBird 2016; 4) Jennings and Lewison 2013; 5) Marine Corps Base Camp Pendleton, Unpublished Data; 6)
Center for Natural Lands Management, Unpublished Data; 7) San Diego Management and Monitoring Program
2016; 8) Mitelberg and Vandergast 2016; 9) Ernest et al. 2014 and Zeller et al. 2016; 10) Franklin et al. 20009.

Focal species
(scientific name)

Data type(s)

Data source(s)

Analytical method(s)

California mouse
(Peromyscus californicus)

Big-eared woodrat
(Neotoma macrotis)

Wrentit
(Chamaea fasciata)

Mule deer
(Odocoileus hemionus
californicus)

Bobcat
(Lynx rufus)

Puma
(Puma concolor)

Coachwhip
(Coluber flagellum)

Western whiptail
(Aspidoscelis tigris)

Western toad
(Anaxyrus boreas)

Occurrence points

Occurrence points

Occurrence points

Occurrence points &
Genetic data

GPS telemetry &
genetic data

GPS telemetry &
genetic data

Species Distribution
Model

Species Distribution
Model

Species Distribution
Model

SDNHM Mammal Atlas’,
SanBIOS?

SDNHM Mammal Atlas',
SanBIOS?

eBIRD?

SDNHM Mammal Atlas',
SanBIOS?, SDSU*, MCB
Camp Pendleton’, CNLMS,
SDMMP MOM’, USGS?®
SDSU*

University of California,
Davis’

USGS!?

USGS!"

USGS!

Species Distribution Model

Species Distribution Model

Species Distribution Model

Species Distribution Model
& Landscape genetics
analysis

Resource and Movement
Selection Functions &
Landscape genetics analysis
Resource and Movement
Selection Functions &

Landscape genetics analysis

Species Distribution Model

Species Distribution Model

Species Distribution Model

For species with GPS telemetry data (puma and bobcat) we performed two analyses. First, we
estimated resource use using a point selection function, which we used for estimating the relative
probability of habitat use across San Diego County. Second, we estimated resource use during
movement events with a path selection function (PathSF, Cushman et al. 2010, Zeller et al.
2016), which we used to estimate the relative probability of movement across San Diego County.
We used the inverse of the probability of movement surfaces to estimate resistance for puma and

bobcat.

For species with genetic data (puma, bobcat, and mule deer), we performed a landscape genetic
analysis, which correlates the genetic distance between individuals across the landscape with the
resistance distance between individuals across the landscape (Manel et al. 2013). This analysis
estimates resistance directly so no transformation to resistance was needed. To develop the final
resistance surface for species with genetic data, we multiplied the resistance surface derived from
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the SDM or PathSF analyses with that derived from the landscape genetic analysis and rescaled
this surface from 1 — 100 (1 = low resistance and 100 = high resistance; Zeller et al. 2017).

Table 2. Environmental variables used in developing habitat use and resistance surfaces for each

focal species.

Roads and Development

Topography

Water

Vegetation Type

A depiction of the data types and analytical methods used to estimate resistance for each species

Variable Source/Derivation Year Citation

All Roads Open Street Map 2014 Open Street Map 2014

Primary roads Open Street Map; Motorways 2014

Secondary roads Open Street Map; primary road, secondary road, 2014
and trunk road

Tertiary roads Open Street Map; living street, residential, rest 2014
area, road, service, tertiary, and unclassified

Unpaved roads/trails Open Street Map; bridleway, cycleway, 2014
footway, path, and track,

Percent Imperviousness Derived from a hybrid of the National Land 2011/ NLCD 2011
Cover Database percent impervious surface and 2012 SANDAG 2012
updated data from the San Diego Association of
Governments land use surface

Elevation National Elevation Dataset 2009 USGS 2009

Percent Slope Derived from National Elevation Dataset - -

Terrain Ruggedness Total curvature derived from National Elevation - -

Dataset with DEM Surface Tools (Jenness
2013)

Topographic Position Index Derived from National Elevation Dataset - -

Ridges Derived from Topographic Position Index
values >= 8

Canyons Derived from Topographic Position Index
values <=- 8

Steep Slope Derived from Topographic Position Index
values -8 — 8§, slope >=6°

Gentle Slope Derived from Topographic Position Index
values -8 — 8, slope <=6°

Streams National Hydrography Dataset streams layer 2011 USGS 2011

Distance to Water Derived from National Hydrography Dataset
calculated as Euclidean distance to blue line
streams

Agriculture Vegetation Data of San Diego County 2014 SANDAG 2014

Chaparral Vegetation Data of San Diego County 2014 SANDAG 2014

Coastal Scrub Vegetation Data of San Diego County 2014 SANDAG 2014

Coniferous Forest Vegetation Data of San Diego County 2014 SANDAG 2014

Desert Scrub Vegetation Data of San Diego County 2014 SANDAG 2014

Hardwood Forest Vegetation Data of San Diego County 2014 SANDAG 2014

Herbaceous Grassland Vegetation Data of San Diego County 2014 SANDAG 2014

Riparian Vegetation Data of San Diego County 2014 SANDAG 2014

Sparse/Disturbed Vegetation Data of San Diego County 2014 SANDAG 2014

Water and Wetlands Vegetation Data of San Diego County 2014 SANDAG 2014

is provided in Figure 3.

16



SR-67 Connectivity Planning Final Report June 2017

Inverse exponential
conversion

KEY

f Data Input ’ T:m Data output

Figure 3. Analytical approaches used to develop resistance from each of the data types we had available for the multi-species
connectivity planning project
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We assessed the SDMs for coachwhip, western whiptail, and western toad that had been
developed by Franklin et al. (2008) and provided by USGS. These SDMs were developed at a
regional scale and at a coarse spatial resolution. Because of this, the predictive ability of these
models was poor in the SR-67 study area. The input we obtained from the stakeholders
confirmed that these layers were inadequate for connectivity modeling for this project.
Therefore, we decided not to use these data or these species in the connectivity analysis. We did,
however, use these data in the corridor attribution process.

Connectivity Modeling and Identification of Multi-species Corridors and Road Crossing
Locations

Across the final resistance surface developed for each species, we identified landscape corridors
using two connectivity modeling approaches; Resistant kernels (Compton et al. 2007) and
OmniScape (McRae et al. 2016). Resistant kernels require the identification of source points in
the study area from which connectivity is modeled. We identified 1,000 source points for each
species. These points were distributed probabilistically on each habitat suitability surface so that
areas with higher habitat suitability had more source points than areas with lower habitat
suitability. OmniScape sources were identified as any pixel that had a resistance less than 20.
To create a multi-species connectivity model, we averaged the connectivity surfaces derived
from the resistant kernel analysis across all species. Discrete corridors were identified on this
multi-species connectivity surface by clipping this surface to the top 30% of connectivity values
(70-100% of connectivity values). These corridors were expanded slightly by including areas
identified from the OmniScape analysis that enforced east-west and north-south connectivity
across the study area. We divided the final corridor into 12 different sub-corridors based upon
the location of protected areas and other important features on the landscape.

From this connectivity surface we also produced three additional layers that may be helpful in
land management and planning; corridor isopleths, a normalized flow surface, and a corridor
resiliency map. The corridor isopleths depict the top 10% of the multi-species connectivity
surface (areas with the highest average connectivity across all six focal species), the top 10-20%
of the connectivity surface, and the top 20-30% of the connectivity surface. The normalized flow
surface shows the connectivity surface in terms of how concentrated or diffuse connectivity is
across the study area. Areas of concentrated flow indicate naturally restricted flow, such as steep
canyons, restricted flow due to human development, or a combination of these factors. Where
flow is concentrated due to human development might be areas facing more imminent
fragmentation threats. Normalized flow was derived by running the resistant kernel connectivity
model across a uniform resistance surface (where there is no restriction of movement), and then
dividing the multi-species connectivity surface by this unrestricted connectivity surface. The
corridor resiliency map used a layer developed by The Nature Conservancy that depicts
resiliency of areas to climate change. We multiplied this map by the multi-species connectivity
surface to derive a map where high values indicate areas that are both good for connectivity and
resilient to climate change.

We also conducted a Land Facet corridor analysis (Appendix E). Land Facets identify areas of
similar topographic and climactic makeup. Corridors based on these land facets have been

promoted as a way to ‘preserve nature’s stage’ in the face of climate change and allow for flow
amongst similar topographic and climatic features (Anderson and Ferree 2010, Beier and Brost
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2010). We identified 15 land facets across the study area, created resistance surfaces for each
land facet, and derived corridors for each land facet using a least cost corridor analysis. Our
multi-species corridor generally overlapped these land facet corridors, with the exception of one
land facet composed of gentle slopes at mid-elevation with high solar insulation. This land facet
encompassed grassland features across the study area, specifically, the Ramona grasslands.
Because none of our focal species were associated with grasslands, we added this single land
facet corridor to our final corridor layer so that grassland species were represented, bringing the
total number of corridors to 13.

To identify road crossing locations, we ran Factorial Least Cost Paths (FLCPs) across our study
area for each species (Cushman et al. 2014). FLCPs create pairwise least-cost paths between all
source points on the landscape. Due to computational limitations, we reduced the number of
source points to 300. We identified probable road crossing locations for each species at the
intersection of FLCPs and major roadways in the study area (Cushman et al. 2014). These roads
included SR-67 as well as SR-52, Interstate 8, Wildcat Canyon Road, Poway Road, and Scripps
Poway Parkway. We conducted a point density analysis using the Point Density Tool in ArcGIS
to determine a distance at which we could aggregate crossing locations into a single crossing
zone. We determined that we had greater clustering at a distance of 300 m and created crossing
zones around the largest clusters of FLCP points. We then reviewed the crossing zone locations,
determined if the zone included an existing structure that could be retrofitted, and made slight
placement adjustments to incorporate preexisting structures that had some level of functionality
for wildlife movement.

A flow chart depicting the methodological approach for identifying corridors and road crossing
locations is provided in Figure 4.

Development of Connectivity Decision Support Tool and Road Crossing Structure
Recommendations

We attributed each of the 13 corridors with over 100 variables which we categorized into
conservation and management variables, biological variables, and threats and stressors.
Conservation and management variables included the conservation status of each corridor, future
land use predictions, and cultural sites. Biological variables included attributes such as the multi-
species connectivity value as well as connectivity values for each focal species, the presence of
threatened and endangered species and other species of interest, and variables describing the
composition and configuration of vegetation types. Threats and stressors included levels of
development and fragmentation for each corridor, as well as the potential for fire.

We developed a Connectivity Decision Support Tool that incorporates parcel-level data as well
as the corridor attributes described above to help managers and planners prioritize areas for
acquisition and management. This tool requires planners and land managers to develop a scoring
rubric that meets their mandates and can be applied consistently across decision points.
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Figure 4. Flowchart of the methodological approach used to develop corridors and identify road crossing locations for the SR-67 area
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Road Crossing Recommendation Process

The process we took for identifying road crossing locations and specifications was intended to
generate recommendations that were optimal for supporting wildlife movement. This is the first
step in the process for developing a fully scoped wildlife crossing infrastructure plan. The
recommendations we present here are not cost-constrained and, although we did solicit feedback
from Caltrans on our initial recommendations, further refinement will be necessary through
collaboration and cooperation with a full team of Caltrans planners including engineers,
hydrologists, and biologists. Once site-specific details and tradeoffs have been discussed, the
final step will be to estimate costs and further refine the wildlife infrastructure plan based on the
available budget.

To ensure our recommendations were appropriate and site-specific we reviewed site
characteristics using terrain data, street-view in Google Earth, information from prior data
collection, and location knowledge. During this process, we selected one site within each
crossing zone (if there was no existing structure within the crossing zone), which we focused on
for our design specifications. To identify the need for species-specific design specifications, we
reviewed point location data for additional species of interest and identified which species we
would want to accommodate at each structure to further inform our crossing structure design
recommendations. We completed this by creating buffers around point data for our species of
interest based on their dispersal abilities (Table 3). We categorized the size and type of species to
be considered in the design of each structure and used a comprehensive literature review on
wildlife crossing structure evaluations and guides (Appendix G) to make initial
recommendations on crossing structure sizing and type. For each site, we provided
recommendations on both the optimal design specifications as well as the minimum with respect
to structure type and size. During our literature review, we also identified best management
practices to complement the species-specific design recommendations for each crossing
structure. We validated our structure recommendations with another site-specific review and
added on species-specific design features to provide cover for smaller animals and to enhance
connectivity for flying species. We then estimated the minimum length of fencing necessary
based on the literature and site conditions to direct species towards structures and away from the
roadway.

After completing a draft of these initial recommendations, we solicited input from biologists and
a planner at Caltrans. Based on the input we received, we made further refinements and
developed a prioritization criterion. To aid decision-making regarding wildlife crossing structure
improvement, we added two prioritizations to our crossing structure recommendations. The first
was focused on the importance of each site to the suite of wildlife we considered in our analyses.
This includes not only the focal species we modeled, but the suite of species stakeholders
requested we consider in our multi-species validation. The second prioritization was designed to
allow transportation agencies to identify opportunities for near-term improvements based on
whether existing crossings could be enhanced through minor alterations. These minor
improvements include clearing of sediment and debris in existing crossing structures, enhancing
line of sight through the structure, controlling invasive plants in areas surrounding the crossings,
restoring native vegetation.
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Table 3. Species considered for potential to use proposed road crossings and wildlife corridors.

Data sources are as follows: 1) County of San Diego 2016; 2) San Diego Management and Monitoring
Program 2016; 3) U.S. Fish and Wildlife Service 2017; 4) Marschalek; 5) BISON 2017 6) GBIF 2017; 7) San Diego
Natural History Museum, In Prep

Species Common Name Data source Movement Movement distance
distance (m) reference

Quino checkerspot butterfly SanBIOS', SDMMP?, 1,000 USFWS 2003

(Euphydryas editha quino) CFWO?

Arroyo toad SanBIOS', SDMMP?, 1,082 Brehme and Fisher 2017

(Anaxyrus californicus) CFWO?

Cactus wren SanBIOS', SDMMP?, 1,590 Atwood 1997

(Campylorhynchus brunneicapillus)  CFWO?

California gnatcatcher SanBIOS', SDMMP?, 3,000 Mock 2004

(Polioptila californica) CFWO?

Stephens' kangaroo rat SanBIOS!, SDMMP?, 400 Price et al. 1994

(Dipodomys stephensi) CFWO?

Hermes copper butterfly SDSU*, SDMMP? 100 Deutschman et al. 2010

(Lycaena hermes)

Coachwhip SanBIOS', BISON?, 1,618 Brehme et al., Unpublished

(Coluber flagellum) GBIF® data

Granite spiny lizard BISONS, GBIF® 91 Brehme et al., Unpublished

(Sceloporus orcutti) data

Two-striped garter snake SDMMP?, BISON?, 239 Brehme et al., Unpublished

(Thamnophis hammondii ) GBIF® data

Western toad SanBIOS', BISONS, 1,552 Brehme et al., Unpublished

(Anaxyrus boreas) GBIF® data

Western whiptail BISON?, GBIF® 300 Brehme et al., Unpublished

(Aspidoscelis tigris) data

Pallid bat SanBIOS', SDMMP? 2,000 Baker et al. 2008

(Antrozous pallidus)

Townsend's big eared bat SanBIOS', SDMMP? 10,500 Fellers and Pierson 2002

(Corynorhinus townsendii)

American badger SDNHM’ 1,450 Lindzey 2003

(Taxidea taxus)

Ringtail SDNHM’ 1,000 Lonsinger et al. 2015

(Bassariscus astutus)

RESULTS

Species-specific habitat suitability, resistance, and connectivity

Species-specific habitat suitability and movement models, resistance surfaces, and connectivity
outputs are depicted for each of the six focal species in Appendix C. These data products and
modeling outputs are available for individual species upon request.

Multi-species Connectivity and Corridor Products

The final corridor connects lands from east to west and north to south across the study area and
has an area of 103,838 acres. Figure 5 displays the final multi-species connectivity surface across
the study area and Figure 6 displays the final corridor product, which consists of 12 multi-species
corridors and one land facet corridor. Currently 35% of the final corridor is comprised of
protected lands, 9% is comprised of PAMA land, and 5% is comprised of draft PAMA lands
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from the Northern San Diego County MSCP. From a modeling study conducted by Butsic et al.
(2017), we estimate that approximately 10% of the corridor is comprised of developable land
(land that has not yet been developed, but has the potential to be developed in the future).

Each of the 13 sub-corridors is described in detail in Appendix A.

To aid in the planning and management process, we provided additional spatial products derived
from the multi-species connectivity surface: corridor isopleths (Figure 7), a normalized flow
surface (Figure 8), and a corridor resiliency map (Figure 9). The normalized flow surface
highlights areas of concentrated flow in the outer regions of the study area. In the northeastern
part of the study area, this concentrated flow is due to natural features, however, in the northwest
and the south, this concentrated flow is due to human development. Areas where flow is impeded
mostly coincide with more heavily developed lands. The corridor resiliency map suggests that
much of the center of the study area and corridors therein have high resilience to climate change,
while corridors in the northeast and southeast of the study area have less resilience.

The conservation and management, biological, and threats and stressor attributes for each of the
13 corridors is provided in Table A1l. We describe how each attribute was calculated along with
the source of the data used and the minimum and maximum values across corridors. For cross-
referencing purposes with the corridor GIS shape file product, we also provide the names of the
shape file table that correspond with each attribute.
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Figure 5. Multi-species connectivity value map depicts percent flow across the study area.
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Figure 6. Final combined focal species and land facet corridor map with corridor segments
labeled and conserved lands depicted.
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Figure 7. Map of corridor isopleths depicting each corridor broken down into the top 10%, top
10-20%, or top 20-30% of connectivity flow
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Figure 8. Normalized current flow map that depicts areas where connectivity flow is either
channeled, intensified, diffuse, or impeded
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Figure 9. Map of the combined connectivity and resilience to climate change of the study area.
Areas of darker green are both more resilient and provide for a greater degree of connectivity
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Connectivity Decision Support Tool

The Connectivity Decision Support Tool was designed so that end users can apply a score to a
parcel or management site of interest so that parcels and sites can be prioritized across a project.
Figure 10 depicts decision points, assessment criteria, and where attributes of the parcel or site of
interest might be assigned a score. We developed the support tool so that each land manager /
planner could develop a unique scoring system that applies to their management objectives. We
reiterate the importance of developing a single scoring rubric that is applied consistently across
all decisions.

After identifying a parcel or site of interest, the first decision point is reached. If the site is within
a corridor one may decide to move on in the scoring process. If the site is not within a corridor
one may decide to examine another site. Then, one might assign a score to the site depending on
which corridor isopleth that site falls within. Then, it might be helpful to look at site-specific
data. For example, would acquisition be cost-prohibitive or not, what is the area of the parcel,
does it fall within PAMA or draft PAMA lands, and by protecting that parcel, how much would
that increase the proportion of conserved land in a corridor? Once assessing the parcel specific
data, another decision point is reached and one must choose whether to proceed or not.
Assuming the parcel still meets management criteria, corridor-specific scores can be applied to
the conservation and management variables, biological variables, and threats and stressors of
interest. The sum of all the scores results in a final compiled score for the site of interest, which
can be compared with other sites for prioritization, acquisition, and management needs.

We have provided a brief example of a scoring rubric and will walk through the application of
this rubric using two parcels selected in the study area (Table 4). Our example scoring criteria
assigns a score from 1-5 for each variable assessed, with 5 being the best. Both example parcels
are in a corridor area. Example parcel #1 is in Corridor 9 and is relatively small in size, whereas
parcel #2 is in Corridor 10 and is relatively large. Following along with the Connectivity
Decision Support Tool, once we deemed these parcels were in a corridor, we reached the first
decision point and decided to move forward. We then noted that parcel #1 is in the middle
isopleth (10-20% of the top connectivity values) while parcel #2 is in the top isopleth (the top
10% of connectivity values). We then applied scores to these parcels using our pre-determined
scoring criteria. Then we assessed parcel-specific criteria and decided to move on to the corridor
attributes. Once we reach this point in the Decision Support Tool, we pulled information directly
from the corridor attributes table. We scored two conservation and management attributes, two
Biological attributes, and two Threat and Stressors attributes. We then added up the scores for
each parcel to obtain a final score. It is worth noting that there are dozens of attributes to select
from in developing a scoring criteria and that this is a just a simplified example for illustrative
purposes.
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Figure 10. Diagram of the connectivity decision support tool created that depicts decision points,
assessment criteria, and scoring guidance
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Table 4. Example application of decision support tool to two parcels in the study area. The table
provides a simplified version of how one would walk through the process of applying a scoring
rubric to compare parcels. Our example scoring criteria assigns a score from 1-5 for each

variable assessed, with 5 being the best.

Variable Scoring Parcel #1 value  Parcel #1  Parcel #2 Parcel #2
criteria score value score
Is it in a corridor? Y /N Y, Corridor 10 - Y, Corridor 9 -
What isopleth is it in? 1=20-30% 10 —20% 3 1-10% 5
3=10-20%
5=1-10%
Parcel size 1 = small 14 acres 3 240 acres 5
3 = medium
5 =large
Proportion of corridor 1=15-23% 30% 2 25% 2
currently conserved 2=23-31%
3=31-39%%
4=39-47%
5=47-56%
Number of cultural sites 1=31-105 126 2 402 5
2=106 - 180
3=181-255
4 =256 -330
5=331-402
Whether Arroyo Toad has 0=N N 0 Y 5
been detected in that 5=Y
corridor
Average multi-species 1=68-72 86 5 81 4
connectivity value in 2=73-71
corridor 3=77-28l1
4=281-85
5=86-90
Percent of corridor 1=280-83 80 1 89 3
comprised of natural land 2=283-86
cover types 3=86-89
4=289-92
5=92-96
Road density 1=63-55 6.29 1 5.4 2
2=55-4.7
3=47-4.0
4=40-33
5=33-2.6
Total Score 17 31
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Wildlife Crossing Infrastructure Recommendations

Based on our initial FLCP corridors from our focal species analyses, we identified 176 potential
crossing locations (Figure 11). After examining clusters of crossing points within a 300 m buffer
distance, we narrowed those 176 locations down to 33 proposed road crossing zones. Of these 33
zones, 12 were along SR-67, three were on SR-52, four were on I-8, seven on Wildcat Canyon
Road, one on San Vicente Road, two on Poway Road, and five on Scripps Poway Parkway. After
determining whether there was already an existing structure at or near the crossing zones and
attributing these with data on topography, vegetation composition, and our 17 validation species
as well as our original six focal species, we performed a site-specific review and identified a
proposed crossing site. If there was an existing structure at the site, we targeted it for a retrofit at
the present site, otherwise we recommended new siting. At two of the locations on Scripps
Poway Parkway, the topography and road cut was deemed to be prohibitive for placement of a
wildlife crossing structure in the recommended zone or adjacent to it. We therefore eliminated
those two locations from our final site recommendations bringing our site recommendations
down to 31 locations. However, based on prior culvert monitoring data collected during an
earlier study for Caltrans (Jennings and Lewison 2016), we noted that there were two existing
culverts on SR-67 that were functioning for some species that were not incorporated into our
initial 33 zones. We incorporated those two existing culvert locations into our proposed crossing
site recommendations for a total of 33 sites (Figure 12).

On SR-67, the primary focus of our wildlife crossing infrastructure recommendations, we
identified and prioritized 14 crossing sites (Table 5). All but one of these locations has an
existing structure that could be retrofitted. Of those sites, six could be improved with minor
effort whereas the remaining eight would require major redesign to facilitate wildlife movement.
We identified four sites along the highway that were of extremely high importance to wildlife
movement, six that were of high importance, and four that were of moderate importance. Sites
targeted for minor improvements only fell within our high and moderate importance categories
for wildlife movement. Site specific details for each of the recommendations for wildlife
crossing structures on SR-67 as well as the recommendations on the other major roads in our
study area can be found in Appendix B.

Based on a thorough review of the literature and input from Caltrans as well as our stakeholder
group, we identified 25 best management practices to be incorporated into the wildlife
infrastructure planning for SR-67 (Table 6). We classified these by the type of recommendation
into seven categories related to conservation planning, design of structures, barriers, fencing, and
material selection, and construction and maintenance considerations.
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Figure 11. Map of potential road crossing locations identified from the factorial least cost path
connectivity modeling (FLCP).
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Figure 12. Map of potential road crossing locations identified from the factorial least cost path
connectivity modeling (FLCP)
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Table 5. Wildlife crossing infrastructure recommendations for SR-67

Wild-  Improve- Rd Right

Site. ;e ment  width ~°F
ID way

Priority Type (ft) ()
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Crossing
Type
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Crossing
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New,
Retro, or
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height
(ft)

Min Min
width  height
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(fo)
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EorS
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length
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Table 6. Wildlife crossing infrastructure best management practices recommendations

Type Best Management Practices Recommendations
. If median barriers are installed or the k-rails along the section of SR-67 just north of Vigilante Road remain, stagger placement and
Barriers installing scuppers to allow wildlife to pass through if they become trapped in the roadway
Conservation Work to acquire parcels on either side of the road at all crossing locations
Conservation Work to acquire parcels to connect conserved lands on either side of crossing locations
Construction Implement mitigation measures to protect wildlife from wildlife-vehicle collisions and impacts during construction
Construction Implement a BACI study to monitor efficacy of structures beginning prior to construction
Crossings 11\/1;1intain small culvert structures for small animal use at intervals of ~90m (300 feet). Structures should have diameter of 0.5 -
.Sm
Crossings Target an average of 1 crossing per 2 km (1.2 mi) of roadway for medium to large animals
Crossings Ensure structures have a straight alignment with no bends or curves; there should be a continuous line of sight
Crossings If hydrological issues preclude optimal structure design for wildlife, consider dual siting of structures for drainage and wildlife
movement
Fencing Bury fencing several inches to prevent digging underneath
Fencing Construct fence lip to prevent climbing/jumping over
. Ensure fence ends are tied into existing barriers (topographic or anthropogenic) wherever possible. If none exist, consider adding
Fencing . .
boulders or a berm to block access and line of sight
Fencing Construct longer fences for funneling wildlife to crossing structures where possible (especially for large mammals)
. Construct walls or fencing high enough to encourage flight up and over traffic to avoid bird-vehicle collisions, possibly with
Fencing . Lo
flagging added for visibility
Fencing Install jump outs at regular intervals based on length of fencing segments
Fencing Conduct roadkill monitoring after crossing construction to determine if extended fencing or jump outs are necessary
Fencing Once final fencing lengths haye been determined,. identify lopations for qup outs to allovy wildlife to exit the roadway if they
become trapped. Recommend jump outs at 1/2 mile spacing if there in uninterrupted fencing
Fencing Consider working with home owners to install gates or cattle guards at driveways to improve the functionality of fencing
Fencing If gates and cattle gqards on driyewayg are not pqssible, conside.:r‘fence tqrn arounds to redirect animals. Recommend revisiting
literature for new driveway fencing guidelines prior to the finalizing fencing plan.
Fencing Place fencing.as close to roadway as possible (rather than at the ROW) to limit wildlife crossing fencing to reach attractive habitat
on the other side
. Maintain structures free of sediment and debris build up; remove invasive and native vegetation that block access or line of sight
Maintenance
through structure
Material Native surface bottoms when possible
Material Use noise dampening structure materials
Material Avoid zinc coating if crossing is to be made of metal
Material Consider limiting the use of rip rap at structure entrances where possible to facilitate use by small animals
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DISCUSSION

Through a comprehensive, multi-species connectivity analysis using robust analytical
approaches, we created a connectivity plan, implementation guidance through a decision support
tool, and a wildlife crossing infrastructure plan for key roadways in our study area. Through this
data-driven approach, we:

e Assembled a multi-species connectivity analysis using a suite of data types and species
complemented by a landscape-focused land facet analysis

e Analyzed a suite of data types using cutting-edge analytical techniques appropriate to
each data type

e Leveraged survey and monitoring data from our study region, producing a data-informed
connectivity plan without the collection of any new field data

¢ Identified and mapped 12 spatially-explicit focal species corridors and one land facet
corridor to facilitate wildlife movement within the SR-67 region of San Diego’s Multiple
Species Conservation Plan area

e Assessed the potential functionality of those corridors for additional species including
five federally listed species and 13 other species of interest

e Attributed those spatially-explicit corridors with data on land conservation status,
biological variables, and threats and stressors to inform decision-making

e Created a decision support tool for scoring potential acquisitions, habitat restoration
projects, or other land management and planning decisions

e Used our connectivity models, species data, site specific information, and past data
collection on crossing use and roadkill to inform wildlife crossing infrastructure
recommendations for SR-67 as well as other roadways within our analysis area

e Worked with a variety of stakeholders throughout this process to gather information,
feedback, and key input to generate a connectivity plan and conservation tool that could
readily be implemented by the diverse range of land management and planning entities
working in this region of San Diego County

Application of the Connectivity Plan

The data products we developed during this project are intended to be used in planning for
subregional connectivity between core complexes of the preserve network of the MSCP and the
draft NCMSCP. This information can be applied to connectivity planning and implementation
decision-making, particularly when considering connectivity as a key component of reserve
design. The focal species approach as well as the species we selected was intended to identify
corridors to provide connectivity for preserving biodiversity for the most species. By linking
additional quantitative metrics to our corridors, we strived to facilitate acquisition decision-
making, the identification of restoration targets to improve connectivity, and to aid in end-users
in the evaluation of the potential impacts of development projects on wildlife connectivity in this
region.

Although our focal species approach provides specific information about connectivity for the six
species we used throughout our modeling process, the data we present here is not appropriate for
use in single-species conservation planning or decision-making, particularly those species that
are narrow habitat specialists such as those species reliant on native grasslands or vernal pools.
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Our analyses and results are also not suitable for assessing connectivity for extreme dispersal-
limited species that may move within a core, but not among core preserve areas. Finally,
although we did model connectivity irrespective of the delineation of conserved lands, our final
products are not appropriate for use in making determinations about core habitat, e.g., habitats
important for foraging or breeding, other than the importance of those areas to wildlife
movement on a landscape scale.

Decision Support and Implementation

We have provided a suite of data products to support the use of this information in many
different management and planning scenarios. By generating geospatial data on our corridor
extents to represent the entire corridor area as well as isopleths of the top 10%, 20%, and 30% of
connectivity flow for our focal species, we have considered the need for management options in
different decision-making circumstances. To highlight the areas of greatest conservation need
with the most channelized flow, we have generated a normalized flow surface to pinpoint
locations where natural or anthropogenic features constrict connectivity. We have also provided
options for end users to consider conserving resilience to climate change both through the land
facet corridor analysis we performed, and by combining a resilience surface (The Nature
Conservancy, San Francisco, CA, unpublished) with our multi-species connectivity surface.

Through our engagement with stakeholders, we identified an array of variables to facilitate use in
planning and decision-making at many levels. We considered factors related to land conservation
and management such as the conservation status within each corridor and targets under the
NCCP plan. We also incorporated projections of future land use and development potential in
our corridor attribution. To explore the potential co-benefits of the conservation of lands for
connectivity and engage potential tribal stakeholders, we assessed a measure of cultural value by
accounting for the number of archaeological sites, isolated artifacts, and historic structures within
each corridor. To account for the range of biological variables relevant to our corridors, we
calculated the modeled connectivity value of each segment for our focal species as well as the
connectivity potential for five species listed under the Endangered Species Act and an additional
13 species of interest identified by the stakeholder group. We also evaluated the connectivity of
different vegetation types within each corridor. Finally, we considered several threats and
stressors in our corridor review. We accounted for fragmentation by calculating metrics such as
the edge-to-interior ratio and intactness values as well as road density and the proportion of the
corridor that had been developed. Metrics related to fire risk and increasing fire frequency were
also incorporated into our corridor assessment.

In addition to providing relevant data for implementation of this connectivity plan, we also
created a decision support tool to demonstrate how end users might apply the information
provided about these corridors to their decision-making processes. Our worked example
demonstrates how an organization might go about assigning their scoring criteria prior to
decision making and continue through the process to determine whether land acquisition, habitat
restoration, or conversely, development may or may not meet management goals and objectives
related to connectivity. The example provided is not prescriptive, and we recommend that each
organization carefully consider how to assign scoring prior to initiating use and then proceed to
use that scoring process consistently. This type of decision support tool allows for transparency
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in the decision-making process and can lend quantitative backing to justify decisions that may
require external support.

The wildlife crossing infrastructure plan we designed through this project is just the first phase in
the process of designing a full infrastructure plan for SR-67 or other roadways in the study area.
Implementation of a wildlife crossing plan will require further engagement with the full
complement of Caltrans staff (including engineers, hydrologist, biologists, and planning) for
review and planning. What we have established is a starting point informed by the data and our
models that targets an optimal design for wildlife movement given the species, topography, and
habitat. Although we did get initial feedback and guidance from Caltrans on our preliminary
recommendations, the structure specifications we have provided are not cost-constrained and
have not undergone full review by a transportation planning team. However, to facilitate that
next step, we have added our two levels of prioritization, wildlife importance and improvement
type, to the crossing structure recommendations we have made in this report. We believe these
prioritizations should help guide discussions to improve the permeability of SR-67 for wildlife.

Future Applications

The science and statistical approaches for evaluating wildlife space-use, movement, and
connectivity is constantly evolving and improving. Our ability to use a wider range of data to
assess and plan for landscape connectivity has grown in recent years and now presents
opportunities to expand on prior regional connectivity plans to address wildlife movement and
barriers to that movement at different spatial and temporal scales. The products we have created
for the SR-67 region illustrate how spatially-explicit corridors can be linked to the organization
and guidance of management plans so they are directly connected with management actions and
decision-making rather than standing out as a separate management task to be executed. Through
this project, we have developed a model for utilizing commonly available biological data to
design and implement a comprehensive multi-species connectivity plan. The analysis and
implementation plan we have assembled here can readily be adapted to different regions,
scenarios, species, and habitats to facilitate planning at many levels and should be applied more
broadly to advance data-informed planning and management actions.
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Corridor 1

8,233 acres

46% conserved
1% PAMA

32% Draft PAMA

Average connectivity value: 76

Corridor 1 is on the east side of the study
area and runs just south of the developed
lands of the city of Ramona. It provides
connectivity from the Mesa Grande
Reservation to the Barnett Ranch
Preserve and is the only connection to the
northeastern corner of the study area.
This corridor also contains two important
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road crossing zones on Wildcat Canyon Road. The northernmost section of this corridor
is in the outer isopleth (top 20-30% of connectivity values) and has highly channelized

flow, indicating connectivity is restricted.

Eighty-five percent of this corridor is comprised of natural land cover types and two out

of the five threatened and endangered species assessed are present here. Land cover types
with good connectivity across this corridor include chaparral, coastal sage scrub,
hardwood forest and riparian. Developable parcels make up 10% of this corridor.

Corridor 2

7,579 acres

43% conserved
6% PAMA

13% Draft PAMA

Average connectivity value: 72

Corridor 2 is in the north-central part of
the study area and encompasses much of
the Ramona Grasslands preserve. It
connects Cleveland National Forest lands
in the northern part of the study area with
Mt. Woodson in the south. Flow through
this corridor is channelized in the very
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north, at its connection with the Cleveland National Forest, and then becomes more
diffuse further south at Mt. Woodson. One of the critical connections of this corridor,
from the Ramona Grassland Preserve to Mt. Woodson, is in the outer isopleth (top 20-

30% of connectivity values).

Eighty-eight percent of this corridor is comprised of natural land cover types and four out
of the five threatened and endangered species assessed are present here. Land cover types
with good connectivity across this corridor include chaparral, coastal sage scrub, and
riparian. Developable parcels make up 14% of this corridor.

Corridor 3

6,141 acres

50% conserved

4% PAMA

3% Draft PAMA

Average connectivity value: 84

Corridor 3 connects the San Dieguito
River in the north with Lake Poway
Recreation Area and the Blue Sky
Ecological Reserve in the south.
Though this corridor is mostly
comprised of the inner two isopleths
(top 1-20% of connectivity values), it
has areas of highly channelized flow
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leading up to and along the San Dieguito River. Corridor 3 also has a narrow section
(3,300 feet wide or less) south of the Maderas Golf Club along Old Coach Road that is

vulnerable to fragmentation.

Eighty-three percent of this corridor is comprised of natural land cover types and three
out of the five threatened and endangered species assessed are present here. Land cover
types with good connectivity across this corridor include coastal sage scrub and riparian.
Developable parcels make up 19% of this corridor.
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Corridor 4
3,205 acres

18% conserved
1% PAMA

5% Draft PAMA

Average connectivity value: 70

\Corridor 4 provides east-west
connectivity from Mt. Woodson, across
SR-67 to the Barnett Ranch Preserve.
This corridor is mostly comprised of the
outer isopleth of connectivity values (top
20-30% of connectivity values). Corridor
4 contains two important wildlife road
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crossing zones along SR-67.

Eighty-four percent of this corridor is comprised of natural land cover types and one out
of the five threatened and endangered species assessed is present here. Land cover types
with good connectivity across this corridor include chaparral and hardwood forest.

Developable parcels make up 39% of this corridor.

Corridor 5
5,518 acres
46% conserved
25% PAMA

Average connectivity value: 86

\Corridor 5 is in the center of the study
area between Boulder Oaks Preserve to
the west and Barnett Ranch Preserve and
Canada de San Vicente to the east.
Developable parcels make up 41% of this
corridor. Corridor 5 is comprised of areas
with diffuse flow, but has one pinchpoint
between the north and south segments of
the Boulder Oaks Preserve that measures
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only 750 feet across. This arm of the

corridor is in the outer isopleth (top 20-30% of connectivity values).
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Ninety-six percent of this corridor is comprised of natural land cover types and two out of
the five threatened and endangered species assessed are present here. Land cover types
with good connectivity across this corridor include chaparral, hardwood forest, and
riparian.

Corridor 6 Corridor Type

D Focal species

9,422 acres Land Facet

Conserved Lands

33% conserved
10% PAMA

Average connectivity value: 90

Corridor 6 is a fairly wide and intact
north-south corridor connecting Mt.
Woodson in the north with Sycamore
Canyon. This corridor has diffuse flow
and is mostly comprised of the top two
connectivity isopleths (top 1-20% of
connectivity values. Corridor 6 contains
two important wildlife road crossing . {@
zones on SR-67, one on Poway Road, {
and three on Scripps-Poway Road.
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Eighty-eight percent of this corridor is comprised of natural land cover types and one out
of the five threatened and endangered species assessed is present here. Land cover types
with good connectivity across this corridor include chaparral, coastal sage scrub, and
grassland. Developable parcels make up 41% of this corridor.

Corridor 7 Corridor Type
D Focal species
5,599 acres Land Facet

Conserved Lands

56% conserved
10% PAMA

Average connectivity value: 86

Corridor 7 provides connectivity from the
San Vicente Highlands and Boulder Oaks
preserves on the east side of SR-67 to
Sycamore Canyon and Goodan Ranch
Preserves on the west side. This corridor
contains seven important wildlife road
crossing locations on SR-67. Corridor 7
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is mostly made up the top two corridor isopleths (top 1-20% of connectivity values),
however there is one important arm of east-west connectivity north of the San Vicente
Reservoir that is in the outer corridor isopleth (top 20-30% of connectivity values).

Ninety percent of this corridor is comprised of natural land cover types and two out of the
five threatened and endangered species assessed are present here. Land cover types with
good connectivity across this corridor include chaparral, coastal sage scrub, and grassland.
Developable parcels make up 34% of this corridor.

Corridor 8

Corrider Type

Focal species

3 5 143 acres | Land Facet
| Conserved Lands

15% conserved
4% Draft PAMA

Average connectivity value: 78

Corridor 8 connects the Barona
Reservation and Canada de San Vicente
Preserve in the northeast with the
Oakoasis Preserve in the southwest. It is
comprised of diffuse flow and the out
two corridor isopleths (top 10-30% of
connectivity values). Compared with
other corridors in the study area corridor x )
8 is narrow and has a pinch point that “"@M :
measures only ~2,600 feet wide. Corridor u
8 also contains one important wildlife road crossing location on Wildcat Canyon Road.
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Ninety-four percent of this corridor is comprised of natural land cover types. None of the
endangered species assessed are present in this corridor. Land cover types with good
connectivity across this corridor include chaparral and hardwood forest. Developable
parcels make up 8% of this corridor.
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Corridor 9
27,849 acres
25% conserved
2% PAMA

Average connectivity value: 87

\Corridor 9 is the largest corridor and
connects Sycamore Canyon and Goodan
Ranch Preserves in the north with
Mission Trails Regional Park in the south.
Marine Corps Air Station Miramar is a
major land owner in this corridor.
Corridor 9 contains diffuse flow in the
north, but transitions to highly
channelized flow in the south. It is

Corridor Type

D Focal species

Land Facet

Conserved Lands
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mostly comprised of the top two corridor isopleths (top 1-20% of connectivity values).
Corridor 9 has one important wildlife road crossing location on Poway Road, one on

Scripps-Poway Parkway, and two on SR-52.

Eighty-nine percent of this corridor is comprised of natural land cover types and three of
the five endangered species are present here. Land cover types with good connectivity
across this corridor include chaparral, coastal sage scrub, and grassland. Developable

parcels make up 9% of this corridor.

Corridor 10
5,211 acres

30% conserved
24% PAMA

Average connectivity value: 81

Corridor 10 connects the San Vicente
Reservoir and the Oakoasis Reserve in the
north with the San Diego River and Lake
Jennings in the south. It contains diffuse
flow and is comprised mostly of the outer
two corridor isopleths (top 10-30% of
connectivity values). It contains one
important wildlife road crossing location
on SR-67 and one on Wildcat Canyon
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Eighty percent of this corridor is comprised of natural land cover types, and two of the

five endangered species assessed are present.

Land cover types with good connectivity

across Corridor 8 include chaparral, coastal sage scrub, and riparian. Developable parcels

make up 37% of this corridor.

Corridor 11
4,648 acres
50% conserved
36% PAMA

Average connectivity value: 81

‘Corridor 11 is in the southeastern section
of the study area and provides
connections from the El Capitan
Reservoir with El Capitan County
Preserve and the Cleveland National
Forest to the northwest. This corridor has
mostly diffuse flow, though flow does
begin to get more concentrated in the
southeast near the reservoir.

Corridor Type

Focal species
Land Facet

Conserved Lands
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Ninety-one percent of this corridor is comprised of natural land cover types and three of
the five endangered species assessed are present here. Land cover types with good
connectivity across Corridor 11 include chaparral, coastal sage scrub, and riparian.
Developable parcels make up 21% of this corridor.

Corridor 12
7,332 acres
32% conserved
14% PAMA

Average connectivity value: 69

Corridor 12 is a collection of smaller
connections in the very southeastern part
of the study area. It contains and
connects the Cleveland National Forest
and El Capitan County Preserve to the
north of Interstate 8 with Crestridge
Ecological Reserve, Crest, and Crest-

Corridor Type
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Worley Preserves south of the interstate. Flow is restricted or highly channelized through
most of this corridor and it is primarily comprised of the outer connectivity isopleth (top
20-30% of connectivity values). Corridor 12 has two important wildlife road crossing
locations on I-8, one of which is the Chocolate Creek crossing.

Eighty-two percent of this corridor is comprised of natural land cover types and two of
the five endangered species assessed are present here. Land cover types with good
connectivity across this corridor include chaparral, coastal sage scrub, and riparian.
Developable parcels make up 4% of this corridor.

Corridor 13 Corridor Type
Focal species
9,958 acres Land Facet
Conserved Lands iy

34% conserved
3% PAMA
31% Draft PAMA

Average connectivity value: 42

Corridor 13, the land facet corridor,
connects Cleveland National Forest
lands in the north with Iron Mountain
in the south through much of the
Ramona Grasslands Preserve. This
corridor contains one important N )
wildlife road crossing on SR-67. ol
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Seventy-five percent of this corridor is comprised of natural land cover types and three of
the five endangered species are present here. Land cover types with good connectivity
across this corridor include chaparral, coastal sage scrub, and grassland. Developable
parcels make up 31% of this corridor.
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Table Al. Corridor metadata table. This table displays the metric calculated for various attributes for each of the 13 corridors as well
as the minimum and maximum value for each metric and the corresponding field abbreviation for the corridor shapefile product.

Category Type Variable / Metric S;lbalf)reei;lfli‘;gs:ld Min Value \1/\: iz(e

Corridor ID number 1d 1 13

Corridor Type, species—specific or land facet C Type

Corridor area in acres Area Ac 3,142 27,849
Conservation/Management Conservation Status Percent of corridor area with conserved status Pct_Cnsvd 15 56
Conservation/Management Conservation Status Acres of corridor conserved Ac_Cnsvd 479 6,874
Conservation/Management Conservation Status Acres of corridor unconserved Ac_UNCnsvd 2,320 20,974
Conservation/Management Conservation Status Acres of corridor in PAMA Ac PAMA 0 1670
Conservation/Management Conservation Status Percent of corridor area in PAMA Pct PAMA 0 36
Conservation/Management Conservation Status Acres of corridor in with draft PAMA status Ac D PAMA 0 2,597
Conservation/Management Conservation Status Percent of corridor area with draft PAMA status Pct DPAMA 0 32
Conservation/Management Future Land Use developable parcels No_Dev_Pcl 10 330
Conservation/Management Future Land Use Number of parcels with developable land Ac Dev_Pcl 267 3,904
Conservation/Management Future Land Use Percent of corridor area with developable land Pct Dev_Pc 4 41
Conservation/Management Future Land Use Average probability of development ProbDev_Av 0.001 0.043
Conservation/Management Future Land Use Minimum probability of development ProbDev_Mn 0 0.002
Conservation/Management Future Land Use Maximum probability of development ProbDev_Mx 0.004 0.327
Conservation/Management Future Land Use Area weighted mean average cost of developable land pricecAWM $51,081 $984,126
Conservation/Management Future Land Use Area weighted sum of cost of developable land priceAWS $595,710 $113,979,498
Conservation/Management Cultural Number of recorded cultural sites in corridor Csites 31 402
Biological Variables Connectivity gl‘;gige VAL 0l SR R e All spp Val 68.6 89.9
Biological Variables Resilience Mean climate change resiliency value Resilience 0.103 0.287
Biological Variables Resilience Proportion of corridor covered by Land Facet 1 Prop LF1 0 71
Biological Variables Resilience Proportion of corridor covered by Land Facet 2 Prop LF2 4 100
Biological Variables Resilience Proportion of corridor covered by Land Facet 3 Prop LF3 0 91
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. . Shapefile field . Max
Category Type Variable / Metric abbreviation Min Value Value
Biological Variables Resilience Proportion of corridor covered by Land Facet 4 Prop LF4 0 95
Biological Variables Focal Species Corridor Ség)igl:rlon i i Comiilor Covere 1y e Py Puma_Corr 2 100
Is¥s ol Wl Focal Spec?les Average value in corridor of the connectivity surface for Vs, Wl 334 95.3
Connectivity puma
Biological Variables Focal Species Corridor Eé(r)r;;g;trlon GIEE T Ly G | STles oy Bcat_Corr 43 100
\EFalepsiel s Focal Spegles Average value in corridor of the connectivity surface for Bobeat Val 446 392
Connectivity bobcat -
Biological Variables Focal Species Corridor Proportion of the corridor covered by the deer-only corridor Deer_Corr 33 100
Biological Variables Focal Sp.egles Average value in corridor of the connectivity surface for Deer Val 4 912
Connectivity deer =
Biological Variables Focal Species Corridor cP(r)cr)rpiggtrlon wittite eeilr e by (o wrest ety Wrat Corr 73 97
TEfalestonl Wik Focal Spegles Average value in corridor of the connectivity surface for Wrat Val 533 84.6
Connectivity woodrat -
Biological Variables Focal Species Corridor i’(r)(r)r;;ggtrlon DU GO 1y (L OmEiEly Wrtit Corr 26 100
Biological Variables Focal Sp.egles Avera.ge value in corridor of the connectivity surface for Wrtit Val 475 34
Connectivity wrentit -
Biological Variables Focal Species Corridor cP(r)(r)rpiggtrlon @it el orEEt b (e CA merss-erly Mouse Corr 67 91
Efalestonl Wik Focal Spegles Average value in corridor of the connectivity surface for CA Mouse Val 56.8 79.5
Connectivity mouse -
Biological Variables T&E Species Number of Arroyo toad occurrence points in corridor ARTO pts 0 149
\EFalepsiel s T&E Species Proportion of Arroyo toad points in corridor out of total in ARTOpropts 0 0.47
study area
Biological Variables T&E Species Number of Cactus wren occurrence points in corridor CACW _pts 0 7
Biological Variables T&E Specics Proportion of cactus wren points in corridor out of total in CACWpropts 0 0.048
study area
Biological Variables T&E Species Mean habitat suitability value in corridor for Cactus wren CACWMN 0.028 0.435
Biological Variables T&E Species Number of CA gnatcatcher occurrence points in corridor CAGN pts 181
\EFalepsiel s T&E Species Proportl.on of California gnatcatcher points in corridor out CAGNpropts 0 0.17
of total in study area
TEfalestonl Wik bis T&E Species Mean habitat suitability value in corridor for California CAGNMN 0.017 0463

gnatcatcher
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. . Shapefile field . Max
Category Type Variable / Metric abbreviation Min Value Value
ERE TR [ e e il;rrrllcll)s: of Quino checkerspot butterfly occurrence points in QUCH. pts 0 6
\EFalepsiel s T&E Species Proportion (?f Quino checkerspot butterfly points in corridor QUCHpropts 0 0286
out of total in study area
Biological Variables T&E Species 4 Gl Gy I e s it Oy QUCHMN 0.088 0.362
checkerspot butterfly
Biological Variables T&E Species iﬁgg AL G SO TN ) PR SKR pts 0 10
Biological Variables T&E Specics Proportion of Stephens' kangaroo rat points in corridor out SKRpropts 0 0.059
of total number
Biological Variables Species Representation gﬁlgg it I8 oG GT B Ry CoamEmso i i HECO _pts 0 343
Biological Variables Species Representation Proport{on 0l 85T CUpIoT By OIS W Gonalior out HECOpropts 0 0.762
of total in study area
Biological Variables Species Representation Number of coachwhip occurrence points in corridor MAFL pts 0 5
Biological Variables Species Representation ;?f;::g; gceashulipinoiasiecnito i e el MAFLpropts 0 0.091
Biological Variables Species Representation Number of granite spiny lizard occurrence points in corridor SCOR _pts 0 10
Biological Variables Species Representation e oenieieanicipiyglizaanenRt o ool | SCORpropts 0 0.097
total number
Biological Variables Species Representation Ic\grrrilggrr O G E- SRS ST G GEaHeeine ot THHA pts 0 6
Biological Variables Species Representation Et{cigfalitlon RO aCl (i GRS i G e oI THHApropts 0 0.075
Biological Variables Species Representation Number of W. whiptail occurrence points in corridor ASTI pts 0 16
Biological Variables Species Representation ;rlig);:rlg; GIEY, Sl b o Commeor @ul ol (el ASTlIpropts 0 0.246
Biological Variables Species Representation Number of western toad occurrence points in corridor ANBO_pts 0 151
Biological Variables Species Representation ;ﬁ?;:;:; TR BT Ot i G el o QT s 2 ANBOpropts 0 0.351
Biological Variables Species Representation Mean habitat suitability value in corridor for Bell's sparrow SASPMN 0.61 0.738
Biological Variables Species Representation ?ﬁ:;i::bltat SRR ICE R U RO e CATHMN 0.425 0.631
Biological Variables Species Representation L habn.at AriEeb TR G CEs R COHUMN 0.471 0.688
hummingbird
Biological Variables Species Representation Number of pallid bat occurrence points in corridor ANPA pts 0 4
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Category Type Variable / Metric S;lbalf)reei:lfli:nt?s:ld Min Value \1]\: ?1?6
Biological Variables Species Representation ;ﬁ)g;:ri;); LR T Cusl o oGl ANPApropts 0.02 0.11
Biological Variables Species Representation Ic\i)lfrril(li)s: i MgrnEnel oiEnet] Ll (Esuein ol COTO_pts 0 4
Biological Variables Species Representation Elrl?%(;\rtt(i;t); U BN PO T s Gy COTOpropts 0 0.308
Biological Variables Species Representation Number of American badger occurrence points in corridor TATA pts 0 2
Biological Variables Species Representation ,E)rt(; Il)(l)rfltlsct);l dc;f;f?;r;erican BEEEET TS 1R ComlDr OF el TATApropts 0 0.2
Biological Variables Species Representation Number of ringtail occurrence points in corridor BAAS pts 0 4
Biological Variables Species Representation er:;) Srirtoi Gl OIS I i o et iy BAASpropts 0 0.364
Biological Variables Vegetation Vegetation types connected in corridor Veg_connec qualitative

Biological Variables Vegetation Percent of corridor comprised of chaparral PLAND CHP 10.491 71.621
Biological Variables Vegetation Degree to which chaparral is aggregated in the corridor CLUMPY_ CHP 0.752 0.893
Biological Variables Vegetation Index of travel distance through chaparral in the corridor GYRATE CHP 322.921 2,850.39
Biological Variables Vegetation Percent of corridor comprised of coastal scrub PLAND_ CSC 1.694 49.27
Biological Variables Vegetation Degree to which coastal scrub is aggregated in the corridor CLUMPY _CSC 0.717 0.89
Biological Variables Vegetation Index of travel distance through coastal scrub in the corridor ~ GYRATE CSC 90.654 1,652.09
Biological Variables Vegetation Percent of corridor comprised of grassland PLAND GRS 1.052 7.803
Biological Variables Vegetation Degree to which grassland is aggregated in the corridor CLUMPY_ GRS 0.672 0.835
Biological Variables Vegetation Index of travel distance through grassland in the corridor GYRATE GRS 92.23 277.159
Biological Variables Vegetation Percent of corridor comprised of riparian PLAND RIP 0.648 7.223
Biological Variables Vegetation Degree to which riparian is aggregated in the corridor CLUMPY_RIP 0.502 0.742
Biological Variables Vegetation Index of travel distance through riparian in the corridor GYRATE RIP 129.12 777.73
Biological Variables Vegetation Percent of corridor comprised of woodland PLAND WDL 0.754 16.61
Biological Variables Vegetation Degree to which woodland is aggregated in the corridor CLUMPY_WDL 0.617 0.773
Biological Variables Vegetation Index of travel distance through woodland in the corridor GYRATE WDL 59.69 408.75
Threats and Stressors Development Percent of the corridor that has been developed PCT DEV 4.54 19.59
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Category Type Variable / Metric S;lbal?reei:lfli:ngs:ld Min Value \1]\: :e
Threats and Stressors Fragmentation Mean intactness value in the corridor Intactness -0.277 0.408
Threats and Stressors Fragmentation Amount of corridor that is comprised of core area EI Ratio 18 73
Threats and Stressors Roads Average road density in the corridor Road Dens 2.597 6.285
Threats and Stressors Fragmentation Percent of corridor comprised of natural cover types PLND NAT 80 96
Threats and Stressors Fragmentation Degree to which natural areas are aggregated in the corridor ~ CLUMPY_ NAT 0.5 0.77
Threats and Stressors Fragmentation Index of travel distance through natural areas in the corridor ~ GYRATE NAT 1,572 4,046
Threats and Stressors Disturbance Percent of corridor comprised of sparse vegetation PLAND_ SPS 4.54 19.59
Threats and Stressors Disturbance cDoer%irg:rto DD T i e e M s CLUMPY_SPS 0.712 0.828
Threats and Stressors Disturbance i‘:rlfl’égrf (enis | @RI (aon N T s Ve ion in (s GYRATE_SPS 127.38 1,013.83
Threats and Stressors Fire Frequency of departure from the mean fire return interval FRIDMN -54.94 -33.56
Threats and Stressors Fire Y O T T e S e FRIDMIN -84.2 -67.1
Threats and Stressors Fire fnrti: Téz?cy DECS TR O U TN FRIDMAX 43.1 71.8
Threats and Stressors Fire Proportion of corridor in a low fire threat category ThreatV0 0.021 0.209
Threats and Stressors Fire Proportion of corridor in a moderate fire threat category ThreatV1 0.011 0.166
Threats and Stressors Fire Proportion of corridor in a high fire threat category ThreatV2 0.012 0.537
Threats and Stressors Fire Proportion of corridor in a very high fire threat category ThreatV3 0.096 0.879
Threats and Stressors Fire Proportion of corridor in an extreme fire threat category ThreatV4 0.347
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Crossing Site 1

Crossing site 1 is located at the bridge
over the San Diego River at Post Mile
R5.95. The land on either side of the road
in this location is in private ownership.
The site is of high importance to wildlife
and would only require minor
improvements for enhancing wildlife
movement. The overall size of the
structure is appropriate but fencing is
recommended on either side of the road
running perpendicular to the bridge to
prevent wildlife from accessing the
industrial development in the surrounding
area. Removal of the non-native
vegetation in the San Diego River channel
will also enhance wildlife movement
through this structure.

Crossing site 2 is located just south of
Vigilante Road in Lakeside at Post Mile
9.05. It is of moderate importance to
wildlife because there is limited suitable
habitat for wildlife movement in the
surrounding industrial development
despite the proximity to conserved lands.
The existing culvert is 7 feet in diameter
and although the optimal design for
wildlife would be an arched or box
culvert 13.1 feet wide by 9.8 feet high,
adequate wildlife movement could be
achieved through minor improvements
without increasing the size of the culvert.
Removal of the non-native vegetation and
clearing built up sediment that blocks the
culvert would enhance wildlife movement
through this structure. Revegetation of the
dirt span leading to the culvert on the east

side of the road to connect to existing vegetation should also be prioritized. On both sides
of the road, 8-10 foot high fencing should also be used to reinforce wildlife movement

through the existing culvert.
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Crossing Site 3
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Crossing site 3 is located mid-slope on the
grade leading out of Lakeside north of
Vigilante Road at Post Mile 9.96. It is of
extremely high importance to wildlife as
it connects areas of suitable habitat and is
adjacent to a large area of conserved land
to the east. However, this section of road
has experienced moderate levels of
wildlife vehicle collisions. The existing
culvert is long, narrow and set far back
from the road, so will either need a major
redesign or dual siting of a wildlife
structure to accommodate wildlife
movement. The optimal design for this
site would be an arched or box culvert
26.2 feet wide by 14.8 feet high.
However, the minimum recommendation
for this site is 19.7 feet wide by 13.1 feet
high. On both sides of the road, 8-10 foot

high fencing should also be used to reinforce wildlife movement through the existing

culvert.
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Crossing Site 4

Crossing site 4 is near the top of the grade
north of Lakeside at Post Mile 10.76. It is
of high importance to wildlife to connect
nearby preserved lands to the east. The
existing culvert at this location is only 1.5
feet in diameter, so a major redesign is
necessary to facilitate wildlife movement.
The optimal design for this site would be
an arched or box culvert 16.5 feet wide by
9.8 feet high. However, the minimum
recommendation for this site is 13.1 feet
wide by 6.6 feet high. On both sides of
the road, 8-10 foot high fencing should
also be used to reinforce wildlife
movement through the existing culvert.
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Crossing Site 5

lﬂﬂ Proposed crossing sites

Road crossing zones

Conserved Lands

G

0.29 0.5 Miles
J

1
0.4 0.6 0.8 Kilometers

Crossing Site 6

June 2017

Crossing site 5 is at the top of the grade
north of Lakeside at Post Mile 11.46. It is
of moderate importance to wildlife to
connect nearby preserved lands. The
existing culvert at this location is 3.0 feet
in diameter, and will require a major
redesign to facilitate wildlife movement.
Because this crossing will primarily serve
small animals, the optimal design is a
pipe culvert 6.6 feet in diameter.
However, the minimum recommendation
for this site is a 3.3 foot diameter culvert.
On both sides of the road, 3.5 foot high
fencing with an impenetrable bottom
should also be used to reinforce wildlife
movement through the existing culvert.

Crossing site 6 is located immediately south of Foster’s Truck Trail at Post Mile 12.05. It
is of extremely high importance to wildlife as it connects areas of suitable habitat and is
one of the few locations on the road where there are conserved lands on either side of the
road. Although the existing culvert is large, with a diameter of 7.5 feet, it should be larger
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and more open to accommodate
movement, particularly of larger species.
The optimal design for this site would be
an arched or box culvert 26.2 feet wide by
14.8 feet high. However, the minimum
recommendation for this site is 19.7 feet
wide by 13.1 feet high. On both sides of
the road, 8-10 foot high fencing should
also be used to reinforce wildlife
movement through the existing culvert.

Crossing Site 7

Crossing site 7 is located just north of
Foster’s Truck Trail at Post Mile 12.25. It
is of high importance to wildlife as it
connects areas of suitable habitat and is
one of the few locations on the road where
there are conserved lands on either side of
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the road. However, the siting and approach to this culvert make it less attractive for
wildlife movement than the site for Crossing 6. The existing culvert is 7.5 feet in
diameter and although the optimal design for wildlife would be an arched or box culvert
13.1 feet wide by 9.8 feet high, adequate wildlife movement could be achieved through
minor improvements without increasing the size of the culvert. Removal of the non-
native vegetation and clearing built up sediment that blocks the culvert would enhance
wildlife movement through this structure. On both sides of the road, 8-10 foot high
fencing should also be used to reinforce wildlife movement through the existing culvert.

Crossing Site 8

Crossing site 8 is located just north of
Road crosding zones 7 Lazy Acres Drive at Post Mile 12.95. It is
Conserved Lands I of moderate importance to wildlife as

{3 : there is scattered housing through the
area, which is dominated by non-native
vegetation. There are adjacent conserved
lands nearby, but they are not contiguous
across the roadway. The existing culvert
on site is 3.0 feet in diameter, and
although the optimal crossing design
would be an arched or box culvert 13.1
feet wide by 6.6 feet high, a pipe culvert
6.6 feet in diameter would still provide
for adequate wildlife movement.
Although this is a change in size from the
current structure, we have identified it as
_‘ o oms om 05 i a minor improvement because this retrofit
?‘ p=t=—fp=t—=—t=—p=—] | could occur during normal culvert

replacement. Removal of the non-native

vegetation and addressing erosion and gullying leading to the culvert would enhance
wildlife movement through this structure. On both sides of the road, 8-10 foot high
fencing should also be used to reinforce wildlife movement through the structure.

E,‘}' Proposed crossing sites

Crossing Site 9

Crossing site 9 is located in the riparian zone that crosses SR-67 north of Scripps Poway
Parkway at Post Mile 13.75. It is of extremely high importance to wildlife as it connects
areas of suitable habitat and experiences moderate levels of wildlife vehicle collisions.
The existing culvert is large at 5.5 feet in diameter, but major improvements are
necessary to enhance wildlife movement across the road in this location. The optimal
design for this site would be an arched or box culvert 26.2 feet wide by 14.8 feet high.
However, the minimum recommendation for this site is 16.4 feet wide by 9.8 feet high. If
hydrologic issues preclude optimal wildlife design, dual siting of structures for drainage
and wildlife are recommended. On both sides of the road, 6-8 foot high fencing should
also be used to reinforce wildlife movement through the existing culvert.
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Crossing Site 10

Crossing site 10 is located north of
Scripps Poway Parkway at Post Mile
13.9. Although it was not identified by
our modeling approach, it is of high
importance to wildlife as it connects areas
of suitable habitat and past monitoring
has documented multiple species crossing
the road at this location (Jennings and
Lewison 2015). The existing culvert is 7.0
feet in diameter and although the optimal
design for wildlife would be an arched or
box culvert 13.1 feet wide by 9.8 feet
high, adequate wildlife movement could
be achieved through minor improvements
without increasing the size of the culvert.
Removal of the non-native vegetation and
clearing built up sediment that blocks the

culvert would enhance wildlife movement through this structure. On both sides of the
road, 8-10 foot high fencing should also be used to reinforce wildlife movement through

the existing culvert.
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Crossing Site 11

Crossing site 11 is located south of Poway
Road at Post Mile 14.98. Although it was
not identified by our modeling approach,
it is of high importance to wildlife as it
connects areas of suitable habitat and has
been documented in past monitoring
(Jennings and Lewison 2015) as
accommodating multiple species crossing
the road. The existing culvert is 8.5 feet in
diameter and although the optimal design
for wildlife would be an arched or box
culvert 13.1 feet wide by 9.8 feet high,
adequate wildlife movement could be
achieved through minor improvements
without increasing the size of the culvert.
Enhancing native vegetation leading to
the structure on the east side and clearing
built up sediment that blocks the culvert
would enhance wildlife movement

through this structure. On both sides of the road, 8-10 foot high fencing should also be
used to reinforce wildlife movement through the existing culvert.
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Crossing Site 12

Crossing site 12 is south of Chaparral
Road crossing zones Way on a curve leading toward Mount
Conserved Lands Woodson at Post Mile 16.05. It is of hlgh
importance to wildlife as it connects areas
of suitable habitat and is adjacent to
conserved lands. The existing culvert at
this location is only 3.0 feet in diameter,
so a major redesign is necessary to
facilitate wildlife movement. The limited
grade relief at this site will require
additional work to accommodate a larger
structure. The optimal design for this site
would be an arched or box culvert 13.1
feet wide by 6.6 feet high. However, the
minimum recommendation for this site is
a 6.6-foot diameter culvert. On both sides
PR —— 05 Hhtes of the road, 6-8 foot high fencing should
f@‘i F=—=t—=—=—= | alsobeused to reinforce wildlife
movement through the existing culvert.

lﬂﬂ Proposed crossing sites [ '

Crossing Site 13

Crossing site 13 is located at the top of
Road crossing zones s : the Mount Woodson grade at Post Mile
Conserved Lands Y 17.61. It is of extremely high importance
A to wildlife as it connects areas of unique
suitable habitat, conserved lands, and has
experienced high levels of wildlife
vehicle collisions. There is no existing
structure providing for wildlife movement
in this area, so it will require a major
improvement to construct a suitable
wildlife crossing structure. Based on
topography and movement patterns of
focal species for this crossing structure, a
wildlife overpass is the optimal design for
this site. The overpass should be between
164 and 230 feet wide and will need to

P 0= Hites connect in an area where wildlife will be
@“‘ —_————t——] likely to approach the overpass. The

1) 01 02 0.4 0.6 0.8 Kilometers .

structure should also be appropriately

vegetated to encourage wildlife to approach and use the structure for crossing the
highway. On both sides of the road, 8-10 foot high fencing should also be used to
reinforce wildlife movement through the existing culvert.

EDII Proposed crossing sites
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Crossing Site 14

Crossing site 14 is between Via Penasco
Road crossing zones oS “#| and Rancho de Oro Drive at Post Mile
Conserved Lands i . 20.17. It is of moderate importance to
: wildlife as it connects areas of suitable
habitat but there are no conserved lands in
the vicinity. The existing culvert at this
location is only 3.0 feet in diameter, so a
major redesign is necessary to facilitate
wildlife movement. The limited grade
relief at this site will require additional
work to accommodate a larger structure.
The optimal design for this site would be
an arched or box culvert 13.1 feet wide by
6.6 feet high. However, the minimum
recommendation for this site is a 6.6-foot
diameter culvert. Fencing should be
o ome om 05 Hhtes considered for this site, but there are few
ﬂ@‘i =——=—=—= | placesto anchor fence ends and there are
a number of driveways in the area that

lﬂﬂ Proposed crossing sites

could limit fence functionality.
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Additional Crossing Structures

SR-52 Crossings

+ Proposed crossing sites

Road crossing zones

Conserved Lands

1 Mies
J

1
1.6 Kilometers

I-8 Crossings

June 2017

There are three sites along SR-52 that are
important wildlife crossing areas: Post
Miles 12.44, 12.64, and 13.72. This area
is one of the primary connections for
wildlife moving in and out of Mission
Trails Regional Park. All three only
require minor improvements as they
likely facilitate wildlife movement in their
current design. The installation of fencing
to reinforce wildlife use of the structures,
as well as some clearing of non-native
vegetation under one of the bridges, is
likely to improve the condition of the
structures for wildlife movement.

+ Proposed crossing sites [
Road crossing zones
Conserved Lands

1.4 Miles

| 0 A
W$E L 1 1 1 1 1 1 1 ]
I ) ) ) 1
0 0275055 1.1 165 2.2 Kilometers

There are four sites along -8 that
are important wildlife crossing
areas: Post Miles 21.66, 22.13,
23.67, and 26.75. The first two are
of moderate importance for
wildlife movement, but the other
two are of high and very high
importance. As no structures exist
at these sites that can
accommodate wildlife movement,
major improvements are necessary
at all four sites. Once redesigned,
the installation of fencing to
reinforce wildlife use of the
structures is likely to improve the
condition of the structures for
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lﬂ: Proposed crossing sites

Road crossing zones
Conserved Lands
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lf,}l Proposed crossing sites
Road crossing zones

Conserved Lands
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J
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2 Kilometers

E:}l Proposed crossing sites
Road crossing zones

Conserved Lands

0.6 1.2 Miles
J

1
2 Kilometers

Wildcat Canyon Road Crossings

There are seven sites along Wildcat Canyon Road (with one of those being adjacent to
Wildcat Canyon Road on San Vicente Road) that are important to wildlife movement.
Most are of moderate or high importance to wildlife, but many require major
improvements because there are not existing structures adequate to support wildlife
movement. In total, four out of seven site will need major improvements. Only minor
improvements are needed at the existing wildlife tunnel site. Some sediment flow and
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E:}l Proposed crossing sites

Road crossing zones
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erosion control may be necessary here as
well as revegetation with native species,
but otherwise, this site appears functional.
The installation of fencing to reinforce
wildlife use of the structures, as well as
some clearing of non-native vegetation
under one of the bridges, is likely to
improve the condition of the structures for
wildlife movement.

E,'}I Proposed crossing sites
Road crossing zones

Conserved Lands
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J
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LJ,]J Proposed crossing sites

Road crossing zones
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§ i
caro
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Poway Road Crossings

There were two sites identified as having a high importance to wildlife movement on
Poway Road. At one site, there is no existing structure, and a major improvement is
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necessary. At the other, there is an existing culvert that can accommodate the movement
by small animals at that location. The installation of fencing to reinforce wildlife use of
the structures is also likely to improve the condition of the structures for wildlife
movement.

Scripps Poway Parkway Crossings

Although there were originally
Road crossing zones : five crossing zones identified
Gonserved Lands ! along Scripps Poway Parkway

: 77 through our modeling results,
there are final recommendations
for only three of those sites. The
remaining two had few options for
siting and placement given the
topography, road cut, and
proximity of other proposed
wildlife crossings. Two of these
three sites were of high
importance for wildlife movement
. . and require major improvements
. ¢E T S to accommodate an adequate

tl) 0275 0.;5 1.I1 1_:35 z.lz Kilometers degree of wildlife movement. The

third site is the location of the
Scripps Poway Parkway wildlife tunnel that is functional but could benefit from fence
extension and improvement.

I.J,]:l Proposed crossing sites
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Table B1. Detailed wildlife crossing recommendations for SR-67

Id Post Wildlife Improve- Nearest Rd Right- Optimal Minimum New, Optimal Optimal Min Min  Existing In Conserved Min Min
Mile Priority ment Crossing width of-way Crossing Crossing Retro, or width height width height diameter corridor fence fence
Type (mi) (ft) (ft) Type Type Exists (ft) (ft) (ft) (ft) (ft) length E  length N
or S (ft) or W (ft)

1 R5095 2 Minor 1.209 459 164.0  Bridge Exists 13.1 - 9.8  Unknown Y - -

2 9.05 3 Minor 0.896 114.8  141.1  Arched or Pipe culvert Retrofit 13.1 9.8 7.0 - 7.0 Y 590.6 656.2
box culvert

3 996 1 Major 0.636 164.0 502.0 Arched or Retrofit 26.2 14.8 19.7 13.1 4.0 Y 1312.3 1476.4
box culvert

4 10.76 2 Major 0.629 101.7 1509  Arched or Retrofit 16.4 9.8 13.1 6.6 1.5 Y 1640.4 2460.6
box culvert

5 1146 3 Major 0.588 1444 1509  Pipe culvert Retrofit 6.6 - 33 - 3.0 Y 820.2 328.1

6 12.05 1 Major 0.151 131.2 1509  Arched or Retrofit 26.2 14.8 19.7 13.1 7.5 Y 984.3 1312.3
box culvert

7 1225 2 Minor 0.151 85.3 157.5  Arched or Pipe culvert  Retrofit 13.1 9.8 7.5 - 7.5 Y 1312.3 2624.7
box culvert

8 1295 3 Minor 0.696 88.6 141.1  Arched or Pipe culvert  Retrofit 13.1 6.6 6.6 - 3.0 Y 771.0 1082.7
box culvert

9 13.75 1 Major 0.194 170.6  160.8  Arched or Retrofit 26.2 14.8 16.4 9.8 5.5 Y 1148.3 820.2
box culvert

10 139 2 Minor 0.194 55.8 150.9  Arched or Pipe culvert  Retrofit 13.1 9.8 7.0 - 7.0 Y 1394.4 820.2
box culvert

11 1498 2 Minor 0.996 55.8 150.9  Arched or Pipe culvert  Retrofit 13.1 9.8 8.5 - 8.5 Y 1378.0 2296.6
box culvert

12 16.05 2 Major 1.034 82.0 150.9  Arched or Pipe culvert Retrofit 13.1 6.6 6.6 - 3.0 Y 1804.5 1804.5
box culvert

13 17.61 1 Major 1.311 1148  311.7 Wildlife New 229.7 - 164.0 - - Y - -
overpass

14 20.17 3 Major 2.016 82.0 114.8  Arched or Pipe culvert Retrofit 13.1 6.6 6.6 3.0 Y - -

box culvert




Id Post Fence specifics Design features Near-term Recommendation Aerial connectivity considerations Notes
Mile
1 R5.95 Site visit needed to Clear some vegetation to ensure  Clear some vegetation to ensure clear Directional structure to encourage flight  Fencing perpendicular to road
determine if fencing to clear path and line of sight. path and line of sight. Remove invasives behavior higher than traffic may be possible within Caltrans
direct wildlife under Remove invasives right-of-way but would need
bridge is necessary adjacent land owners to agree
2 9.05 8-10 ft high, impenetrable =~ Enhance vegetative strip on east Clear sediment and debris in southern- Directional structure to encourage flight
bottom, fine mesh side of road - expand to most structure to increase height on east  behavior higher than traffic. Need to
crossing structure. Improve side (currently partially obstructed). improve vegetative structure/height on
water drainage in low area of Control invasives surrounding crossings, east side to support aerial crossings
crossing. Control erosion off of  especially on west side. Restore native
industrial development areas on  vegetation on both sides of highway
the E side of highway
3 9.96  8-10 ft high, impenetrable = Lighting inside structure, Install seasonal signage and flashing Directional structure to encourage flight Lighting could come from
bottom, fine mesh contour entrance to structure on  lights to increase awareness about this behavior higher than traffic - topography  skylight/tube in median, addition
E side to enhance line of sight area as a wildlife-vehicle collision hot and natural veg support aerial crossings of reflective paint inside structure
through structure. This should spot and slow traffic during fall evening just north of underpass location. Need at either end, or a light powered
also happen on slope on W side  rush hour additional vegetative structure on E and  via a wired solar panel outside
W slopes to support crossings the structure.
4 10.76  8-10 ft high, impenetrable Directional structure to encourage flight
bottom, fine mesh behavior higher than traffic; Could also
plant additional trees (e.g. sycamore or
coast live oak) to match up canopy on E
and W sides
5 11.46 3.5 ft high, impenetrable Rocks, logs, and low veg near Clear sediment and debris Directional structure to encourage flight ~ New structure will need to
bottom, fine mesh entrance and inside structure to behavior higher than traffic; Could plant ~ emerge at a higher elevation
provide low cover for small additional trees (e.g. sycamore or coast closer to road on east side than
species live oak) to match up canopy on E and W  current structure
sides
6 12.05  8-10 ft high, impenetrable = Rocks, logs, and low veg near Straighten structure to improve line of Directional structure to encourage flight  Best existing structure for deer.
bottom, fine mesh entrance and inside structure to  sight. Install minor lighting inside. Clear behavior higher than traffic Potential project in the future;
provide low cover for small vegetation, especially on east side to flagged for future repair
species allow easier access and line of sight
7 12.25  8-10 ft high, impenetrable Clear some vegetation from W side to Directional structure to encourage flight

bottom, fine mesh

enhance visibility; remove some

behavior higher than traffic; Could also
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Id Post Fence specifics Design features Near-term Recommendation Aerial connectivity considerations Notes
Mile
sediment to increase structure height; plant additional trees (e.g. sycamore or
clean up debris on both sides to enhance coast live oak) to match up canopy on E
habitat at structure; remove invasives and W sides
(e.g., pepper tree)
8 12.95  8-10 ft high, impenetrable Remove invasives near structure. Directional structure to encourage flight
bottom, fine mesh Address erosion and gullying in behavior higher than traffic; Could also
drainage to structure plant additional trees (e.g. sycamore or
coast live oak) to match up canopy on E
and W sides
9 13.75  6-8 ft high; fine mesh and  Rocks and logs on inside and Only true riparian culvert on SR-
impenetrable bottom outside of structure for small- 67. Culvert in good condition and
scale habitat likely won’t need replacement
for drainage
10 139 8-10 ft high, impenetrable Metal pipe in poor shape;
bottom, fine mesh Caltrans will likely line
11 1498 8-10 ft high, impenetrable Metal pipe in poor shape;
bottom, fine mesh Caltrans will likely line
12 16.05 6-8 ft high; fine mesh and  Restore native vegetation, Topography may not support aerial
impenetrable bottom control erosion/gullying in area connectivity here
13 17.61 ~800 ft on either side of May be some connectivity for flying Recreational path on bridge
roadway, 8-10 ft high species if overpass is adequately should be physically and visually
vegetated isolated from remainder of
overpass
14 20.17 No good tie in. Any low cover on outside and inside Topography may not support aerial Location is a minor draw but

fencing should be fine
mesh and have
impenetrable bottom to
funnel small animals

of structure (rocks, logs)

connectivity here

topography is generally flat in
this area
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Table B2. Detailed wildlife crossing recommendations for other roads in the SR-67 regional study area

Id Road Wildlife Improve- Nearest Rd Right- Optimal Minimum New, Optimal Optimal Min Min In Conserved Min fence Min fence
Priority ment Crossing width of-way Crossing Crossing  Retro, or width height width height corridor length E length N or
Type (mi) (ft) (ft) Type Type Exists (ft) (ft) (ft) (ft) or S (ft) W (ft)
15 SR-52 1 Minor 0.371 820.2  508.5 Bridge Exists 13.1 9.8 Y Y
16 SR-52 2 Major 0.371 180.4  511.8  Arched or Pipe Exists 16.4 9.8 13.1 6.6 Y Y 2460.6 984.3
box culvert culvert
17 SR-52 2 Minor 0.865 492.1 187.0  Bridge Exists 13.1 9.8 N N
18 I-8 3 Major 0.487 426.5 4757 Arched or New 23.0 11.5 16.4 8.2 N N 1148.3 721.8
box culvert
19 I-8 3 Major 0.487 5741  393.7 Arched or New 23.0 11.5 16.4 8.2 N N 2624.7 1443.6
box culvert
20 I-8 2 Major 1.443 246.1  262.5 Bridge Retrofit 13.1 9.8 Y N
21 I-8 1 Major 2.786 426.5  656.2 Bridge Arched Retrofit or 23.0 11.5 16.4 8.2 Y N
culvert new
addition
22 Wildcat 3 Major 1.209 65.6 62.3  Arched or Pipe Retrofit 13.1 9.8 6.6 Y Y 1410.8 754.6
Canyon box culvert culvert
23 Wildcat 3 Major 0.176 65.6 62.3  Arched or Pipe Retrofit 13.1 9.8 6.6 Y N 820.2 246.1
Canyon box culvert culvert
24 Wildcat 2 Major 0.176 72.2 52.5  Arched or Pipe New 13.1 9.8 6.6 Y N 1017.1 754.6
Canyon box culvert culvert
25 Wildcat 2 Minor 0.426 78.7 59.1  Box Exists 16.4 13.1 13.1 9.8 Y Y
Canyon culvert/tunnel
26 Wildcat 2 Major 0.426 39.4 65.6  Arched or Pipe New 13.1 9.8 6.6 Y Y 1066.3 984.3
Canyon box culvert culvert
27 Wildcat 1 Minor 0.265 443 147.6  Bridge Exists 13.1 9.8 Y N
Canyon
28  San Vicente 2 Minor 0.265 59.1 105.0  Multiple Exists 16.4 9.8 13.1 6.6 Y N 1378.0 1640.4
Rd arched
culvert
29  PowayRd 3 Major 1.293 105.0  105.0  Arched or Pipe New 13.1 6.6 6.6 Y N 459.3 1082.7
box culvert culvert
30 PowayRd 3 Minor 1.090 39.4 131.2  Pipe culvert Retrofit 6.6 33 Y N




Road Wildlife Improve- Nearest Rd Right- Optimal Minimum New, Optimal Optimal Min Min In Conserved Min fence  Min fence

Priority ment Crossing width of-way Crossing Crossing  Retro, or width height width  height corridor length E  length N or
Type (mi) (ft) (ft) Type Type Exists (ft) (ft) (ft) (ft) or S (ft) W (ft)

Scripps 2 Major 1.293 1214  108.3  Arched or Pipe New and 13.1 6.6 6.6 Y Y 918.6 820.2
Poway Pkwy box culvert culvert retrofit

Scripps 2 Major 1.292 105.0  124.7  Arched or Pipe New 16.4 9.8 13.1 8.2 Y N 1574.8 1066.3
Poway Pkwy box culvert culvert

Scripps 1 Minor 0.788 105.0 534.8 Box Exists 16.4 13.1 13.1 9.8 Y Y
Poway Pkwy culvert/tunnel
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Id  Fence specifics Design features Near-term Recommendation Aerial connectivity Notes
considerations
15 May be some connectivity for Check height and condition; May need invasive
flying species under bridge control or some native habitat restoration
16  8-10 ft high, Rocks, logs, and low veg near entrance and May be some connectivity for Major improvement needed because culvert outlets
impenetrable bottom,  inside structure to provide low cover for flying species on south side and only extends north to median;
fine mesh small species; provide adequate native must be extended full length of road to allow for
cover leading to either end of culvert wildlife crossings
17 Clear some vegetation to May be some connectivity for Must cross both 52 and West Hills Parkway. Check
ensure clear path and line of flying species under bridge height and condition under both
sight. Remove invasives
18  8-10 ft high, Some vegetation restoration (as compatible Ensure transmission lines have At transmission line right-of-way
impenetrable bottom,  with transmission line zone) visual markers and low
fine mesh electrocution potential
19  8-10 ft high, Light tubes at intervals through median Topography may not support aerial N side elevated above S side. May require deeper
impenetrable bottom,  sections or install lighting in structure connectivity here structure and site prep on N side or different
fine mesh structure type or angle
20  Increase fence height May be some connectivity for Crossing should be moved E to Flinn Springs bridge
to 8-10 m. Current flying species under bridge on Old Highway 80. Bridge length should be
placement OK. expanded and aprons moved back to allow for
vegetated strip under bridge for wildlife movement
parallel to traffic on either side. Good vegetative
cover already
21  8-10 ft high, May be some connectivity for Improve intersection of Peutz Valley Rd and Alpine
impenetrable bottom, flying species under bridge Boulevard. Need N-S connection of canyon. On
fine mesh Peutz Valley Rd, native vegetation and slope
parallel to road should be improved to allow for
wildlife movement
22 8-10 ft high, low cover on outside and inside of structure Topography and vegetation should

impenetrable bottom,

(rocks, logs)

support this naturally. May need
directional structure to encourage
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Id  Fence specifics Design features Near-term Recommendation Aerial connectivity Notes
considerations
fine mesh flight behavior higher than traffic.
23 8-10 ft high, Remove invasives Directional structure to encourage  Perhaps a single structure just N of driveway for
impenetrable bottom, flight behavior higher than traffic - 12050 Wildcat Cyn Rd.
fine mesh topography and natural veg support
aerial crossings here.
24  8-10 ft high, Suggested placement - just north of Muth Valley
impenetrable bottom, Road
fine mesh
25 Potentially add internal structure elements Control erosion in May be some connectivity for
(rocks, logs) to facilitate movement by surrounding area to enhance flying species through tunnel
smaller species. Consider creating a cover in vicinity of tunnel
wildlife-only section of the crossing
shielded from the human use area
26  8-10 ft high, Rocks, logs, and low veg near entrance and Directional structure to encourage Suggested placement - just south of Cienga Road
impenetrable bottom,  inside structure to provide low cover for flight behavior higher than traffic -
fine mesh small species topography and natural veg support
aerial crossings here.
27 May be some connectivity for Check height and condition; May need vegetation
flying species under bridge clearing to allow line of sight for crossings of
species like deer
28 Need extended Ensure revegetation with Topography may not support aerial  Double arched culvert under San Vicente Road?
fencing, 8-10 ft high; some lower cover and native ~ connectivity here Current dimensions may not be suitable for deer
fine mesh with shrubs is part of restoration of crossings
impenetrable bottom site after widening of San
Vicente Road
29  8-10 ft high, Install seasonal signage and Area is a narrow pinchpoint but crossing is

impenetrable bottom,

flashing lights to increase
awareness about this area as a

important for connecting open spaces to allow for
movement into and out of Penasquitos Creek and
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Id  Fence specifics Design features Near-term Recommendation Aerial connectivity Notes
considerations
fine mesh wildlife-vehicle collision hot under I-15.
spot and slow traffic during
fall evening rush hour
30 Ensure existing culverts in this Topography will challenge aerial Difficult structure placement due to elevated S side
stretch are cleared of debris connectivity here of the road and canyon on N side of the road
and have adequate energy
dissipators to avoid gullying
and erosion
31  8-10 ft high, Need to restore native vegetation; need dry  Clear sediment and debris in Area is a narrow pinchpoint but crossing is
impenetrable bottom,  crossing in structure that runs NW-SE to existing crossing. Create dry important for connecting open spaces to allow for
fine mesh cross both Pomerado and Scripps Poway crossing in existing culvert, movement to/from Sycamore Cyn, Beeler Cyn, and
Pkwy restore native vegetation, and Penasquitos Cyn. Need to cross both Scripps Poway
rocks, logs, and low veg near Pkwy and Pomerado here
entrance and inside structure
to provide low cover for small
species
33  6-8 ft high; fine mesh  Rocks, logs, and low veg near entrance and Target crossing for east side of Sycamore Canyon
and impenetrable inside structure to provide low cover for Road
bottom small species
35  Possible need to Potentially add internal structure elements May be some connectivity for Scripps Poway Parkway Wildlife Tunnel

extend fencing or
increase fence height.
Perhaps add wing top
to fence to prevent
climbing

(rocks, logs) to facilitate movement by
smaller species. Consider creating a
wildlife-only section of the crossing
shielded from the human use area

flying species through tunnel
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Effects of Wildfire on Wildlife and Connectivity
Prepared by: Megan K. Jennings, Ph.D.
January 23, 2018

Introduction

In southern California, where human impacts from development are limiting habitat connectivity
for wide-ranging vertebrate species, fire is a disturbance regime that may also fragment habitats,
further impacting those species. Although fire is a natural process in the southwestern U.S.,
increasing human development near open spaces has led to unnatural fire regimes with increased
fire starts and an increased potential for vegetation-type conversion as a result. In the
biodiversity hotspot of southern California, many studies have focused on the effects of
urbanization and landscape fragmentation on wildlife. However, there has been relatively little
attention to how human-mediated landscape fragmentation may influence natural disturbance
processes, like wildfire, and how these synergistic disturbances impact wildlife populations.

Both fire frequency and size are increasing in southern California and are correlated with
increasing anthropogenic development and human population growth in the region (Syphard et
al. 2007, 2009). These studies suggest that at high human population densities, fire is eliminated
from the ecosystem when contiguous vegetation necessary to carry fire is broken up by asphalt,
concrete, and buildings. However, at intermediate human densities, housing developments and
roadways are a source of increased fire ignitions which then spread into wildlands (Syphard et al.
2007, 2009). Both scenarios (too little fire, too frequent fire) present potential threats for species
and community dynamics in southern California as shifts in the natural fire regime, coupled with
increasing habitat fragmentation, have the potential to impact wildlife populations, communities,
and entire ecosystems. In the highly urbanized landscape of southern California, long-term
impacts such as habitat fragmentation and loss and shifts in disturbance regimes like the natural
fire cycles, have resulted in persistent landscape changes (Syphard et al. 2009).

This report focuses on the impacts to wildlife connectivity posed by the proposed Newland
Sierra project in the context of wildfires and the need for corridor redundancy. The Newland
Sierra project proposes to build more than 2,100 homes on the 1-15 corridor in the
unincorporated portion of San Diego County between Escondido and Temecula. The project
would be located in the area proposed for the North County Multiple Species Conservation
Program (NCMSCP) on a site that has been identified as pre-approved mitigation area (PAMA).

As described in my previous reports (Jennings 2017a, 2017b), this project poses risks to wildlife
connectivity in the area and could compromise overall design objectives of the NCMSCP. The
proposed Newland Sierra project will significantly affect high quality core habitat and wildlife
movement for both more common and sensitive and protected species to a degree that is not
mitigated by the project design. The proposed project will have long-term direct and indirect
impacts on wildlife from roadways, increased human activity, edge effects, human activity, and
increasing fire frequency on wildlife movement. Due to the risks of wildfire and the numerous
cumulative projects proposed along the I-15 corridor in northern San Diego County and southern
Riverside County, it is particularly important to account for corridor redundancy in considering
the Newland Sierra project. Regional connectivity plans must provide corridor redundancy to
serve the range of species that may need to move between patches of habitat (Pinto and Keitt
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2009, McRae et al. 2012), and to buffer against landscape disturbances, such as wildfires (Mcrae
et al. 2008, McRae et al. 2012, Cushman et al. 2013, Olson and Burnett 2013). The biological
analysis in the project’s draft environmental impact report lacked sufficient consideration of
these issues.

Impacts of Wildfires and Shifting Fire Frequencies on Wildlife

Disturbances that occur at large spatial scales, such as Santa Ana wind-driven fires in southern
California, like the recent Lilac Fire in San Diego County, are most likely to change landscape
configuration, or pattern, which can lead to change in resource availability, environmental
features, and corresponding responses in the structure of populations and communities, all key
metrics to landscape integrity (Sousa 1984, Pickett and White 1985, Fraterrigo and Rusak 2008,
Turner 2010). Large-scale landscape changes, particularly fragmentation (Gardner et al. 1993),
have been shown to alter biotic interactions, and lead to a loss of connectivity evidenced by a
decline in dispersal, reduced survival rates (Riley et al. 2003), and limited gene flow (Riley et al.
2006). In southern California, the two disturbances that overlap and interact, fire and human
development, are the predominant drivers of the landscape. In this region, empirical evidence
suggests a shift is underway in the disturbance regime (Keeley and Fotheringham 2003, Safford
and Van de Water 2014).

Shifts in fire regime typically involve changes to fire intensity, size, frequency, type, seasonality,
and severity (Flannigan et al. 2000). Fire-return intervals, the average time between two fire
events, in the shrubland habitats like the areas where the Lilac Fire occurred and the Newland-
Sierra development is proposed were historically 30 to 100 years. In similar areas of the County,
fires are 33% more frequent now than pre-settlement, due in large part to increased development
and roadways (Figure 1; Keeley et al. 1999, Safford and VVan de Water 2014). This shifting
disturbance regime with shortened intervals between fires interrupts the successional cycle,
reduces plant diversity, and results in vegetation and habitat type change to non-native and grass
dominated landscapes (Keeley 2005), reducing habitat suitability and connectivity for species
dependent on intact shrubland landscape. Shifting weather patterns resulting from climate change
may also contribute to the alteration of fire regimes in southern California. Climate models
predict that temperatures will increase and humidity will decrease (Miller and Schlegel 2006).
Under these conditions, Santa Ana winds, the hot, dry winds from the deserts in the east, may
occur more often and later in the season when fuels loads are highest (Miller and Schlegel 2006,
Guzman-Morales et al. 2016). The concurrent disturbances of expanding human development
and a shifting climate may alter how fire structures the landscape. Extensive development,
particularly in exurban areas, results in increases in human-caused ignitions and fires of large
spatial extents (Syphard and Keeley 2015), as well as an overall increase in fire threat (Figure 2),
which can have long-lasting impacts on the landscape and wildlife habitat.

Many wildlife species that occur in the Mediterranean-type ecosystems of southern California
have adapted to wildfires. Wildlife exhibit differential responses to wildfires depending on the
availability of refugia and species’ mobility, which determine their susceptibility to impacts from
the direct effects of the fire. Habitat and diet breadth, population size and growth rates, as well as
landscape connectivity can affect post-fire colonization and overall resilience to these types of
stochastic events. While some research efforts in southern California have taken advantage of the
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natural experiment presented by San Diego’s 2003 and 2007 wildfires to gather information
about bird (Mendelsohn et al. 2008), small mammal (Brehme et al. 2011, Diffendorfer et al.
2012), large mammal (Schuette et al. 2014), and herpetofauna (Rochester et al. 2010) responses
to wildfire, there is much to learn about individual- and population-level responses, in particular
as it relates to increasing fire frequency. Linking the effects of shifting fire regimes on wildlife
where frequent fire may result in vegetation type conversion from shrublands to grass-dominated
habitats (Keeley 2005, Keeley and Brennan 2012) is a significant challenge. There is evidence of
the effect of increasing fire frequency on some species, such as the iconic coastal sage scrub
species, the threatened California gnatcatcher (Polioptila californica californica). Already
challenged by habitat loss and fragmentation in the coastal regions of southern California,
frequent fires have degraded habitat for the gnatcatcher (Winchell and Doherty 2014) as
California sagebrush (Artemesia californica), laurel sumac (Malosma laurina), and white sage
(Salvia apiana), key habitat elements for the bird, have been replaced by non-native annual
grasses in areas that have experienced repeated fires. Habitat specialists and small species are not
the only ones subject to the impacts of increasing fire frequency. Despite the fact that mountain
lions (Puma concolor) are highly mobile and able to move away from fires, the species is
potentially at risk from vegetation-type conversion to non-native annual grasslands (Jennings et
al. 2016). Although this species may tolerate grasslands when moving between habitats (Zeller et
al. 2014), habitat fragmentation between San Diego County and the Santa Ana Mountains to the
north has limited gene flow and resulted in inbreeding for the southern California population
(Ernest et al. 2014), a situation which further habitat degradation, particularly as a result of
increasing fire frequency, could worsen.

Wildfire and Connectivity

Habitat connectivity is essential to climate-smart landscape strategies (Heller and Zavaleta 2009)
and strengthens ecosystem resilience to additional stressors such as habitat fragmentation (Beier
and Gregory 2012), and other disturbances, e.g., fire and disease (Noss 1991, Hilty et al. 2006).
Across much of southern California, the state’s Natural Community Conservation Planning
(NCCP) program and the federal Habitat Conservation Plan (HCP) have been used to establish
conservation networks to protect natural communities and prevent further habitat fragmentation
(Ogden Environmental and Energy Services 1996, Riverside County 2003). Although the direct
effects of anthropogenic landscape alteration, namely habitat loss and fragmentation, are
paramount in this region (Soulé 1991, Crooks 2002, Beier et al. 2006), the indirect effects of
intense human development such as changing patterns of natural disturbance regimes, e.g.
wildfire, may present an equally large risk to landscape integrity. As human populations in
southern California have grown dramatically over the last century, particularly in coastal areas,
short fire-return intervals paired with habitat fragmentation, may have synergistic and long-term
impacts on landscape connectivity that present a formidable conservation challenge. Given that
these disturbances exert measurable impacts individually (Lindenmayer et al. 2008, Turner
2010), it is likely that the synergistic effects of shifting disturbance regimes and fragmentation
present a serious threat to landscape connectivity (Turner 2010).

Given the importance of landscape connectivity to ensuring population viability and persistence,
accurate assessments of physical and functional connectivity are critical. Dynamic landscape
processes, like wildfires, may impede movement for many species in the short-term, but an
altered fire regime may permanently alter landscape linkages. In particular, shifting disturbance
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regimes, like the increase in fire frequency and size reported in southern California, may have
synergistic impacts that erode landscape connectivity if efforts are not made to buffer the number
or impacts of fire on landscape linkages. New approaches to identifying factors that impair
physical and functional connectivity are needed to develop mitigation strategies to maintain
landscape connectivity if urbanization is considered on fire-frequent landscapes, with a particular
focus on the coastal areas that are most impacted by development, and foothills and valleys
where the wildland-urban interface is most at risk for increases in fire frequencies and
consequential type conversion.

Building resilience into these networks of conserved lands can be approached from two
perspectives: 1) reducing ignitions in fire-prone areas, and 2) account for these altered
disturbance dynamics in conservation planning efforts like the Draft NCMSCP. Robust measures
to reduce ignitions should be employed. However, reducing ignitions alone is unlikely to protect
San Diego County’s open spaces from fire and must be paired with complementary approaches
to provide for habitat and connectivity when fires do occur. This includes planning for
redundancy in linkages connecting habitat patches (Pinto and Keitt 2009). Because a single path
is unlikely to equally serve all individuals of a species, let alone all potential species that may
need to move between patches of habitat, multiple corridors between landscape blocks are often
necessary (Pinto and Keitt 2009, McRae et al. 2012). Furthermore, this redundancy can also
buffer against uncertainty and dynamic processes, particularly disturbances, on the landscape
(Mcrae et al. 2008, McRae et al. 2012, Cushman et al. 2013, Olson and Burnett 2013). As
discussed in my previous comments on the Newland Sierra draft environmental impact report,
the project’s biological analysis is deficient in its consideration of corridor redundancy. Threats
to wildlife connectivity from wildfire emphasize the need to consider corridor redundancy with
respect to Newland Sierra and the NCMSCP.

Furthermore, the assessment of connectivity and redundancy to provide for wildlife movement
under a variety of conditions must be conducted at a regional scale. For San Diego County, this
means consideration of conservation planning efforts and acquisitions as well as development
projects in Orange and Riverside Counties. In particular, the Santa Ana-Palomar landscape
linkage that has been identified as a critical movement corridor for many species (South Coast
Wildlands 2008), most notably the mountain lion (Vickers et al. 2015), spans both San Diego
and Riverside Counties and could be affected by several development projects that could limit
functional connectivity in northern San Diego County.

Together with the cumulative projects proposed in this region, Newland Sierra could restrict
wildlife movement in northern San Diego County as well as any opportunities to build resilience
into a regional connectivity plan by providing for corridor redundancy. The Merriam Mountains
area is currently one of the few shrub-dominated open spaces in San Diego County that has not
experienced overly frequent wildfires which lead to increased risk of vegetation-type conversion
from shrublands to non-native annual grasslands (Figure 1). Preserving a relatively intact
landscape, such as the Merriam Mountains, is critical to developing a functional preserve system
for the NCMSCP. However, the proposed Newland-Sierra Project’s new roadways, increased
traffic, homes, and increased wildland-urban edge are all known sources of fire ignitions in
southern California (Syphard and Keeley 2015) that will threaten to increase the fire frequency in
this area, which is already at high risk of fire due to the site’s vegetation and terrain features
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(Figure 2), as well as the risk of vegetation-type conversion. These same project elements will
also further restrict wildlife movement in an area where movement is already constrained. The
synergistic effects of restricted movement and habitat degradation caused by increasing fire
frequency could greatly reduce connectivity in this region and threaten the functionality of the
proposed preserve network under the NCMSCP. Figure 1 illustrates that few linkages remain in
San Diego County that are not challenged by crossing urban development or areas that have
burned repeatedly and are at risk for weed incursion, habitat degradation, and vegetation-type
conversion. When dynamic landscape processes are considered, effective planning for landscape
connectivity will require consideration of all potential projects that may affect wildlife
movement as well as the synergistic disturbances that also affect landscape connectivity. The
NCMSCP provides an opportunity for this type of regional wildlife connectivity planning, but
individual development proposals considered in isolation and without adequately accounting for
regional corridor redundancy could threaten the overall effectiveness of the planning process.
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Figure 1. Map of fire-return interval departure (Safford and VVan de Water 2014) for northern San Diego County and linkages identified in the
Management Strategic Plan Connectivity documents for San Diego’s NCCP areas.
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Figure 2. Map of fire threat for northern San Diego County as classified by California’s Fire and Resource Assessment Program and linkages
identified in the Management Strategic Plan Connectivity documents for San Diego’s NCCP areas.

Page 7 of 11


http://frap.fire.ca.gov/data/frapgisdata-sw-firethreat_download
https://portal.sdmmp.com/view_threat.php?threatid=TID_20160304_1454

References

Beier, P., and A. J. Gregory. 2012. Desperately seeking stable 50-year-old landscapes with
patches and long, wide corridors. PLoS Biology 10.

Beier, P., K. Penrod, C. Luke, W. Spencer, and C. Cabariero. 2006. South Coast missing
linkages: restoring connectivity to wildlands in the largest metropolitan area in the United
States. Pages 555-586 in K. R. Crooks and M. A. Sanjayan, editors. Connectivity
conservation. Cambridge University Press, Cambridge.

Brehme, C. S., D. R. Clark, C. J. Rochester, and R. N. Fisher. 2011. Wildfires alter rodent
community structure across four vegetation types in southern California, USA. Fire Ecology
7:81-98.

Crooks, K. R. 2002. Relative sensitivities of mammalian carnivores to habitat fragmentation.
Conservation Biology 16:488-502.

Cushman, S. A., B. Mcrae, F. Adriaensen, P. Beier, M. Shirley, and K. Zeller. 2013. Biological
corridors and connectivity. Pages 384-404 in D. W. Macdonald and K. J. Willis, editors.
Key Topics in Conservation Biology 2. First edition. John Wiley & Sons, Ltd.

Diffendorfer, J., G. M. Fleming, S. Tremor, W. Spencer, and J. L. Beyers. 2012. The role of fire
severity, distance from fire perimeter and vegetation on post-fire recovery of small-mammal
communities in chaparral. International Journal of Wildland Fire 21:436-448.

Ernest, H. B., T. W. Vickers, S. A. Morrison, M. R. Buchalski, and W. M. Boyce. 2014.
Fractured Genetic Connectivity Threatens a Southern California Puma (Puma concolor)
Population. PL0oS One 9.

Flannigan, M. ., B. . Stocks, and B. . Wotton. 2000. Climate change and forest fires. Science of
The Total Environment 262:221-229.

Fraterrigo, J. M., and J. A. Rusak. 2008. Disturbance-driven changes in the variability of
ecological patterns and processes. Ecology Letters 11:756-770.

Gardner, R. ., R. V. O’Neill, and M. G. Turner. 1993. Ecological implications of landscape
fragmentation. Pages 208-226 in S. T. A. Pickett and M. J. McDonnell, editors. Humans as
components of ecosystems: subtle human effects and the ecology of populated areas.
Springer-Verlag, New York.

Guzman-Morales, J., A. Gershunov, J. Theiss, H. Li, and D. Cayan. 2016. Santa Ana Winds of
Southern California: Their climatology, extremes, and behavior spanning six and a half
decades. Geophysical Research Letters 43:2827-2834.

Heller, N. E., and E. S. Zavaleta. 2009. Biodiversity management in the face of climate change:
A review of 22 years of recommendations. Biological Conservation 142:14-32.

Hilty, J. A., W. Z. Lidicker, and A. M. Merenlender. 2006. Corridor ecology : the science and
practice of linking landscapes for biodiversity conservation. Island Press.

Page 8 of 11



Jennings, M. K. 2017a. Landscape Connectivity Issue Review, Newland Sierra June 2017 DEIR.
1 August 2017. 25pp. Technical Report.

Jennings, M. K. 2017b. Merriam Mountains Wildlife Connectivity Review. 18 April 2017. 14pp.
Technical Report.

Jennings, M. K., R. L. Lewison, T. W. Vickers, and W. M. Boyce. 2016. Puma response to the
effects of fire and urbanization. The Journal of Wildlife Management 80:221-234.

Keeley, J. E. 2005. Fire as a threat to biodiversity in fire-type shrublands. USDA Forest Service
General Technical Report PSW-GTR-195.

Keeley, J. E., and T. J. Brennan. 2012. Fire-driven alien invasion in a fire-adapted ecosystem.
Oecologia 169:1043-1052.

Keeley, J. E., and C. J. Fotheringham. 2003. Impact of past, present, and future fire regimes on
North American Mediterannean shrublands. Pages 218-262 in T. T. Veblen, W. L. Baker,
G. Montenegro, and T. W. Swetnam, editors. Fire and climatic change in temperate
ecosystems of the western Americas. Springer-Verlag, New York.

Keeley, J. E., C. J. Fotheringham, and M. Morais. 1999. Reexamining Fire Suppression Impacts
on Brushland Fire Regimes. Science 284:1829-1832.

Lindenmayer, D., R. J. Hobbs, R. Montague-Drake, J. Alexandra, A. Bennett, M. Burgman, P.
Cale, A. Calhoun, V. Cramer, P. Cullen, D. Driscoll, L. Fahrig, J. Fischer, J. Franklin, Y.
Haila, M. Hunter, P. Gibbons, S. Lake, G. Luck, C. MacGregor, S. Mclintyre, R. Mac Nally,
A. Manning, J. Miller, H. Mooney, R. Noss, H. Possingham, D. Saunders, F. Schmiegelow,
M. Scott, D. Simberloff, T. Sisk, G. Tabor, B. Walker, J. Wiens, J. Woinarski, and E.
Zavaleta. 2008. A checkilist for ecological management of landscapes for conservation.
Ecology Letters 11:78-91.

McRae, B. H., B. G. Dickson, T. H. Keitt, V. B. Shah, B. H. Mcrae, B. G. Dickson, T. H. Keitt,
and V. B. Shah. 2008. Using Circuit Theory to Model Connectivity in Ecology, Evolution,
and Conservation. Ecology 89:2712-2724.

McRae, B. H., S. A. Hall, P. Beier, and D. M. Theobald. 2012. Where to Restore Ecological
Connectivity? Detecting Barriers and Quantifying Restoration Benefits. PLoS ONE
7:52604.

Mendelsohn, M. B., C. S. Brehme, C. J. Rochester, D. C. Stokes, S. A. Hathaway, and R. N.
Fisher. 2008. Responses in bird communities to wildland fires in southern california. Fire
Ecology Special Issue 4.

Miller, N. L., and N. J. Schlegel. 2006. Climate change projected fire weather sensitivity:
California Santa Ana wind occurrence. Geophysical Research Letters 33.

Noss, R. F. 1991. Landscape connectivity: different functions at different scales. Pages 27—-39in
W. E. Hudson, editor.Landscape linkages and biodiversity. Island Press.

Ogden Environmental and Energy Services. 1996. Biological Monitoring Plan for the Multiple

Page 9 of 11



Species Conservation Plan. San Diego, CA.

Olson, D. H., and K. M. Burnett. 2013. Geometry of forest landscape connectivity: Pathways for
persistence. USDA Forest Service - General Technical Report PNW-GTR:220-238.

Pickett, S. T. A., and P. S. White. 1985. The Ecology of Natural Disturbance and Patch
Dynamics. Page The Ecology of Natural Disturbance and Patch Dynamics.

Pinto, N., and T. H. Keitt. 2009. Beyond the least-cost path: Evaluating corridor redundancy
using a graph-theoretic approach. Landscape Ecology 24:253-266.

Riley, S. P. D., J. P. Pollinger, R. M. Sauvajot, E. C. York, C. Bromley, T. K. Fuller, and R. K.
Wayne. 2006. A southern California freeway is a physical and social barrier to gene flow in
carnivores. Molecular Ecology 15:1733-1741.

Riley, S. P. D., R. M. Sauvajot, T. K. Fuller, E. C. York, D. A. Kamradt, C. Bromley, and R. K.
Wayne. 2003. Effects of urbanization and habitat fragmentation on bobcats and coyotes in
southern California. Conservation Biology 17:566-576.

Riverside County. 2003. Western Riverside Multiple Species Habitat Conservation Plan
Documents.

Rochester, C. J., C. S. Brehme, D. R. Clark, D. C. Stokes, S. A. Hathaway, and R. N. Fisher.
2010. Reptile and Amphibian Responses to Large-Scale Wildfires in Southern California.
Journal of Herpetology 44:333-351.

Safford, H. D., and K. M. Van de Water. 2014. Using Fire Return Interval Departure (FRID)
analysis to map spatial and temporal changes in fire frequency on National Forest lands in
California. Pacific Southwest Research Station - Research Paper PSW-RP-266:1-59.

Schuette, P. A., J. E. Diffendorfer, D. H. Deutschman, S. Tremor, and W. Spencer. 2014.
Carnivore distributions across chaparral habitats exposed to wildfire and rural housing in
southern California. International Journal of Wildland Fire 23:591-600.

Soulé, M. E. 1991. Conservation: tactics for a constant crisis. Science 253:744—750.

Sousa, W. P. 1984. The Role of Disturbance in Natural Communities. Annual Review of
Ecology and Systematics 15:353-391.

South Coast Wildlands. 2008. South Coast Missing Linkages: A Wildland Network for the South
Coast Ecoregion.

Syphard, A. D., and J. E. Keeley. 2015. Location, timing and extent of wildfire vary by cause of
ignition. International Journal of Wildland Fire 24:37-47.

Syphard, A. D., V. C. Radeloff, T. J. Hawbaker, and S. I. Stewart. 2009. Conservation Threats
Due to Human-Caused Increases in Fire Frequency in Mediterranean-Climate Ecosystems.
Conservation Biology 23:758-7609.

Syphard, A. D., V. C. Radeloff, J. E. Keeley, T. J. Hawbaker, M. K. Clayton, S. I. Stewart, and
R. B. Hammer. 2007. Human influence on California fire regimes. Ecological Applications

Page 10 of 11



17:1388-1402.

Turner, M. G. 2010. Disturbance and landscape dynamics in a changing world. Ecology
91:2833-2849.

Vickers, T. W., J. N. Sanchez, C. K. Johnson, S. A. Morrison, R. Botta, T. Smith, B. S. Cohen, P.
R. Huber, H. B. Ernest, and W. M. Boyce. 2015. Survival and mortality of pumas (Puma
concolor) in a fragmented, urbanizing landscape. PLoS ONE 10.

Winchell, C. S., and P. F. Doherty. 2014. Effects of habitat quality and wildfire on occupancy
dynamics of Coastal California Gnatcatcher ( Polioptila californica californica). The Condor
116:538-545.

Zeller, K. A., K. McGarigal, P. Beier, S. A. Cushman, T. W. Vickers, and W. M. Boyce. 2014.
Sensitivity of landscape resistance estimates based on point selection functions to scale and
behavioral state: pumas as a case study. Landscape Ecology 29:541-557.

Page 11 of 11



Biological Conservation 231 (2019) 150-160

]

BIOLOGICAL
CONSERVATION

Contents lists available at ScienceDirect

Biological Conservation

journal homepage: www.elsevier.com/locate/biocon

Spatial risk assessment of eastern monarch butterfly road mortality during = M)
autumn migration within the southern corridor st

updates

Tuula Kantola™", James L. Tracyb, Kristen A. Baum®, Michael A. Quinn®, Robert N. Coulson”

& Department of Forest Sciences, University of Helsinki, P.O. Box 27, FI-00014 Helsinki, Finland
® Knowledge Engineering Laboratory, Department of Entomology, Texas A&M University, 2475 TAMU, College Station, TX 77843-2475, USA
¢ Department of Integrative Biology, Oklahoma State University, 501 Life Sciences West, Stillwater, OK 74078-3052, USA

ARTICLE INFO ABSTRACT

Road mortality may contribute to the population decline of eastern monarch butterflies (Danaus plexippus L.). We
estimated autumn monarch roadkill rates within the primary Oklahoma to Mexico southern migration corridor
(i.e., Central Funnel). Dead monarchs were surveyed along Texas roadsides during four weeks of autumn mi-
gration in 2016 and 2017. Roadkill averaged 3.4 monarchs per 100 m transect, reaching 66 per 100 m in a
roadkill hotspot in southwestern Texas. Extrapolations of Central Funnel roadkill based on survey data and road
types were 3.6 and 1.1 million in 2016 and 2017, respectively. Spatial distribution of roadkill across the Central
Funnel was projected from Texas survey data using 30 m resolution MaxEnt niche models. Highest roadkill
probability was linked to arid climate and low human population density. The latter variables may not be
directly related to roadkill, but instead represent indirect correlates of increased densities of monarchs where the
migration corridor narrows southwards. The higher roadkill projected in southwest Texas and Mexico by MaxEnt
models agrees with previously reported monarch roadkill hotspots. MaxEnt-based 2016-2017 projections for
annual roadkill rates throughout the Central Funnel averaged 2.1 million. This figure is similar to the result by
simple extrapolation, and represents about 3% of the overwintering monarch population for these years.
Mitigation at roadkill hotspots in the Central Funnel could reduce monarch roadkill mortality during migration

Keywords:

Danaus plexippus

Migratory threats

MaxEnt roadkill niche models
Insect roadkill hotspots

and contribute towards conservation efforts for the monarch butterfly.

1. Introduction

Wildlife-vehicle collision is the most widely acknowledged impact
of roads on wildlife, and can contribute to the decline of species of
conservation concern (Tok et al., 2011; Visintin et al., 2016; Bennett,
2017), including globally declining pollinator insect species (Baxter-
Gilbert et al., 2015). Roadkill can result in high mortality and lower
abundance for species with large area requirements, pronounced mi-
gratory movements, small population sizes, and slow reproduction rates
(Seiler and Helldin, 2006; Fahrig and Rytwinski, 2009). Wildlife-ve-
hicle collisions are often spatially and temporally aggregated and sub-
stantial annual and inter-annual variation has been associated with
environmental factors and traffic volume (Seiler and Helldin, 2006;
Shilling and Waetjen, 2015). This tendency for high spatio-temporal
variability in roadkill can be difficult to interpret based solely on the
mapping of field survey data. Accordingly, there is a trend to use pre-
dictive spatial models to account for the variability in investigating the
impacts of roads on wildlife mortality (Bennett, 2017). Typical roadkill
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E-mail address: tuula.kantola@helsinki.fi (T. Kantola).
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niche models use a combination of environmental and anthropogenic
variables and are often restricted to small areas (Visintin et al., 2016).
Species distribution modeling has previously been used to project
roadkill risk of mammals (Grilo et al., 2009; Roger and Ramp, 2009;
Visintin et al., 2016, 2017) and owls (Gomes et al., 2009). Spatial
models for insect roadkill have not yet been developed.

Only five out of 215 roadkill studies (2%) between 2011 and 2015
were specifically focused on invertebrates (Bennett, 2017). Despite this
taxonomic bias in the literature, roadkill may be a substantial threat to
certain insect populations. Baxter-Gilbert et al. (2015) projected that
hundreds of billions of pollinating insects are lost annually to roadkill
across North America. Although relatively few studies exist on butterfly
road mortality, researchers have suggested that butterflies are one of
the most common insect orders killed by vehicles (McKenna et al.,
2001; Rao and Girish, 2007). Despite the high numbers of road-killed
butterflies, the risk of Lepidopteran roadkill has been estimated as low
to moderate (Baxter-Gilbert et al., 2015; Mufoz et al., 2015). Several
studies have estimated butterfly roadkill numbers and examined
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contributing factors (Munguira and Thomas, 1992; McKenna et al.,
2001; Ries et al., 2001; Rao and Girish, 2007; Skérka et al., 2013), but
most of these studies concentrate on local, relatively sedentary butterfly
populations and their utilization of roadside habitats rather than mi-
gratory butterflies. Migratory danaine butterflies (Nymphalidae: Da-
nainae) may be especially susceptible to roadkill during migration (Her,
2008; Taiwan Environmental Protection Administration [EPA], 2010;
Santhosh and Basavarajappa, 2014), including the monarch butterfly
(Danaus plexippus L.) in the United States (McKenna et al., 2001) and
Mexico (Correo Real, 2015).

Significant population decline of the eastern migratory monarch
butterfly has been observed at the overwintering sites in Central Mexico
during the past two decades (Vidal and Rendén-Salinas, 2014;
Thogmartin et al., 2017). Consequently, the persistence of the mi-
gratory phenomenon of the eastern population may be endangered
(Brower et al., 2012). The long-distance migration of monarchs is un-
ique among butterflies. Mortality during the autumn migration (often
referred to as fall migration) has been suggested as a contributing factor
to the decline (Badgett and Davis, 2015; Ries et al., 2015a; Inamine
et al.,, 2016; Agrawal and Inamine, 2018). Road mortality may sig-
nificantly affect monarch survival during migration, especially where
monarchs become highly concentrated as the migration narrows in
Texas and northern Mexico (Badgett and Davis, 2015). Only McKenna
et al. (2001) have previously evaluated monarch butterfly roadkill.
They reported monarchs as the second-most killed butterfly species
during six weeks of autumn in Illinois. They estimated that > 500,000
monarchs were killed statewide along interstate highways during one
week in early September 1999 (McKenna et al., 2001). There are sev-
eral unpublished citizen-science reports of locally high monarch road-
kill occurrence in West Texas and northern Mexico during the autumn
migration, with observed roadkill reaching 5.7 monarchs per meter
near Monterrey, Mexico (Correo Real, 2015; Journey North, 2017).
Incidences of high monarch road mortality in northern Mexico have led
to the placement of road signs along portions of highways in to reduce
speed in the presence of monarchs (Vangaurdia, 2016).

Monarch roadkill has yet to be quantified in relation to an overall
population estimate. Seiler and Helldin (2006) point out that any sus-
tained mortality factor, such as roadkill, can be especially damaging for
species that are either approaching or are in an annual population de-
cline, such as the monarch. The extent of monarch roadkill needs to be
assessed to estimate its potential contribution to the population decline
and support conservation planning. Our goal was to develop MaxEnt
niche models for monarch road mortality during the autumn migration
within the main migration pathway in Texas. The MaxEnt algorithm has
been employed before to spatially investigate vehicle-animal collisions
of birds and mammals (Ha and Shilling, 2017). The roadkill models
were also projected throughout the Central Funnel, which is the iden-
tified main southern autumn migratory pathway within the Central
Flyway for monarchs from Oklahoma to Mexico (Tracy, 2018; Tracy
et al., 2018a). This study includes the first analysis of monarch roadkill
data outside of Illinois, and the first development of a spatial roadkill
model for an insect. Our specific objectives were to (1) conduct mon-
arch roadkill field surveys within the Central Funnel in Texas, (2) de-
velop MaxEnt niche models for roadkill within the Texas survey area,
and project these models throughout the Central Funnel, (3) estimate
monarch roadkill numbers within the survey area and the Central
Funnel using both simple field survey-based and model-based extra-
polation techniques, and (4) discuss the results in the context of mon-
arch conservation and potential applications to other species of con-
servation concern.

2. Methods
2.1. Study species

The monarch autumn migration is uniquely accomplished by one
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generation. Adults begin migrating in late August to September from
the summer breeding grounds, traveling to overwintering grounds in
Central Mexico (Brower, 1995; Calvert and Wagner, 1999). Most mi-
grants usually reach Oklahoma and North Texas in late September or
early October (Calvert and Wagner, 1999; Monarch Watch, 2018a) and
arrive at the overwintering grounds in November (Brower et al., 2006).
There are two main migration routes, the Central Flyway and the
Eastern or Coastal Flyway (Calvert and Wagner, 1999; Howard and
Davis, 2009). The Central Flyway through the Great Plains is the most
heavily traveled route (Howard and Davis, 2009), which narrows into
the Central Funnel from Oklahoma southwards (Tracy, 2018; Tracy
et al., 2018a).

Autumn migrants fly during the day and stop at night and during
inclement weather to nectar and roost in trees and shrubs (Brower,
1996). These roosts may comprise a few individuals to several thousand
individuals and may last one to several days (Davis and Garland, 2004;
Howard and Davis, 2009). In the morning, roosting monarchs either
resume migration or search for nectar. These behaviors are influenced
by wind patterns or lipid levels (Brower, 1996; Davis and Garland,
2004). During unfavorable southerly winds, monarchs may roost for
several days (Schmidt-Koenig, 1985). Migrating monarchs are observed
to nectar in a variety of locations, including in right-of-ways (Brower
et al., 2006), where they may be vulnerable to vehicle collisions.
Brower et al. (2006) suggested that monarchs shift their behavior upon
reaching Texas and spend more time nectaring to accumulate lipids for
the winter and re-migration in the spring. Migrating monarchs regularly
fly at high altitudes, around 300-500 m (Gibo and Pallett, 1979; Gibo,
1981, 1986), but may fly close to the ground, especially when facing
headwinds or during overcast weather (Gibo, 1986; Brower, 1996),
exposing them to road mortality. Citizen science observations also in-
clude reports of low flying fall migrating monarchs over roadways
(Correo Real, 2015).

2.2. Monarch roadkill surveys and simple roadkill extrapolation

Monarch roadkill field surveys were conducted during the main
autumn migration through the Central Funnel in Texas (Fig. 1). Four
four-day surveys were conducted in each of the autumns of 2016 and
2017, between 10th October to 4th November and 3-27 October, re-
spectively. The survey area was divided into four north to south sec-
tions, with surveys timed to generally occur after the dates of average
peak migration (Journey North, 2017; Monarch Watch, 2018a) to allow
time for the accumulation of road-killed monarchs. Observed monarch
roadkill densities most likely represent accumulations of dead mi-
grating monarchs over a period of one or two days to a few weeks
during the main migration pulse through an area (Munguira and
Thomas, 1992). Surveyed road types included (1) highways, (2) pri-
mary roads, and (3) secondary roads. Each survey location comprised at
least a single 100 m by 1 m transect along the grassy edge of one side of
the roadway. To assess if the side of the road surveyed influenced the
number of dead monarchs, additional transects were surveyed across
multiple edges of single and divided-lane highways at some sites.
Transects were located using a handheld GPS device (accuracy up
to = 3m). Roadkill transects were spaced according to travel and
survey time constraints at about 30 to 100 km intervals along the pri-
marily east to west pre-planned survey routes, with additional surveys
in 2016 in the southwestern portion of the study area where high
monarch roadkill was found (Fig. 1).

All dead monarchs or parts of monarchs were collected to estimate
the total number and sex ratio of dead monarchs along transects. A
similar spring monarch roadkill survey was conducted in Texas during
April to May of 2017 (Fig. A.1; for details, see Appendix A, section 1.1).
The boundary of the background evaluation extent for our roadkill
study was defined by a 10 km buffer around a convex hull polygon
formed using un-thinned 2016 to 2017 monarch roadkill survey data
(Fig. 1). We extrapolated the mean roadkill counts for the three road
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Fig. 1. Monarch roadkill survey 100 m transects for autumn 2016 and 2017 along three major road classes within the monarch Central Funnel in Texas.

types over the background evaluation extent and Central Funnel in a
manner similar to that of McKenna et al. (2001). Roadkill rates in areas
of locally high monarch roadkill (hotspots) can vary greatly between
years and highly differ from other areas. Consequently, roadkill rates in
hotspots can bias roadkill rates in larger areas if they are dis-
proportionally represented in the sampling. Therefore, in some extra-
polations, hotspot roadkill rates were considered separately for each
year from non-hotspot locations. This separation allowed us to under-
stand the importance of the roadkill hotspots within a year, and com-
pare the hotspot differences between years. We also made roadkill ex-
trapolations including hotspot roadkill rates with non-hotspot data and
thinning the hotspot data in 2016 to be in proportion to the sample
effort in non-hotpot locations (for details, see Appendix A, section 2.1).

2.3. Environmental variables

Thirty environmental variables were initially screened for use in the
roadkill modeling (Table A.1, Fig. A.2). These variables were selected
for their value in previous roadkill niche models and for their use in
characterizing the environment of the study area. The variables con-
sisted of nine topographic indices (including four stream indices), eight
land cover indices, six road indices, three human population indices,

and four climatic indices. All indices were either calculated at 30.8 m
spatial resolution or resampled with bilinear interpolation to the 30.8 m
resolution, to match the resolution of the base layer of 1 arc sec Shuttle
Radar Topography Mission (SRTM) digital elevation model (DEM) data
obtained from USGS Earth Explorer (https://earthexplorer.usgs.gov/).
The high spatial resolution of 30.8 m facilitated modeling of roadkill
along individual surveyed roadways over a broad area (see more details
in Appendix A, section 7).

2.4. Monarch roadkill models

Preliminary MaxEnt model runs indicated that there was not enough
data from 2017 to obtain good accuracy statistics for both single year
models. Consequently, we combined 2016 and 2017 roadkill presence
data, which were randomly spatially thinned to 2 km to reduce spatial
autocorrelation. Ten thousand background points were randomly gen-
erated within the road mask evaluation area. We calculated back-
ground/presence versions of the area under the curve statistic (AUCpgp)
and true skill statistic (TSSpg,) using R software (R Core Team, 2018)
and the PresenceAbsence package (Freeman and Moisen, 2008). In the
same manner, we calculated a presence/absence version of AUC
(AUC,,) and TSS (TSS,,) using transects with no observed monarch
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roadkill as absence data, although we acknowledge roadkill may have
occurred in these absence locations as well. We adjusted the MaxEnt
beta regularization value to two and used only quadratic and hinge
features to reduce model complexity and overfitting for improving
model generalization (Jiménez-Valverde et al., 2008; Warren and
Seifert, 2011; Tracy et al., 2018b).

Roadway rasters served as a mask for analysis of environmental
variables. The original set of 30 environmental variables was decreased
to 20 variables. We dropped nine variables exhibiting zero or negative
testing gain of AUCy,, from a MaxEnt threefold jackknife run (Table
A.1, Fig. A.3). We also dropped traffic volume because data were not
readily available for Mexico. Traffic volume was utilized in preliminary
niche models for the Texas background evaluation extent. Preliminary
runs indicated that no substantial gain in model performance was
achieved with > 10 of the 20 variables, and that employing fewer
variables (three) substantially increased undesired high spatial varia-
bility in roadkill among models. Consequently, final MaxEnt roadkill
models were developed from ten random sets of ten of the 20 variables
to represent model variability due to variable selection. The absolute
Spearman rank correlation of variables within random variable sets was
limited to < 0.7 using the multiple randomized sequential forward se-
lection procedure within the random subset feature selection algorithm
(RSFSA) of Tracy et al. (2018b). The final MaxEnt models were cali-
brated to binary presence/absence format using a threshold of max-
imum TSSp, (Liu et al., 2013) and combined using frequency consensus
to form a feature subset ensemble. We also created presence/absence
niche models for monarch roadkill using linear and quadratic binomial
logistic regression with the R Glmnet package (Friedman et al., 2010)
for the same ten random sets of ten of 20 variables. These presence/
absence models produced lower AUC,g, values and similar AUC, va-
lues compared to MaxEnt models, and these models were not in-
vestigated further (results not shown).

3. Results
3.1. Monarch roadkill survey and simple roadkill extrapolation

We surveyed 16.1 km of roadsides (161,100 m transects), 8.8 km in
2016 and 7.3 km in 2017. We found 581 dead monarchs in 59 locations
(102 absence locations) for an average of 3.4 monarchs per transect. We
found 546 dead monarchs in 2016 and 35 in 2017 (for raw survey count
data, see Appendix A, section 3.1). Of the 546 monarchs in 2016, 499
(91%) were located along or near IH-10 between Sonora and Sheffield
(23 of 95 transects) (Fig. 2). This area was defined as a single large
2016 hotspot area extending 95 km along Interstate Highway (IH) 10
from Sonora to 24 km east of the Pecos River. This hotspot included a
portion of Texas state highway (SH) 163 extending from 7.6 km south
of Ozona to 5km north of Ozona and a 2km section of SH-137 ex-
tending west from the junction with SH-163. The hotspot was bounded
along TH-10 in the west and east by counts of 15 and 10 roadkill per
100 m, and included counts of 21 and 6 roadkill per 100 m on SH-137
and SH-163, respectively. About 93% (466/499) of the dead monarchs
in the 2016 hotspot occurred in 14 transects ranging from 10 to 66 per
100 m (Fig. A.4). A total of 257 monarchs were sexed in 2016-2017, of
which ca. 38% were female (n = 98). The portion of females was 41%
in 2016 (132 males, 91 females) and 21% in 2017 (27 males, 7 fe-
males). After the 2km spatial thinning for spatial modeling, the field
survey data consisted of 151 transects (53 presence and 98 absence)
and 249 individual dead monarchs. Only two road-killed male mon-
archs were found among 54 transects in our spring 2017 roadkill survey
(Fig. A.1).

Southern edges of roadsides contained 43.8% ( = 36% SD, n = 13)
of the roadkill found in the northernmost edge for both single and di-
vided-lane roads. This relationship was used to estimate roadkill across
all two to four edges per roadway when extrapolating roadkill per km
per year (for details, see Appendix A, section 5). Estimated roadkill per
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km ranged from 6.15 to 645 monarchs per km depending on year, road
type, and location in relation to the hotspot area (Table 1). In 2016,
mean estimated roadkill per km along highways was significantly
higher within the Sonora-Sheffield hotspot (645.38; SD = 446.92;
n = 15) compared to outside the hotspot (12.64; SD = 22.30; n = 22)
(P = 0.00008; Welch t-test). Between years, the estimated roadkill per
km generally varied widely among road types, and there was no evi-
dence of any hotspot in 2017 (Table 1). Estimates of roadkill within the
hotspot area in 2016 and 2017 ranged from about 74,000 to 5000,
representing about 10% and 1% of the entire mortality within the Texas
background evaluation extent. Using the field survey data from the
whole area, including the randomly thinned hotspot data, the estimated
roadkill for the Central Funnel in 2016 rose to over 3.5 million monarch
butterflies (Table 1). The estimate for 2017 was 1.1 million road-killed
monarchs. Combining the data from both of the years yielded an annual
estimate of 2.1 million road-killed monarchs. When the hotspot data
were separated from the survey data, total estimated annual roadkill
rates in 2016 and 2017 were about 1.6 million and 1.0 million mon-
archs, respectively. In 2016, about 47%-49% of the roadkill within the
Central Funnel was projected to occur within the Texas background
evaluation extent, of which 5% was projected to occur in the Sonora-
Sheffield hotspot area. In 2017, only about 0.3% of the roadkill within
the Central Funnel was projected within the hotspot area, and the
percent roadkill in the background area ranged from 31% when hotspot
data were analyzed separately to 48% when data from the hotspot area
were included (Table 1, Appendix A, section 2).

3.2. Monarch roadkill model

The feature subset ensemble of ten MaxEnt roadkill niche models
provided excellent discrimination of roadkill presence locations from
background locations within the background evaluation extent, with
AUGy,g, values ranging from 0.82 to 0.88 (0.86 + 0.02, mean * SD).
The models provided marginally poor discrimination of roadkill pre-
sences from absences observed in the field, with AUC,, values ranging
from 0.60 to 0.67 (0.64 = 0.02, mean * SD). Among the top eight
variables with the highest permutation importance in the MaxEnt
models (Table 2) were three human population density indices and two
climatic indices. Other top ranked variables included elevation (m),
road density over a 3km radius (km/~28 km?), and percent cover of
artificial surfaces within a 500m radius. Traffic volume (annual
average daily traffic, AADT) ranked third in permutation importance in
preliminary models but was not available for Mexico, precluding its use
in our final models.

The MaxEnt response curves for population density indices all in-
dicated that lower human population densities had higher association
with monarch roadkill (Fig. 3A, E). The climatic indices indicated that
roadkill was associated with more arid climates (Fig. 3B, C). Lower road
densities and lower percent cover of artificial surface were also asso-
ciated with higher monarch roadkill (Fig. 4F, G). The response curve for
traffic volume, which was not used in the final models, indicated that
the highest roadkill was associated with lower traffic volume. The
traffic volume response curve was very similar to that of percent cover
of artificial surface (Fig. 3G, H), with which it was moderately corre-
lated (r; = 0.58).

The proportion of MaxEnt models projecting monarch roadkill
generally increased from northeast to southwest within both the
background evaluation extent and Central Funnel (Fig. 4; see Appendix
Section 5 for embedded zipped shapefile of MaxEnt consensus model).
The highest number of models projected roadkill within much of
southwest Texas and Mexico in the Central Funnel. None of the MaxEnt
models projected monarch roadkill over most of the northeastern
Central Funnel, including the Dallas/Fort Worth metroplex and most of
eastern Oklahoma.

Roadkill extrapolations for each of the ten individual MaxEnt
models were made across each year and both years combined.
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Fig. 2. Monarch roadkill autumn 2016 and 2017 survey results for 100 m transects along major road classes within the background evaluation extent in the monarch
Central Funnel in Texas, including previously reported locations of high monarch roadkill.

Extrapolations were based upon roadkill rates per km for presence-only
transects (no zero roadkill data) of each road type that were multiplied
by the MaxEnt model predicted lengths of roadkill presence for the road
type. Roadkill rate calculations for extrapolations included data from
hotspot transects that were thinned for 2016 as done for simple extra-
polations (for details, see Appendix A, sections 2.1, 5). Extrapolating
roadkill rates across the Central Funnel, we estimated averages of
3.0 = 0.7 and 1.1 = 0.3 million (mean + SD) road-killed monarchs
for 2016 and 2017, respectively (Tables 1, A.2). Combining roadkill
data across both years for the Central Funnel yielded annual roadkill
rates of 2.1 * 0.5 million. The mean projected percentage of road-
killed monarchs in the Central Funnel that occurred within the Texas
background evaluation extent ranged from 67% to 68% in 2016 and
2017 (Tables 1, A.4).

4. Discussion
4.1. Monarch roadkill survey
In our 2016 roadkill survey (but not 2017), we found a Sonora-

Sheffield, Texas, monarch roadkill hotspot that corresponds to the only
two previous citizen-science reports of monarch roadkill hotspots in the

US (Fig. 2). It is unclear why hotspots have repeatedly occurred in this
area. The hotspot location may be partly related to higher densities of
migrating monarchs in more southern areas of the Central Funnel. In
addition, local stochastic weather events probably influence the oc-
currence of roadkill hotspots, such as unfavorable winds that may in-
duce lower monarch flight patterns or extended roosting and nectaring
behavior close to the ground in the vicinity of roadways. More research
is needed to evaluate how frequently roadkill hotspots occur in this
region. It is possible that one or both years represent an outlier, and that
hotspots may occur in additional areas.

The variation in roadkill rates observed between the two years of
our survey was consistent with other roadkill studies (Seiler and
Helldin, 2006). Our overall roadkill rates varied from 6 to 646 dead
monarchs per km depending on year, road type, and location (Table 1).
This range falls within previous reports for monarchs of from 1.3 to
11.9 butterflies per km per week in Illinois (McKenna et al., 2001) to a
very high number of 115 road-killed monarchs within a 20 m stretch
along toll highway 40D southwest of Monterrey, Mexico in October
2015 (Correo Real, 2015; see Appendix A, section 8 for data). Reported
roadkill rates for other butterflies have ranged from 0.45 to 80 per km
per day in North America, Asia, and Europe (Rao and Girish, 2007, De
la Puente et al., 2008, Yamada et al., 2010, Skoérka et al., 2013, Baxter-
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Monarch roadkill estimates per year for 2016 to 2017 over the Sonora-Sheffield roadkill hotspot, Texas background evaluation extent (BEE) and the Central Funnel
(Figs. 1-2) from the field data by road type using simple extrapolation or MaxEnt model projections.

Year Millions of monarch roadkill®
Simple extrapolation MaxEnt model extrapolations X * SD (n = 10)"
Hotspot data separated Hotspot data included Hotspot data included
Sonora-Sheffield hotspot ~ Texas BEE  Central Funnel  Texas BEE  Central Funnel = Texas BEE Central Funnel
2016
Millions of dead 0.074 0.768 1.570 1.663 3.554 2.050 + 0.760 3.041 + 0.743
% Overwintering population® 0.09% 0.90% 1.82% 1.93% 4.03% 2.36 = 0.86% 3.46 = 0.82%
% Texas BEE mortality 9.58%
% Central Funnel mortality 4.69% 48.95% 46.78% 66.48 + 14.79%
2017
Millions of dead 0.005 0.492 1.042 0.533 1.131 0.738 + 0.272 1.084 = 0.258
% Overwintering population® 0.01% 0.79% 1.67% 0.86% 1.81% 1.19 + 0.43% 1.73 = 0.41%
% Texas BEE mortality 1.02%
% Central Funnel mortality 0.32% 31.34% 47.16% 68.86 + 14.18%
2016-2017
Millions of dead 0.058 0.561 1.138 0.995 2.118 1.460 = 0.540 2.119 + 0.510
% Overwintering population® 0.09% 0.91% 1.82% 1.59% 3.33% 1.96 = 0.71% 2.82 = 0.66%
% Texas BEE mortality 10.25%
% Central Funnel mortality 3.66% 35.75% 27.99% 67.90 + 15.08%

& Mean roadkill rates (roadkill/km/year) (Table A.2) by road type for extrapolations are calculated from transects in the Texas BEE and incorporate estimates for
all road edges. Roadkill rates are multiplied by length of road in various areas to obtain extrapolations (see Table A.3 for road lengths used in simple road type

extrapolation) (for all calculations, see Appendix A, section 5).
b See Table A.4 for individual MaxEnt model estimates.

¢ Based on 84.61 (2016) and 61.4 (2017) million overwintering monarchs (Monarch Watch, 2018b). Estimated from 21 million monarchs per hectares over-

wintering (Thogmartin et al., 2017).

Gilbert et al., 2015).

The observed sex ratios of roadkill monarchs were also consistent
with previous studies. About 38% of the dead monarchs in our autumn
field surveys were females, ranging from 21% in 2017 to 41% in 2016.
These figures generally match two separate citizen science observations
on the percentage of female monarch roadkill in Mexico of 27% and
36% in October 2015 (Correo Real, 2015). They also are within the
range reported from the other roadkill study (McKenna et al., 2001), as
well as studies of sex ratios during migration (Borland et al., 2004) or
on the overwintering grounds (Steffy, 2015). Davis and Rendén-Salinas

Table 2

(2010) found a decreasing trend (~10%) in percent female monarchs at
the Mexican overwintering sites from 1976 to 2008, which they sug-
gested could reflect female biased mortality due to the protozoan
parasite Ophryocystis elektroscirrha.

While our estimates of monarch roadkill are likely conservative,
carcass persistence is not likely to be a major source of bias. However,
we did not evaluate persistence in our study, which could vary based on
various factors, such as region, time of year, and weather conditions.

Munguira and Thomas (1992) placed butterfly specimens on road-
sides and found that only one of their 50 specimens disappeared during

MaxEnt model variable permutation importance for 19 variables used in ten random sets of ten of the 20 variables in monarch roadkill models.

Variable” Abbreviation Permutation importance”, mean + SD
Human population density per km? in 9 km radius (population/254.47 km?) popden9kr 44.2 = 3.8 (3)
Autumn quarterly mean monthly actual evapotranspiration/potential evapotranspiration X 1000 etrt autq 41.7 = 23.3 (2)
Annual mean monthly rainfall (mm) prec_ann 36.4 = 15.6 (4)
Human population density per km? in 3 km radius (population/28.27 km?) popden3kr 30.1 = 0.0 (1)
Elevation (m) eley 27.9 + 5.5 (4)
Distance to urban areas (areas with =300 humans per km?) (km) urbdist 27.1 = 10.8 (4)
Road density, km road in 3km radius (km/28.27 km?) roadden3kr 19.6 + 2.4 (2)
Artificial surfaces % cover in 500 m radius artsur 500mr 13.4 = 3.2 (3)
Autumn quarterly mean monthly maximum temperature (°Celsius) tmax_autq 10.5 + 9.8 (3)
Distance to highways (m) hwydist 10.4 + 2.5(7)
Latitude (decimal degrees) latitude 6.4 + 43 (3)
Grasslands % cover in 500 m radius grslnd 500mr 5.6 + 3.4 (9)
Autumn mean quarterly wind speed (m/s) wndsp_autq 5.6 = 5.4 (4)
Distance to secondary roads (m) secrddist 5.1 +* 29 (8)
Shrublands % cover in 500 m radius shrub_500mr 45 + 3.4 (9)
Distance to primary roads (m) primrddist 23 +£3.04)
Road density, km road in 500 m radius (km/0.79 km?) roadden500mr 2.2 = 3.8(5)
Distance to high flow accumulation areas (> 60,000 ~km? upslope grid cells) (m) strmhiflodist 1.2 £ 1.0 (5)
Topographic Position Index (TPI), 3 km radius tpi3kr 1.0 = 0.2 (5)
Cultivated land % cover in 500 m radius® cult 500mr 0.0 = 0.0 (0)

@ See Table S1 for sources of variables. Variables ordered from highest to lowest mean permutation importance.
> Permutation importance of the variable in the MaxEnt models, number of models in which the variable was used out of the 10 random models in parentheses.
¢ Cultivated land layer was initially included in all 10 random models, but it was not included by MaxEnt in calculating any of the models.
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Fig. 3. MaxEnt variable response curves (logistic output probability of presence vs. variable) representative of the final ten models (A-G) and for a 30-variable model
(H): (A) popden9kr, (B) etrt_autq, (C) prec_ann, (D) elev, (E) urbdist, (F) roadden3kr, (G) artsur_500mr, (H) traffic_vol (traffic volume for 2015) (see Table 2 for

abbreviations and permutation importance).

two weeks (daily loss rate of 0.15%). Several factors contribute to the
conservative nature of our estimates, including the difficulty in detec-
tion of dead monarchs, especially in taller vegetation, shredding of dead
monarchs by roadside mowing, and a portion of the monarchs re-
maining attached to the colliding vehicles (McKenna et al., 2001; Seiler
and Helldin, 2006). However, several studies indicate that road killed
butterflies are mostly blown to the roadside edge, with individuals
rarely trapped in car grills (Munguira and Thomas, 1992; Ries et al.,
2001). The overall agreement of our roadkill results with previous
studies in terms of the range of roadkill rate variability and sex ratios
supports the reliability of the data for extrapolating monarch road
mortality according to road types and spatial modeling.

4.2. Monarch roadkill models

4.2.1. Roadkill projections

Most of the MaxEnt models projected monarch roadkill from the
southwestern portion of the Central Funnel from West Texas to Mexico
(Fig. 4). Our MaxEnt consensus projection agrees with all seven of the
previously known citizen science reports of monarch roadkill hotspots
in North America (Fig. 4), including two hotspots in West Texas

(Journey North, 2017) and five hotspots in northern Mexico (Correo
Real, 2015; Rogelio Carrerra, Universidad Autonoma de Nuevo Leon,
Nuevo Leon, Mexico, personal communication).

Our annual MaxEnt based roadkill estimates for monarch mortality
throughout the Central Funnel was 3.0 to 1.1 million for 2016 and
2017, respectively. These MaxEnt roadkill estimates were similar to
those based on simple roadkill extrapolation by road type when hotspot
data were included (3.6 and 1.1 million, respectively). Most of the
roadkill projected by MaxEnt models outside of the study area occurred
in Mexico, indicating that more MaxEnt models are projecting roadkill
along the sparser road network within the Central Funnel over northern
and central Mexico than in the northern parts of the funnel (Fig. 4). As
the autumn migration pathway narrows in the South, migrating mon-
archs become more concentrated in the Central Funnel. This higher
concentration may contribute to higher roadkill densities in the
southern parts of the Central Funnel in Mexico, where most previous
reports of monarch roadkill hotspots originate (Fig. 4). Although our
models project some increased southward mortality risk, additional
data are needed to assess the extent of this risk in Mexico. The extra-
polations including the hotspot data with other roadkill data and pro-
jecting higher annual roadkill of up to 3.6 million in the Central Funnel
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Fig. 4. MaxEnt frequency consensus for feature subset ensemble of ten models developed from random subsets of ten of 20 variables correlated < 0.7 (see Appendix

Section 5 for embedded zipped shapefile of MaxEnt consensus model).

should be more realistic considering the occurrence of multiple roadkill
hotspots in Mexico of higher density than seen in Texas. The MaxEnt
models project little to no roadkill in the northeastern part of the funnel
area, including the Dallas/Fort Worth area and eastern Oklahoma.
However, some roadkill likely does occur in this area, but possibly at a
lower rate than in the more southern areas of the Central Funnel.
Further research and field surveys are needed to verify roadkill rates
outside of our survey area in the southern and northern parts of the
Central Funnel. Additional data may allow effective use of roadkill
density models, rather than presence only MaxEnt models used in this
study. Roadkill density models can better reveal regional roadkill pat-
terns useful in refining projections, especially for northern Mexico
where roadkill could be much higher than in Texas. Roadkill field
surveys from other parts of the autumn migration pathways could im-
prove estimates for the total impact of roadkill on the monarch popu-
lation.

4.2.2. Factors affecting roadkill

MaxEnt projections of monarch roadkill within the Central Funnel
were generally associated with more arid climate and less densely po-
pulated areas (Fig. 3). These conditions generally describe those for the
seven previous monarch roadkill hotspots reported from Texas and
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Mexico, with the possible exception of the roadkill hotspot in the vi-
cinity of Monterrey, Mexico (Fig. 4). This could be related to a variety
of factors. For example, autumn migrating monarchs have been ob-
served to spend additional time flying lower to the ground during the
afternoon in desert areas, perhaps to seek shelter from the heat or find
nectar (Journey North, 2018). Monarchs may need to spend more time
searching for nectar in arid environments, although this has not been
evaluated. Finally, the increased roadkill rates may simply reflect the
increased number of monarchs in more southern areas of the Central
Funnel. This southern locality factor cannot be associated with most of
the predictors, with the exception of latitude, but it may have the
highest influence. Local climate, weather patterns, and geography af-
fect monarch movement and behavior, and they all are likely important
contributors to road mortality. Wind patterns (direction, duration, and
speed) may especially be more important than anthropogenic factors,
but short-term weather events could not be incorporated in the models.
Occurrence of these weather events is also highly variable and difficult
to predict.

Traffic volume has been noted as one of the most important vari-
ables in previous roadkill studies (Bennett, 2017). Traffic volume
ranked high in importance in our preliminary roadkill models, but we
found that model accuracy (AUC) was not significantly affected by its
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removal. Other variables that were correlated with traffic volume likely
compensated for its absence, including human population density, ar-
tificial surface cover, distance to urban areas (km to population = 300/
km?), and road density. In our models including traffic volume, the
highest roadkill was associated with fairly low AADT values, similar to
the study by McKenna et al. (2001). In general, higher roadkill has been
associated with higher traffic volume due to increased probability of
vehicle collisions (Seiler and Helldin, 2006; Skérka et al., 2013).
Samways (1994) suggested that roads with high traffic volume serve as
corridors for high butterfly mortality. In our study, low traffic volume,
along with related anthropogenic variables, is correlated with locations
of monarch roadkill hotspots, but may not be directly related to the
roadkill mortality. As the human population grows, traffic volume
should increase, including in the lower traffic volume monarch roadkill
hotspot areas, likely leading to higher roadkill rates (Bennett, 2017).

4.2.3. Spatial and temporal variation

Over 70,000 monarch roadkill were estimated in the Sonora to
Sheffield, Texas hotspot in 2016, compared to about 5000 in 2017. This
illustrates the high spatio-temporal variability of roadkill and the po-
tential contribution of hotspots to the monarch road mortality. The
timing of our field surveys relative to the peak migration in those years
may have varied among transect locations and years, which could have
influenced our results. If peak migration occurred after our field surveys
in one or both years, we may have underestimated roadkill numbers.
For example, the autumn migration in 2017 was later than usual due to
unusually hot summer (Agrawal and Inamine, 2018). Few other studies
have identified roadkill hotspots for butterflies (but see Samways, 1994,
Her, 2008). Monarch roadkill hotspots may vary from year to year and
may be difficult to locate or may not occur in some years.

We observed much higher monarch road mortality during autumn
migration than in the spring (Fig. A.1), indicating that seasonality is a
factor contributing to monarch roadkill rates. However, the monarch
spring migration is more spatio-temporally dispersed making compar-
isons difficult. Temporal variability can occur between years, within the
migration phase, or even within a day. For example, monarch behavior,
such as flying low in the mornings (McKenna et al., 2001), probably
affects the risk of roadkill at different times of day. Temporal patterns
affecting monarch roadkill should be investigated further. Other sam-
pling methods may be effective in detecting additional roadkill hot-
spots, such as adaptive cluster sampling, which was developed for in-
ventorying scattered and clustered phenomena (Thompson, 1990).
More frequent samples in a given location can also be critical for de-
tecting roadkill hotspots (Santos et al., 2015).

4.3. Implications and impacts in relation to monarch conservation

4.3.1. Autumn migration mortality

Butterfly roadkill is a density independent mortality factor
(Rodewald and Gehrt, 2014) with the incidence of roadkill being sub-
ject to high variability. Consequently, roadkill percentage of the mi-
grating population is very unpredictable in any given year. We esti-
mated a conservative annual percentage of migrating monarchs subject
to road mortality in the Central Funnel by dividing a roadkill estimate
by the sum of overwintering populations and roadkill estimate (over-
wintering cohort). The size of the overwintering populations is calcu-
lated by multiplying the hectares of roosting monarchs at the Mexican
overwintering sites from Renddn-Salinas et al. (2018) by the value of
21.1 million monarchs per ha suggested by Thogmartin et al. (2017).
Based on these amounts, the estimated annual roadkill rates from our
combined years of 2016-2017 MaxEnt models in the Central Funnel
represent an average of 2.8% (2.1 million) of the overwintering cohort.
In 2016, roadkill within the Central Funnel may have represented about
4.0% of the overwintering cohort (Table 1). The corresponding roadkill
for 2017 ranges from 1.5% to 1.8% of the overwintering cohort. In
contrast, the projection of 500,000 road-killed monarchs by McKenna
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et al. (2001) in Ilinois during one week in 1999 represents only 0.26%
of the overwintering cohort that year (191 million, 9.05 ha), indicating
potentially lower roadkill rates for areas north of the Central Funnel in
some years.

The actual monarch population decline within a given year can be
much higher than the differences in overwintering cohort sizes from
year to year, since it includes the unknown quantities of butterflies
recruited, or not recruited due to habitat loss, during spring and
summer breeding. Mortality at the Mexican overwintering sites due to
occasional winter storms can produce very high mortality, estimated at
around 75% in 2002 (Brower et al., 2004) and > 40% in 2016 (Brower
et al,, 2017). Average monarch overwintering mortality is around
36% *+ 21% (n = 7; range 4-55%) based on data from Ries et al.
(2015b; see their Fig. 24.7). Lowered recruitment due to loss of milk-
weed habitat has been identified as the primary factor in monarch
population declines (Pleasants, 2017; Thogmartin et al., 2017), with
losses of milkweed resources in Iowa estimated at 76% from 1999 to
2014 (Pleasants et al., 2017). Other studies place more importance on
mortality during the autumn migration in the decline of monarchs
(Badgett and Davis, 2015; Inamine et al., 2016; Agrawal and Inamine,
2018). Consequently, it is complex to evaluate the relative importance
of roadkill to other factors in the monarch population decline, but it is
probably lower compared to the factors of milkweed habitat loss and
overwintering mortality. Northward expansion of the monarch summer
breeding range is anticipated with climate change (Batalden et al.,
2007; Lemoine, 2015), making the southward autumn migration route
even longer, increasing both exposure to traffic and associated road
mortality (Badgett and Davis, 2015). Monarch roadkill during autumn
migration should be further evaluated in the context of other mortality
factors along the migration path (Baxter-Gilbert et al., 2015).

Brower et al. (2012) fitted an exponential decline curve to the es-
timated monarch overwintering populations (ha) in Mexico from 1995
(winter 1994-1995) to 2011 (P = 0.015, R? = 0.336). Inclusion of
seven additional years of data through 2018 (Vidal and Rendé6n-Salinas,
2014; Monarch Watch, 2018b) strengthens fit of an exponential curve
(y = ae®™ Fig. 5) (P = 0.0009; adjusted R? = 0.486; ZunZun.com,
2018). A concave exponential curve represents the most serious form of
species population decline, indicating constant proportional negative
pressure on the population (Di Fonzo et al., 2013). A standard geo-
metric population growth curve, fit to the modeled exponential curve,
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Fig. 5. Annual monarch population in hectares in Mexican overwintering sites
from 1995 to 2018 (original data, black circles; Vidal and Rendén-Salinas,
2014; Monarch Watch, 2018b) with fitted exponential curve, y = ae®™ (adjusted
R? = 0.49; P = 0.00009; blue diamonds), and corresponding geometric popu-
lation growth equation curve, P, = P,(1 + r/n)™, where P, is the final hectares
(2.11), P, is the initial hectares (11.79), t is the number of years (23), n is the
number of sub-periods (1), and r is the population growth (or declination) rate
(derived population declination of 7.21% per year; open red circles). Fifteen
years to restore 6 ha of overwintering monarchs based on totally reversing the
current decline to 7.21% growth per year (gold triangles). (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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reveals an average — 7.21% annual population decline over the last
23 years associated with an overall 82% population reduction (for de-
tails, see Appendix A, section 8). In comparison, a fitted exponential
curve until 2011, as used by Brower et al. (2012), yielded a slightly
lower annual decline rate of 6.46%. The updated results indicate that
the decline rate may have increased or at least has not slowed down.
Continuance of the 7.21% rate of decline would result in an average of
0.24ha of overwintering monarchs occurring in 29years (by
2046-2047), greatly increasing the chance of extirpation of eastern
migrating monarchs by an extreme winter storm mortality event as the
overwintering population crosses below the 0.25ha quasi-extinction
threshold (Semmens et al., 2016). A total reversal of the 7.21% annual
monarch decline, coupled with an annual 7.21% population increase
(net change 14.4%), would be needed to restore the size of the over-
wintering population to current conservations goal of six hectares
(Thogmartin et al., 2017) over the next 15years. A 0.5% annual re-
duction in migrating monarch mortality through roadkill mitigation
could significantly contribute to a reversal in the long-term 7.2% an-
nual exponential decline in monarch populations (Fig. 5).

4.3.2. Roadkill mitigation

While some major factors in the monarch decline are difficult to
reduce, such as overwintering mortality, the opportunity for reducing
road mortality is possible through roadkill mitigation (see Rytwinski
et al. (2016) for a review on mammal roadkill mitigation). The poten-
tial ability to locate re-occurring monarch roadkill hotspots could fa-
cilitate more effective mitigation. Scattered and unpredictable monarch
roadkill would be more difficult to mitigate. A variety of roadkill mi-
tigation measures have been implemented for danaine migratory but-
terflies. In Taiwan, a four-meter high net was placed along a 400 m
section of bridge on National Freeway 3 to successfully induce spring
migrating purple crow butterflies (Euploea spp.) to fly over and above
the traffic, reducing on site roadkill from around 2.5% to 0.5%. In
addition, an outer traffic lane was closed when > 500 butterflies per
minute were crossing (Her, 2008; Taiwan EPA, 2010). In response to
heavy autumn migratory monarch roadkill observed in Coahuila state
of Mexico, traffic signs were posted in 2015 limiting the maximum
speed to 60km per hour (37 mph) in the presence of monarchs
(Miranda, 2015). Police have been observed slowing traffic in Nuevo
Leon state in Mexico to reduce monarch mortality along a highway
south of Monterrey (Dr. Orley R. Taylor, personal communication).
Additional research is needed to test and assess the effectiveness of
these types of butterfly roadkill mitigation strategies for monarch
roadkill hotspots in west Texas and Mexico.

5. Conclusions

Our study represents a novel approach for projecting roadkill of a
migratory insect through ecological niche modeling. Annual monarch
roadkill rates during autumn migration varied substantially. We found
close agreement between two methods of estimating monarch roadkill
rates, simple extrapolation by road type and MaxEnt roadkill model
projections. We project about 1.0 to 3.6 million road-killed monarchs
per year during autumn migration over the Central Funnel, which could
represent 2-4% of the Mexican monarch overwintering population.
MaxEnt model roadkill projections also aligned with several previously
known monarch roadkill hotspots, which suggests MaxEnt models could
be used to identify additional monarch roadkill within the Central
Funnel. Roadkill rates may differ throughout the Central Funnel com-
pared to those observed in the Texas survey area, and should be further
investigated. Monarch road mortality should also be investigated along
the Coastal Funnel, especially from Texas to Mexico. We recommend
more detailed investigation into the spatial and temporal variability in
monarch road mortality in the Central Funnel, including how local and
short-term weather events, especially related to wind, influence mon-
arch roadkill hotspots. With the new information on monarch road
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mortality in the Central Funnel, conservation efforts could be im-
plemented to mitigate mortality at monarch roadkill hotspots. Reducing
roadkill rate over the Central Funnel for the eastern monarch popula-
tion is as an important step towards reversing the continuing decline of
this iconic butterfly.
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