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ABSTRACT 

Wildlife Habitat Use in Agriculture-Dominated Landscapes 

Theresa Nogeire 

 

Conservation practitioners are increasingly looking to agricultural landscapes as 

potential habitat or movement areas for wildlife.  Use of human-dominated 

landscapes for conservation is likely to increase as pressures from land use and 

climate change grow.  A better understanding of wildlife use of agricultural lands is 

necessary if they are to be incorporated in conservation plans.  My research addresses 

wildlife use of agriculture-dominated landscapes in California.  In Chapter 1, I 

examine how a quantitative assessment of wildlife-habitat relationships can be used 

to predict impacts of land use change, using changes associated with biofuel 

production in California as a case study.  I determined that the California Wildlife 

Habitat Relationship (CWHR) database systematically underestimates the value of 

agricultural habitats for wildlife, and I therefore updated the CWHR with extensive 

information compiled from literature and from interviews with California wildlife 

researchers and managers.  The modified CWHR database correlated with field 

observations of birds across the state, indicating that the database has sufficient 

accuracy to be useful in predicting impacts of land use change. 

     In Chapter 2, I narrowed my focus to one agriculture-wildlife system: avocado 

orchards used by mammalian carnivores.  I used remote-triggered cameras to 

document use of avocado orchards by mammalian carnivores, and found that most 
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local carnivore species use orchards, and that avocado orchards are positively 

associated with number of detections of bobcats, gray foxes, and coyotes. 

     In Chapter 3, I examined individual movement data from four GPS-collared 

bobcats.  I used compositional analysis methods to compare habitat selection and 

found that bobcats chose orchards more than would be expected based on their 

availability in the landscape.  Next, I quantified movement rates in orchards versus 

other land use types and found that these animals move slowly through avocado 

orchards and at similar rates as in woodland and scrub vegetation, suggesting that 

avocados function as habitat on par with natural habitats.  I used data on habitat 

selection and relative rates of movement to parameterize a connectivity model across 

the study region, and found that differentiating cropland from orchards changed the 

areas where animals were expected to move. 



vii 

 

TABLE OF CONTENTS 

 

Introduction………………………………………………………………….. 1 

Chapter 1:  Predicting impacts to wildlife of land use change for biofuel production 

Introduction… ………………………………………………………….. 8 

Methods………………………………………………………………… 13 

Results………………………………………………………………….. 22 

Discussion……………………………………………………………… 34 

Chapter 2: Does landscape context impact carnivore use of avocado orchards?  

Introduction… ………………………………………………………….. 39 

Methods………………………………………………………………… 41 

Results………………………………………………………………….. 48 

Discussion……………………………………………………………… 55 

Chapter 3: Bobcat use of orchards alters connectivity assessment 

Introduction… ………………………………………………………….. 59 

Methods………………………………………………………………… 61 

Results………………………………………………………………….. 72 

Discussion……………………………………………………………… 81 

Conclusions……………………… ……………………………………………. 85 

 

Works Cited……………………………………………………………………  91 

 

Appendix A: Original and modified CWHR…………………………………… 97 

Appendix B: List of wildlife experts consulted ……………………………….. 104 

Appendix C: Validation of count data with predicted suitability………………      105 

Appendix D: Crop suitability plots by species………………………………….  107 



viii 

 

LIST OF FIGURES 

 

Figure 1.    Major California agroecosystems ………………………………….. 13 

Figure 2.    Methods for determining habitat suitability along BBS routes .…… 21 

Figure 3.    Mean of suitability scores for each agroecosystem ……………….. 23 

Figure 4.    Suitability for Burrowing Owls ………….…………………………… 24 

Figure 5.    Suitability for Western red bats ……………………………………… 25 

Figure 6.    Suitability for Red-winged Blackbirds ………………………………. 26 

Figure 7.    Changes from converting grains to grass hayfields or alfalfa to corn… 28 

Figure 8.    Predicted versus actual suitability: Imperial Valley …………………. 30 

Figure 9.    Area in each crop type along BBS routes by year …..………..…… 31 

Figure 10.  Habitat suitability versus abundance ……………………………… 33 

Figure 11.  Orchard on a steep slope surrounded by scrub vegetation ………... 41 

Figure 12.  Study sites in Santa Barbara and Ventura counties ……………… 42 

Figure 13.  Camera sites placed in and near orchards in Ventura County …… 46 

Figure 14.  Mean camera indices of three most common species …………….. 51 

Figure 15.  Map of the Orange County study area ……………………………. 60 

Figure 16.  Land cover map of study area………………………………………      62 

Figure 17.  BBMM-based method for determining utilization distribution ….. 66 

Figure 18.   Brownian Bridge movement model versus fixed kernel method ……. 67 

Figure 19.  Movement rates of bobcats ………………………………………… 73 

Figure 20.  Compositional analyses ……………………………………………. 75 

Figure 21.  Connectivity across the Orange County study area…………….… 78 

Figure 22.  Changes in connectivity ………………………….………………. 80 

 



1 

 

INTRODUCTION 

 

     As pressures from land use and climate change grow, conservation practitioners 

are increasingly looking to agricultural landscapes as potential habitat or movement 

areas for wildlife.  These pressures are urgent, but if we are to incorporate agricultural 

lands into our conservation plans, a better understanding of wildlife use of these lands 

is necessary.  Agriculture is a leading driver of habitat loss (Daily et al. 2003), 

including in Mediterranean ecosystems such as coastal southern California (Sala et al. 

2000).  California is a biodiversity hotspot (Conservation International 2010) and is 

also a major agricultural producer; 29% of the land in California is used for 

agriculture (9% in cropland, including 23,500 hectares of avocado orchards; the rest 

in pasture and rangeland) (University of California Agricultural Issues Center 2009, 

CAC 2010).   

     But agricultural landscapes may be managed so that they retain value for wildlife.  

Agricultural landscapes support many native species, and the degree to which 

agricultural lands support native diversity depends on both the intensity of agriculture 

(Philpott et al. 2008; Flynn et al. 2009) and its configuration in the landscape (Benton 

et al. 2003; Daily et al. 2003; Hilty and Merenlender 2003).  In general, less 

intensively managed landscapes have more heterogeneity, which in turn increases the 

value of the habitat for wildlife (Benton et al. 2003).  The presence of unharvested 

field margins, hedgerows, and shelterbelts also increases the habitat value for wildlife 

(Flynn et al. 2009, Estrada et al. 1994).   
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     Many species persist and even thrive in agricultural landscapes, and more still use 

agricultural lands to move from one patch of suitable habitat to another.  Nearly half 

(46%) of the terrestrial vertebrate species in California use the state’s agricultural 

lands, including 37% of protected species, 64% of birds, 47% of mammals, 21% of 

reptiles, and 30% of amphibians (Brosi et al. 2006).  Agricultural land tends to be 

more valuable for feeding and cover needs of these species than for reproduction 

(Brosi et al. 2006).  With rare exceptions for some pest species, we do not know 

much about wildlife use of agricultural lands.  Wildlife may forage directly on crops, 

drink irrigation water, forage on crop residues, forage on insects and small mammals, 

or take cover in fields or field margins.  Some of these species are considered pests by 

growers, but most are either only mildly detrimental, neutral, or even beneficial (e.g., 

pest management or pollination).  Some growers, however, are increasingly 

concerned about contamination by fecal matter, and have been purposely 

discouraging all wildlife from using their lands, including field margins (Beretti and 

Stuart 2008).  Despite this trend, there may be great potential for California 

agriculture to positively influence wildlife conservation.   

     In contrast to the traditional focus on preserving species only in their natural 

habitats, and particularly in reserves, there is growing interest among conservation 

practitioners in conserving species in lands managed for food, fiber or mineral 

production (i.e., ―working landscapes,‖ sensu Daniels 2000).  Conserving and 

restoring connectivity between wild lands continues to be a conservation priority, and 

will most likely become even more important as a primary climate change adaptation 



3 

 

strategy (Heller and Zavaleta 2009).  The role of agricultural lands for habitat or for 

connectivity, however, is poorly understood.  Movement through agricultural lands is 

particularly important for habitat generalists such as mammalian carnivores: these 

animals have large home ranges, and often are found in agricultural landscapes.  By 

recognizing that some agricultural lands function as habitat for mammalian 

carnivores, we can use this land resource for conservation and manage it for wildlife 

safety.  This subject will become increasingly important as agricultural systems 

continue to expand and intensify globally and as protected areas become more 

isolated. 

* * * * * 

     My research examines the dynamics and habitat selection of wildlife populations 

in agricultural landscapes, and the role agriculture plays for wildlife persistence and 

movement.  I focus on two lines of research.  First, I examine how wildlife-habitat 

relationships can be used to assess impacts of land use change, using changes 

associated with biofuel production in California as a case study.  A large proportion 

of California’s agricultural lands will likely be converted from food crops to crops 

grown for biofuels, potentially affecting hundreds of wildlife species that use 

agricultural lands in California.  In this project, I first asked how California’s wildlife 

species are using agricultural landscapes.  If we replace large areas of currently grown 

crops with crops grown for biofuels, including corn, sweet sorghum, Bermuda grass, 

reed canary grass, sugar beets, and safflower, what will happen to California’s 

wildlife?  Are the existing tools, including the California Wildlife Habitat 
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Relationship database (CWHR; California Department of Fish and Game), accurate 

for wildlife in agricultural habitat types?  I first refined the CWHR database using a 

literature review and expert interviews, and then validated the CWHR database’s 

accuracy using data from the Breeding Bird Survey (BBS) and a survey in the 

Imperial Valley.  Finally, I used this information to assess which changes in crop 

types would most affect wildlife species in California. 

     I determined that the CWHR database systematically underestimates the value of 

agricultural habitats for wildlife.  I updated the CWHR database with extensive 

information I compiled from the literature and from interviews with California 

wildlife researchers and managers.  Next, I assessed whether this data correlates with 

field observations using two sets of observations of birds.  Using data from a survey 

by the Imperial Irrigation District, I found that suitability in the original CWHR 

database does correlate with birds observed in agricultural fields for 4 bird species 

and 3 crop categories.  The second set of observations is the BBS.  I used data for the 

entire state of California for birds observed along routes for the seven years for which 

I had detailed land use data. 

    In chapter 2, I narrow my focus to one agriculture-wildlife system: the use of 

avocado orchards by mammalian carnivores.  Avocado is a common crop in southern 

California and avocado orchards create surprisingly high quality habitat for 

carnivores.  Avocados thrive on steep slopes, so orchards are frequently situated in 

the hills adjacent to wild lands.  Avocado orchards are structurally similar to oak 

woodlands, which they frequently replace, and they are not as intensively managed as 
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many row crops.  These characteristics, along with the exceptional nutritional value 

of the avocado fruit, leads to diverse wildlife assemblages in the orchards relative to 

other crops.  Avocados are a rich source of food for a variety of omnivores (including 

black bear, coyote, gray fox, raccoon, skunk, and domestic dogs) and the orchards are 

also used by bobcats and mountain lions (Borchert et al. 2008).  Orchards can affect 

carnivores in many ways, including the provision of food subsidies and denning 

structures, and exposure to risks (poisons, roads, domestic dogs, humans with guns 

and/or traps).  Avocado orchards are heavily used by carnivores, and are probably 

attracting these species (Borchert et al. 2008).  These lands have great conservation 

potential (Brosi et al. 2006); for example, they could help buffer protected areas or 

provide connectivity.  I asked whether the position in the landscape, and specifically, 

distance to continuous wildland, amount of native vegetation in the neighborhood, 

amount of avocado orchard in the neighborhood, and amount of other agriculture in 

the neighborhood influenced the detection of mammalian carnivores at camera trap 

locations.  I used remote-triggered cameras to document use of avocado orchards by 

mammalian carnivores.  I placed the cameras at sites in avocado orchards, in natural 

vegetation near orchards, and in wildland sites within protected areas and far from 

orchards.  Then, I built a geospatial database of land use and land cover to examine 

the relationship between carnivore use of orchards and position of the orchard in the 

landscape.  All species of mid- to large-size mammalian carnivores in the study 

region except for badgers and ringtails were found in avocado orchards.  The number 

of native species was positively correlated with amount of avocado orchard near the 



6 

 

camera.  Bobcats and coyotes had similar patterns of occurrence in terms of landscape 

variables. 

     Camera trap data record when animals visited certain sites, but not how they use 

those sites.  I address this question in my third chapter.  I hypothesized that bobcats 

were positively selecting avocado orchards within their home ranges compared to the 

amount of orchards available on the landscape.  I also asked how quickly bobcats 

moved through avocado orchards compared to other land uses.  Finally, I used habitat 

selection and movement rate analysis to parameterize a movement model for bobcats 

across the study area, and compared that to a ―business-as-usual‖ approach where 

orchards and other croplands are lumped together and given a low value for 

permeability compared to natural habitats.  To answer these questions, I examined 

individual movement data from four bobcats that were collared and tracked by USGS 

scientists (who generously allowed me to analyze their data for this project).  I used 

compositional analysis methods to compare habitat selection ratios and found that 

bobcats chose orchards more than would be expected based on their availability in the 

landscape.  Next, I quantified movement rates in orchards versus other land use types 

and found that these animals move quickly through avocado orchards, and at similar 

rates as in woodland and scrub vegetation, suggesting that avocados function as 

habitat on par with natural habitats.  I used these data on habitat use across urban-

agricultural-wildland gradients in modeling landscape connectivity with the 

Circuitscape model (McRae et al. 2008).  Circuitscape equates an organism’s 

movement though the landscape to electrical current passing through a network of 
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circuits of varying resistance.  I found that assigning resistances based on habitat 

selection and movement rates instead of existing wildlife-habitat relationship models 

caused more current to move through orchards and less through cropland, which 

shifted modeled connectivity routes across the landscape.   

* * * * * 

     Wild animals can and do use agricultural landscapes, depending on the 

configuration and heterogeneity of the landscape, and on the structure, management, 

and type of the crops themselves.  My research illustrates that wildlife uses crops and 

agricultural landscapes more than is generally expected.  This has important 

implications as conservation plans increasingly focus attention on managing for 

wildlife persistence in and connectivity through agricultural landscapes.  
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CHAPTER 1:  PREDICTING IMPACTS TO WILDLIFE OF LAND USE 

CHANGE FOR BIOFUEL PRODUCTION 

 

Introduction 

     The U.S. will experience large amounts of land use change in association with new 

targets for biofuel production (McDonald et al. 2009), and California’s farmland will 

certainly be affected.  California is rich in both agricultural habitats and species that 

use these habitats.  Nearly half of the terrestrial vertebrate species in California use 

agricultural lands, and populations of these species could be affected by large-scale 

land use change.  Growing sufficient biofuel feedstock to meet national (2007 Energy 

Independence and Security Act) or state targets would transform and occupy a large 

amount of land: more than any other energy production (McDonald et al. 2009).  

Markets for biofuel might make marginal, undisturbed, and fallowed lands attractive 

for conversion to energy crops, and cultivating these lands could be detrimental for 

many wildlife species (e.g. Meehan et al. 2010).  If production were changed from a 

food crop to a biofuel energy crop, however, the effects on wildlife species would be 

harder to anticipate. 

     Converting from current crops to biofuel crops could have either detrimental or 

beneficial effects on wildlife, depending both on the crops involved and the wildlife 

species.  In California, several crops have been identified as candidates for large-scale 

biofuel production: sugar beets, grains (including sweet sorghum and corn), oilseed 

crops (including safflower and canola), high-density grasses (including bermudagrass 
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and reed canary grass), and sugar cane (Kaffka 2009).  The relative values of these 

crops to wildlife are poorly understood. 

      Many factors affect the value of agricultural lands for wildlife.  Fargione et al. 

(2009) outline several factors in biofuel production which will affect the habitat 

value, including changes in plant structure (e.g., annual versus perennial herbs, 

grasses versus forbes, shrubs, or trees), water use, pesticides, prevalence of invasive 

species, and timing or method of harvesting (Fargione et al. 2009).  Generally, 

although biofuel crops still require management and harvesting, they require less 

fertilizer and irrigation than other row crops (Bies 2006).  Many biofuel crops are 

high-density grasses similar to hayfields or grain crops, and these are the agricultural 

habitats that support the most wildlife species (both protected and non-protected) in 

California (Brosi et al. 2006). 

     Learning how to protect the needs of wildlife while meeting society’s need for 

low-carbon energy will require a better understanding of wildlife use of agricultural 

habitats associated with biofuel crops.  All wildlife species have specific habitat 

requirements for breeding, cover, and feeding.  These requirements can be met in 

different types of habitats.  For instance, a species may nest in woodland but feed in 

neighboring farm fields.  Switching to biofuel crops can affect any of these three 

requirements, either positively or negatively.  For example, converting a tomato field 

to a dedicated energy grass may improve the suitability of the site for feeding for 

seed-eating birds and rodents, but reduce the suitability for cover and feeding for 

species which require more visibility for hunting. 
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     An important tool in California is the California Wildlife Habitat Relationships 

(CWHR), a state-of-the-art information system about California's wildlife 

(http://www.dfg.ca.gov/biogeodata/cwhr/).  CWHR, developed and maintained by the 

California Department of Fish and Game, contains habitat relationships and 

geographic ranges for 695 vertebrate species known to occur in the state.  The core 

feature of CWHR is a set of habitat suitability ratings summarized in a species-by-

habitat matrix (Table 1).  CWHR uses expert opinion to rate each habitat type as high, 

medium, low, or unsuitable for reproduction, cover, and feeding needs.  CWHR 

classifies vegetation cover into 59 habitat types, including eight agricultural types.   

 

Table 1.  Definition and value of habitat suitability rankings (California Department 

of Fish and Game - California Interagency Wildlife Task Group 2008). 

 

Habitat 

suitability 

level 

Definition 
Suitability 

index value 

High 

habitat is optimal for species occurrence; habitat can 

support relatively high population densities at high 

frequencies 

1 

Medium 

habitat is suitable for species occurrence; habitat can 

support relatively moderate population densities at 

moderate frequencies 

0.67 

Low 

habitat is marginal for species occurrence; habitat can 

support relatively low population densities at low 

frequencies 

0.33 

Unsuitable 

habitat stage is unsuitable for species occurrence, and 

the species is not expected to reliably occur in the 

habitat 

0 

 

Habitat types are further divided into size classes (i.e., height of canopy) and cover 

classes (i.e., percent canopy closure).  The suitability ratings are assigned to each 

http://www.dfg.ca.gov/biogeodata/cwhr/
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combination of type/size/cover or ―stages‖ (Mayer and Laudenslayer 1988 and 

updates at http://www.dfg.ca.gov/biogeodata/cwhr/wildlife_habitats.asp).  The 

agricultural habitat types are general and were not rated specifically with biofuel 

crops in mind.  For example, sugar beets are included in the Irrigated Row and Field 

Crop type, along with cotton, strawberries, tomatoes, and lettuce. 

     Recently, Stoms et al. (2011) used a novel approach based on these CWHR 

suitability rankings to analyze effects of biofuels scenarios based on agroeconomic 

models on wildlife.  They found that when biofuels (canola, safflower and 

bermudagrass) were sited to minimize the loss of wildlife habitat, only small 

increases in cost of production resulted.  Little is known, however, about the accuracy 

either of the database in agroecosystems or whether these wildlife-habitat 

relationships can be used to predict occurrence.  The accuracy of the CWHR has been 

considered for natural systems: for example, Garrison et al. (2000) compared CWHR 

habitat maps with county bird lists and found predictions were between 73 and 89% 

accurate (depending on the season).   I did not find any studies specifically 

considering the accuracy of CWHR at predicting wildlife occurrence in agricultural 

habitats.   

     This chapter focuses on an analysis of CWHR as a tool for use in predicting 

effects of large-scale changes and for evaluating future scenarios.  To find out which 

biofuel crop types are ―best‖ for wildlife, and which changes in crop types will most 

impact wildlife, we first need to answer the following questions: 

 How effective is the California Wildlife Habitat Relationship (CWHR) 
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database at describing agricultural habitats? 

 Can the CWHR suitability rankings be used to predict bird count data? 

     To answer these questions, I updated the expert ratings in CWHR for biofuel-crop 

habitat types for a subset of species to determine if these biofuel crops are of 

substantially different suitability than their more general habitat type, and tested the 

accuracy of these suitability ratings against field observations of breeding birds.  I 

selected a representative sample of terrestrial vertebrate species (hereafter ―focal 

species‖) ranging from common to endangered, locally distributed to continent-wide 

distribution, and carnivores to herbivores.  Next, I reviewed the literature and 

interviewed experts about the use by these focal species of habitat types associated 

with potential biofuel crops.  When information warranted, I revised the species-

specific CWHR habitat suitability ratings and also added specific biofuel-crop habitat 

types.  As a test of the accuracy of the CWHR models I compared observed 

abundance of 8 bird species as documented in the Breeding Bird Survey (BBS) with 

mapped habitat suitability over the period 1999 to 2007, and compared observed 

abundance in crop fields in the Imperial Valley with suitability rankings for those 

fields.  I also compared the predictive power of the BBS along routes which included 

agriculture versus those that did not. 
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Methods 

Study Area 

     The most important growing regions in California are the Central Valley 

(composed of the San Joaquin and Sacramento Valleys), the Salinas Valley, and the 

Imperial Valley (Figure 1).  I considered natural habitats, orchards and vineyards in 

addition to other agriculture in my analysis of BBS bird counts using current CWHR 

ratings.  I confined my review of the CWHR system to cropland and pasture habitats, 

however, because these are the habitats most likely to be converted to biofuel crop 

production. 

 

 

Figure 1.  Major California agricultural zones (from Stoms et al. 2011). 
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Literature review and expert interviews 

     I identified a list of focal species (Table 2) designed to represent a range of 

characteristics and management concerns:  

 Distribution: local, endemic, statewide, continent-wide; and locally common 

versus rare throughout range 

 Management: species of conservation concern, hunting interest 

 Taxonomic groups 

 Functional groups (e.g. wading birds, fossorial animals, granivores, 

insectivores, ground-nesters) 

 Species that do not use crops but occur in grassland habitats that could be 

converted to biofuel production (California tiger salamander, Grasshopper 

Sparrow). 

 

     I interviewed experts and did a literature search to compile current knowledge of 

how the 32 focal species associate with relevant agricultural ecosystems in California.  

I prioritized California-specific information, although I also incorporated data from 

the Midwest (where more research has been done on wildlife in agriculture, and in 

biofuel crops in particular) when the same or closely related species used crop types 

relevant to California.  When little or no information was available, I also considered 

data from closely related species.  To identify experts, I started with recognized 

experts in California agroecosystems, and then asked at the end of each interview 

who else I should contact.   

     For the literature search, I did broad searches:   

TS=((wildlife OR biodiversity OR vertebrate OR bird OR mammal OR reptile OR 

amphibian) AND California AND (habitat OR use OR abundance) AND (biofuel* 

OR bioenergy OR agricultur*  OR corn OR safflower OR beet* OR sorghum OR 

sugar OR canola OR "bermuda grass" OR "reed canary grass" OR switchgrass)); 
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Table 2.  Focal species chosen to represent a range of ecological characteristics and 

management concerns. 

 

Common name Latin name 

California tiger salamander Ambystoma californiense 

California slender salamander Batrachoseps attenuatus 

Western toad Bufo boreas 

Western pond turtle Actinemys marmorata 

Blunt-nosed leopard lizard Gambelia sila 

Gopher snake Pituophis catenifer 

Giant gartersnake Thamnophis gigas 

White-faced Ibis Plegadis chihi 

Mallard Anas platyrhynchos 

Cinnamon Teal Anas cyanoptera 

White-tailed Kite Elanus leucurus 

Northern Harrier Circus cyaneus 

Ring-necked Pheasant Phasianus colchicus 

California Quail Callipepla californica 

Long-billed Curlew Numenius americanus 

Burrowing Owl Athene cunicularia 

Western Bluebird Sialia mexicana 

Grasshopper Sparrow Ammodramus savannarum 

Red-winged Blackbird Agelaius phoeniceus 

Tricolored Blackbird Agelaius tricolor 

Western Meadowlark Sturnella neglecta 

California myotis Myotis californicus 

Western red bat Lasiurus blossevillii 

Brazilian/Mexican free-tailed bat Tadarida brasiliensis 

California ground squirrel Spermophilus beecheyi 

California kangaroo rat Dipodomys californicus 

Hispid cotton rat Sigmodon hispidus 

California vole Microtus californicus 

San Joaquin kit fox Vulpes macrotis mutica 

Gray fox Urocyon cinereoargentinus 

Bobcat Lynx rufus 

Mule deer Odocoileus hemionus 
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and also combined agricultural, biofuel, and specific crops with each species name 

(common and Latin):  

 

TS=("species name inserted here" AND (biofuel* OR bioenergy OR agricultur* 

OR cropland OR corn OR safflower OR beet* OR sorghum OR sugar OR canola 

OR "bermuda grass" OR "reed canary grass" OR switchgrass)). 

 

I proposed changes to the original CWHR if I found compelling evidence to change 

suitability ratings based on the literature review and interviews with wildlife experts 

for the 32 focal species.  Compelling evidence from experts included expert opinion 

and the experts’ direct observations.  Compelling evidence from the literature 

included surveys and habitat selection studies which quantified or compared use of 

different habitat types, or counts of the species in agroecosystems.  The proposed 

changes were then reviewed a second time by the panel of wildlife experts, and the 

updated and revised ratings formed the ―modified California Wildlife Habitat 

Relationship (mCWHR) database.‖ 

 

Addition of biofuel crop habitat types 

     I added three new habitat types that are subcategories of existing CWHR 

agricultural habitat types and which are being considered for biofuel production in 

California: corn, sweet sorghum, and high-density hay grasses (Kaffka 2009).  I 

searched the literature but did not find sufficient information to separate sugar beets 

from other row crops or oilseed crops from other grains.  Sugar cane is currently 

grown in the Imperial Valley on a small scale and could be grown as a biofuel, but I 
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did not consider it in this analysis. 

     I assigned suitability ratings for each new crop type based on the existing CWHR 

type from which it was derived, and then made changes to these values as I found 

more information on specific crops.  Corn and sweet sorghum are members of the 

―irrigated grain crop‖ category of the current CWHR.  Several potential high-density 

hay grasses (Panicum virgatum (switchgrass), Miscanthus giganteus, Phalaris 

arundinacea (reed canary grass), Cynodon dactylon (bermudagrass)), however, are 

not currently grown for biofuel in California and do not map readily into the CWHR 

habitat types.  For these new high-density hay grasses, the closest existing CWHR 

habitat type is ―irrigated hayfield‖ whose suitability ratings are based primarily on 

alfalfa. 

 

Comparison of predictions of suitability (CWHR versus mCWHR) 

     I compared the ratings in the original CWHR to the mCWHR database.  I 

translated all suitability scores to numeric scores (Absent = 0; Low = 0.33; Medium = 

0.66, and High = 1), and used a matched-pairs t-test (JMP, SAS Inst., N.C. 2010) to 

compare each score value (each species in each habitat type).  For habitats with 

multiple stages (rice, deciduous orchard, and evergreen orchard), I used the maximum 

value for that habitat type, as in Brosi et al. (2006), because I was interested in the 

potential habitat value of a given habitat type. 
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Validating wildlife habitat suitability ratings 

     I compared the mCWHR ratings to two sources of field data for birds (no 

databases for other taxa were available).  First, I used a report on extensive field 

surveys conducted in agricultural fields for the Imperial Irrigation District (IID, ERA 

2008) for the four species and three crop types that overlapped with my study.  This 

survey was conducted by driving along transects throughout the Imperial Valley, and 

noting the number of individuals of each focal bird species, as well as crop conditions 

in the field at the time of the survey.  Report authors used a  χ² test and resulting z-

score to measure the significance of association between each species and each crop 

type.  I calculated the coefficient of determination (R
2
) between z-scores (both 

significant and non-significant) and the mCWHR ratings.   

     As a second test of the habitat ratings, I compared mapped habitat suitability to 

local abundance from Breeding Bird Survey (BBS) data.  BBS data are based on 3-

minute point counts every 0.5 miles along 25 mile routes surveyed annually by 

observers coordinated by the U.S. Geological Survey 

(http://www.pwrc.usgs.gov/BBS/, Pardieck and Sauer 2007, Sauer et al. 2007).  I 

used count data aggregated to the scale of routes, not individual stops within each 

route, for all analyses, because the count and location was only available at the route 

level for most routes.  Because the BBS is not well suited to abundance estimation for 

wading birds, shorebirds, or raptors (White and Hurlbert 2010), I limited my analysis 

to the following eight species within my list of focal species: California Quail, 

Grasshopper Sparrow, Red-winged Blackbird, Ring-necked Pheasant, Tricolored 
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Blackbird, Western Bluebird, Western Meadowlark and Burrowing Owl.  The 

Burrowing Owl was the exception to excluding raptors, because it is readily visible 

from roadsides (personal observation and S. Rothstein, U.C. Santa Barbara, personal 

communication). 

     The BBS only occurs during the breeding season, when individuals are likely to be 

more strongly tied to breeding territories.  I therefore used only suitability for 

reproduction for this analysis, and ignored suitability for foraging and cover.  First, I 

examined crop habitats and corresponding predicted suitability from 1999-2007.  

Using annual data derived from pesticide use permits on acres of each crop type in 

each 1 mi
2
 section (California Department of Pesticide Regulation), I scored the 

habitat suitability of all 226 BBS routes in the state of California - 100 that were 

selected because they included at least some agricultural land, and 126 routes that did 

not include agricultural land.  The suitability score of each route was calculated for 

each survey year. Routes were buffered by 0.25 miles, because this was the area 

nominally surveyed (Pardieck and Sauer 2007, Sauer et al. 2007).  The suitability 

scores were the area-weighted sum of the scores for the sections that were contained 

in the buffer area (Figure 2).  To control for the suitability of non-agricultural land 

cover, I also incorporated the suitability of natural and urban land covers along the 

route.   

     To determine whether any routes would provide temporal variation which could 

then be compared to temporal variation in bird counts, I tested for significant 

differences in the amount of each crop type using analysis of variance (ANOVA) 
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with each of the nine years as a category.   

    Next, I modeled species counts (Sauer et al. 2011) along routes as a function of 

predicted suitability, year, route, and species, to evaluate the ability of suitability 

scores from the mCWHR to predict species counts from the BBS.  I used a Poisson-

based model because the species count data appeared to have a Poisson distribution.  

It also appeared possible that the zeroes were inflated because they could result from 

both unsuitable habitat along a route or failure to find existing birds.  Although I 

could not determine the reason for the zero inflation from my data, I compared the 

AIC of the models with and without using a zero-inflation model to determine which 

was a better fit.  I used a zero-inflated Poisson regression analysis and modeled 

species count data as a function of the mean suitability along a given route and the 

year.  Zero-inflated models are most commonly used in econometrics (Zeileis et al. 

2008); however, they are also useful for count data in ecology (Agarwal et al. 2002).  

These models include two components: one draws from a Poisson distribution, and 

the other draws from a ―distribution‖ of a point mass at zero (Agarwal et al. 2002), 

therefore explicitly modeling the mass of zero counts (Zeileis et al. 2008).  More 

details are in Appendix C. 

     This study evaluates the predictive capability of the CWHR in agroecosystems, so 

I compared the predictive power of the suitability rankings for routes which included 

agriculture and routes that did not.   
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Figure 2.  Methods for determining habitat suitability along Breeding Bird Survey 

(BBS) routes.  Land use was mapped at the scale of 1 mile
2
 sections.  These were 

then clipped by buffered BBS routes, and an area-weighted mean was taken of the 

suitability along each route. 

                    habitat maps including agricultural habitats 

                   which were intersected by a BBS route 

                        buffered BBS route and 1 x 1 mile sections 
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Results 

Literature review and expert interviews 

     The assignments of suitability ranks for each of the focal species in the three new 

crop types, as well as the existing CWHR rankings and updates, are listed in 

Appendix A.  Although the literature search and expert interviews focused on 

suitability as a function of crop type, several management practices emerged which 

could also affect modeling of wildlife suitability in agroecosystems.  The most 

important of these were type of irrigation and management of water, pest 

management, tilling and harvest regimes, crop density, treatment of field margins and 

landscape context. 

     Using the new suitability values, I assessed the relative suitability of different 

agricultural habitat types for wildlife (Figure 3).  Average values for corn and sweet 

sorghum were lower than for the general irrigated grains category, and average values 

for high-density grass hayfield were lower than for the general irrigated hayfield 

(primarily alfalfa) category, but these differences were not statistically significant.   

     Irrigated hayfields, which are currently mostly alfalfa, had high suitability for 

many species.  If these were converted to high-density hay grasses for biofuels, we 

would expect only minor decreases in habitat value on average, but if they were 

converted to corn or sweet sorghum we could expect large decreases in suitability for 

wildlife.  Other changes between average suitabilities are smaller, but the differences 

for individual species are often more dramatic.  The Burrowing Owl, for example, 

would be negatively affected if cropland were changed from irrigated hayfields to 
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grass hayfields grown for biofuels (Figure 4).  Grain crops were unsuitable for 

reproduction and had only low suitability for feeding.  If existing grain crops were 

replaced with corn or sweet sorghum, however, these habitats would be unsuitable for 

feeding or reproduction.  If grain crops were replaced with grass hayfields, on the 

other hand, the habitat would have low suitability for reproduction and medium 

suitability for feeding. 

 

Figure 3.  Mean of suitability rankings for each agroecosystem for feeding 

and reproduction, averaged across all 32 focal species (with no suitability = 

0; low = 0.33; med = .66, and high = 1), plus and minus standard error. 
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Figure 4.  Suitability for Burrowing Owls in California agroecosystems. 

 

     Some species had suitability in only one crop type: for example, giant garter snake 

persists only in rice, and California tiger salamander, California slender salamander, 

and Blunt-nosed leopard lizard will use pasture but no other agricultural habitats 

(Appendix A).  If pasture were converted to crop production for biofuels, these 

species would lose suitable habitat.  Species such as the Western red bat will forage 

over some agriculture and will reproduce and roost in orchards (see Figure 5), so 

changes between crop types could influence these species dramatically. 
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Figure 5.  Suitability for Western red bat in California agroecosystems. 

 

     Other species, such as the Northern Harrier, the White-tailed Kite and the Red-

winged Blackbird can forage and even reproduce in many crop types (see Figure 6).  

For these species, the way crop fields are managed may be more important than crop 

type.  For example, foraging suitability for raptors will depend on crop density and on 

how growers manage rodents in these crops.  Suitability plots for all other focal 

species are listed in Appendix D. 
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Figure 6.  Suitability for Red-winged Blackbirds in California 

agroecosystems. 

 

     Finally, I looked at changes that we might expect to see if we converted existing 

crops to two example biofuels crops: corn or grass hayfields (e.g., switchgrass or 

bermudagrass).  These values depend, of course, on the baseline crops and the 

biofuels crops chosen.  These two examples illustrate the variability in effects 

depending on crop type and species (Figure 7).  

     Switching from grain crops to grass hayfields would cause gains in suitable habitat 

for feeding or reproduction for half of the focal species.  Thirteen of the thirty-two 
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species showed no change, and the remaining three showed losses of suitable habitat.  

Switching from alfalfa hayfields, which have relatively high suitability, to corn, 

would cause a loss in suitable habitat for the majority of species.  For suitability for 

each species and each crop type, see Appendix A. 

 

Comparison of predictions of suitability (CWHR versus mCWHR) 

     The majority (n=582) of habitat suitability ratings in mCWHR did not change 

from the original CWHR ratings, but 75 were uprated (e.g., a ―low‖ score was 

adjusted to a ―medium‖ score) and 47 were downrated (Table 3).  The number of 

changes was greatest for the feeding category, and the difference between the original 

and modified CWHR for categories which existed in both databases was significant 

(paired t-test, p = 0.0022), but the changes were not significant for reproduction 

(paired t-test, p = 0.71). 

     All changes to the CWHR are listed in Appendix A.  I found that a few species 

had dramatic losses or gains of suitability across the database, but for most focal 

species and in aggregate, the changes were not great (see Appendix A). 
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Figure 7. Changes expected from converting (a) grains to grass hayfields; 

and (b) alfalfa to corn. 
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Table 3.  Number of times the suitability ranking for a species was downrated, 

unchanged, or uprated for the 32 focal species (704 total rankings). 

 

  Feeding Reproduction 

Uprated: mCWHR>CWHR  45   (13%) 30    (9%) 

Unchanged 284  (81%) 298  (85%) 

Downrated: mCWHR<CWHR 23    (7%) 24    (7%) 

 

 

Table 4. Mean values for suitability for original and modified California Wildlife 

Habitat Relationship (CWHR) database for the 32 focal species (704 total rankings).  

 

 Feeding Reproduction 

CWHR 0.307 0.142 

Modified CWHR 0.353 0.152 

Test statistic for differences between 

CWHR and modified CWHR 
p = 0.71 p = 0.0022 

 

 

Validating wildlife habitat suitability ratings 

     I found a high degree of association (R
2
=0.69) between the CWHR suitability 

values (average of cover and feeding) and habitat selection for three crop types and 

four species in the IID report (ERA 2008) (Figure 8).  These four species, Northern 

Harrier, Burrowing Owl, White-faced Ibis, and Long-billed Curlew, are all species of 

concern in the Imperial Valley, and are known to use agricultural habitats. 
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Figure 8.  Relationship between habitat suitability scores from mCWHR 

modeling and habitat selection for the Imperial Valley Survey. Each point 

represents a unique species-habitat association for four bird species and 4 

habitat types. The y-axis is the value for habitat selection or habitat 

avoidance based on observations in different land use types compared to the 

availability of that land use on the landscape (ERA 2008).  Suitability scores 

from mCWHR are averaged across cover and feeding. 

 

 

    Next, I analyzed land cover and species abundance along BBS routes.  The area of 

cropland in each of the categories did not vary significantly by year (Figure 9, 

ANOVA, F[8, 12], P = 0.396).  The most common crop types, averaged across all 

routes, were row and field crops, irrigated alfalfa hayfields, and deciduous orchards. 

-4

-3

-2

-1

0

1

2

3

4

5

0 0.2 0.4 0.6 0.8 1

H
a

b
it

a
t 

S
e

le
c

ti
o

n
 S

c
o

re
 

mCWHR Score 



31 

 

 

Figure 9.  Area in each crop type along all California Breeding Bird Survey routes 

by year. 

 

    The model of species counts included predicted suitability score (averaged over all 

land uses within a route) and year (Table 5, Figure 10).  Individual models were run 

for each species because a generalized linear model including interaction terms for 

species crossed with each of the other variables was significant (see Appendix C).  

Predicted suitability was a significant term for all species, but this was a negative 

association for two species: Burrowing Owl and Western Bluebird.  Predicted 

suitability was positively associated with count data for all other species.  Route was 
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also a significant predictor of count data, and this was included in the generalized 

linear model (Appendix C) but not in the zero-inflation model.   

 

Table 5.  Suitability coefficients for each species model from zero-inflation Poisson 

regression models of count data (from the Breeding Bird Survey) as a function of 

suitability (as predicted by the California Wildlife Habitat Relationship database), 

route, and year. 

 

 

Suitability p-value 

Effect of 

suitability on 

zero inflation 

p-

value 
R

2
 

All species 0.959 <0.001 -2.27 <0.001 0.138 

California Quail 1.46 <0.001 -4.16 <0.001 0.113 

Ring-necked Pheasant 1.64 <0.001 -4.39 <0.001 0.0279 

Red-winged Blackbird 5.06 <0.001 -1.94 <0.001 0.102 

Western Meadowlark 1.02 <0.001 -2.11 <0.001 0.0453 

Grasshopper Sparrow 1.15 <0.001 -4.22 <0.001 0.187 

Burrowing Owl -1.27 <0.001 -1.32 <0.001 0.00116 

Western Bluebird -0.28 <0.001 -1.43 <0.001 0.0556 

Tricolored Blackbird 7.72 <0.001 -10.57 <0.001 0.212 

 

 

     I also considered whether the predictive power of CWHR was stronger in routes 

which did or did not include agriculture using the zero-inflated model of all species 

combined.  I found that model which predicted suitability based on CWHR values for 

non-agricultural routes had stronger fit: it had a coefficient of correlation (R
2
) of 

0.341 (compared to the model which included only agricultural routes with an R
2
 of 

0.104).  
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Figure 10. Habitat suitability as measured by habitat maps and modified CWHR 

rankings versus abundance according to Breeding Bird Survey counts.  Count values 

are averaged across all years.  Habitat suitability values are averaged across years and 

land uses along a route.   
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Discussion 

     Understanding the use of agricultural habitats by wildlife is critical for 

conservation in changing landscapes.  We can expect to see many changes between 

crop types as production of biofuels is encouraged by government policies.  These 

changes will have widely varying effects on wildlife, depending on the species of 

interest.   

     In general, we can expect wildlife to be better off in California if large areas of 

cropland are converted to grass hayfields, because grass hayfields had the highest 

average suitability for wildlife of the biofuels crops which we considered.  This also 

agrees with recommendations by Tilman et al. (2009), who suggest that growing 

biofuels on degraded former agricultural lands (such as bermudagrass grown on salt-

affected soils in California’s central Valley) is a good method for producing biofuels 

while minimizing adverse effects for wildlife and other societal goals.  Corn, on the 

other hand, had a much lower suitability than most other crop types, and we would 

therefore expect wildlife to be worse off if large amounts of crops (especially alfalfa 

hayfields) were converted to corn.  These averages, however, mask a large amount of 

variation by individual species. 

     Suitability rankings were higher for feeding than for reproduction, and this was 

generally true for agroecosystems (but not native habitats) in California (Brosi et al. 

2006).  This finding confirms that many species forage in agricultural fields but may 

build dens, nests, or burrows in other nearby habitat patches.  Brosi et al. (2006) also 

found a slight negative correlation in agricultural habitats between the suitability 



35 

 

scores for reproduction and feeding.   

     An important consideration when evaluating conservation potential of agricultural 

habitats is whether these habitats might function as a sink: wildlife may be attracted 

to fields to feed, but then may encounter risks such as mowing during nesting or 

pesticide exposure.  Conversely, it is also possible that the consistent food and water 

supply may allow populations using agricultural habitats to function as sources. 

     A few simplifications were made in this evaluation.  I gathered information only 

for focal species, but these species were particularly chosen to represent a range of 

management concerns, therefore I expect information on these species to be broadly 

applicable.  For the validation work, I only validated the mCWHR for a subset of bird 

species, because systematic surveys were not available for other vertebrates.  Also, 

the suitability scores were the area-weighted sum of the scores for the sections that 

were contained in the buffer area.  This method assumes that the different habitat 

types within a section are spread evenly throughout the section, but, given the scale of 

my data, this assumption was necessary and I don’t expect it to introduce systematic 

error.   

     My modification of CWHR based on expert interviews had consistently higher 

values for agricultural habitat use than the original CWHR.  This may be partially 

explained because it is easier to find evidence in the literature that an animal is using 

a certain agricultural habitat type than to find evidence that it was not.  The revisions 

based on the literature search are biased towards inclusion: data are usually presented 

telling that a given species was found in a certain crop type, but I rarely found studies 
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indicating that a certain crop type was searched but that a given species was never 

found in that crop type (with the exception of Best et al. 1995).  I do not expect the 

expert interviews to have the same bias. 

     The effects on focal species presented here are based on suitability ratings for 

habitat types within the mapped ranges of the focal species.  Indirect land use impacts 

of displacing food production to other areas or even to developing countries are not 

considered here.   

     Despite the caveats described above, field data from the Breeding Bird Survey and 

from an independent survey in the Imperial Valley support the predictive capacity of 

a modified version of California’s Wildlife-Habitat Relationship Database.  

Suitability as modeled by the mCWHR and count data had positive relationship 6 of 8 

species, but had a negative relationship for the Burrowing Owl and the Western 

Bluebird.  The models of count data versus mCWHR suitability functioned much 

better along routes with no agriculture, as evidenced by the vastly improved AIC 

scores.  This implies that the mCWHR reflects better expert knowledge of natural 

habitats than agricultural habitats, and further supports the need for more research on 

wildlife use of croplands. 

     With the exception of distinguishing irrigated from non-irrigated grain crops, I did 

not attempt to quantify the effects of variations in management practices within 

agricultural types.  Variation in management, while very important, is generally not 

systematically documented and monitored across the state.  This type of database 

could be improved to better support evaluation of wildlife in agricultural lands.  In 
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addition to the variation by species and crop type, wildlife effects of expanded 

biofuels production will depend on management practices (Groom et al. 2008).  

Biofuel crops will support more wildlife when field margins are left vegetated and 

undisturbed, and when crop tillage is less frequent and is appropriately timed.  

Cropping practices such as harvesting outside of breeding seasons (Bies 2006, 

Fargione et al. 2009), minimal use of chemical pesticides (Fargione et al. 2009), strip 

harvesting (harvesting only some parts of the field or only some fields within a 

landscape mosaic) in areas with grassland birds (Bies 2006, Roth et al. 2005), and 

flagging burrows of fossorial animals (Haug et al. 1993, Davis and Niemela 2008, 

Warrick et al. 2007, and M. Jennings, personal communication), will also improve 

habitat quality for many species.  Some management practices that would benefit 

wildlife would cost farmers, and would therefore need to be subsidized in order to be 

widely implemented.  Other practices will impose no costs or even benefit farmers.   

     Conservation in agricultural landscapes, and especially in agriculture designated 

for growing biofuels, is gaining increasing attention.  In their recent article, 

Fleishman et al. (2011) outline ―Top 40 Priorities for Science to Inform US 

Conservation and Management Policy,‖ and two of these top research questions (#3 

and #8) directly ask for research into the ecosystem effects of growing biofuels.  

Habitat-relationship databases such as California’s can be used to learn more about 

which crops may harm or help species of management concern.  But predictions of 

wildlife habitat use based on habitat type only tell a fraction of the story: in order to 

more accurately predict the changes that will occur as we produce more biofuels, 
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future research should focus on evaluating in-field suitability of different crops and 

different management practices.   
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CHAPTER 2:  DOES LANDSCAPE CONTEXT IMPACT CARNIVORE 

USE OF AVOCADO ORCHARDS? 

 

Introduction 

     Mammalian carnivores are frequent targets of conservation efforts (Ray 2005), and 

because they are typically wide-ranging, it is especially important to consider 

working landscapes as well as protected areas when forming conservation plans for 

mammalian carnivores.  Conservation planners have generally considered agriculture 

to have low habitat quality when evaluating landscape connectivity for large 

carnivores (e.g., Singleton et al. 2002; Kramer-Schadt et al. 2004; Beier et al. 2006).  

But agricultural lands may function as buffer areas around wildlands or may facilitate 

carnivore dispersal between natural areas, or such agricultural areas may function as 

ecological traps with elevated risk of mortality (i.e. Battin 2004).  In southern 

California, carnivores were threatened by shooting, poisoning, and vehicle collisions 

when they use human-dominated landscapes (Riley et al. 2003, 2007).  Woodroffe 

and Ginsberg (1998) concluded that mitigation of adult mortality of large carnivores 

outside of protected areas is necessary to increase persistence of these species in the 

protected areas.  

     Many members of the order Carnivora are omnivorous and feed in part on 

anthropogenic food, including cultivated fruit (Padial et al. 2002; Schaumann & 

Heiken 2002).  Fedriani et al. (2001) found that higher density of housing was 

associated with higher proportions of anthropogenic foods (e.g., domestic cats, trash, 
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and fruit) in the diet of coyotes and higher densities of coyotes relative to sites with 

lower housing density.  Other studies have documented carnivore populations 

supplemented by anthropogenic foods; fox populations were larger when they 

supplemented their diet with crops in agricultural areas (Shapira et al. 2008) or with 

fruit in residential areas (Harrison 1997), and bears were attracted to rodent feeding 

stations in boreal forests (Morris 2005).  Goszczyński et al. (2000) analyzed the diet 

of badgers present in forests, orchards, and row crops in Poland; they found that 

badgers eat a substantial amount of orchard fruit during the winter and that their diets, 

determined from scat analysis, depend on whether the scat is found in agricultural 

landscapes or pristine forests.  These studies indicate that anthropogenic foods such 

as cultivated fruit can subsidize food webs. 

     Research on carnivore use of orchards is scant, but at least one orchard type – 

avocado – appears to be regularly used by carnivores in California (Borchert et al. 

2008).  Avocado, a common crop in coastal southern California, is a nutritious fruit 

that attracts many frugivores and omnivores.  Because avocados grow well on steep 

slopes, they are frequently planted in the hills adjacent to native vegetation (Figure 

11).   

      The research reported here examined the use of avocado orchards by mammalian 

carnivores across multiple urban-agricultural-wildland gradients in southern 

California.  I examined whether detection of carnivores at motion-activated camera 

stations was a function of surrounding land cover, and in particular, whether amount 

of avocado orchards influenced detection of carnivores. 
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Figure 11.  Orchard surrounded by scrub vegetation 

 

 

Methods 

Study Area 

     Coastal southern California is highly urbanized and contains about two thirds of 

California’s 37 million residents; it also has relatively little remaining undeveloped 

land (Landis and Reilly 2002), yet is experiencing rapid population growth 

(Conservation International 2010).  This region has a Mediterranean climate, and the 

dominant natural vegetation types are oak woodland, riparian, sage scrub, and annual, 

non-native grassland.  Eleven native and two non-native members of the order 

Carnivora were present in our study areas: American badger (Taxidea taxus), 



42 

 

American black bear (Ursus americanus), bobcat (Lynx rufus), coyote (Canis 

latrans), domestic cat (Felis catus), domestic dog (Canis familiaris), gray fox 

(Urocyon cinereoargenteus), long-tailed weasel (Mustela frenata), mountain lion 

(Puma concolor), raccoon (Procyon lotor), ringtailed cat (Bassariscus astutus), 

striped skunk (Mephitis mephitis), and Western spotted skunk (Spilogale gracilis).    

     The study area included orchards and wildlands in Santa Barbara and Ventura 

counties in and near avocado orchards and were selected for their position in the 

landscape and for landowner cooperation (Figure 12).  Orchards grew on diverse 

slopes, from steep mountains to flat floodplains, and were surrounded by scrub, other  

 

 

Figure 12.  Study areas in Santa Barbara and Ventura counties.  Each 

triangle represents a cluster of sites. 

 

agriculture, or housing.  Sites with only natural vegetation were located at the 
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University of California’s Sedgwick Reserve and Gaviota State Park. 

 

Land use classification 

     To quantify carnivore use of agricultural as well as natural land uses, I needed a 

detailed land use map, but no single existing map met my needs in terms of extent, 

resolution, accuracy, and classes.  I therefore created land use maps for study areas in 

Santa Barbara and Ventura Counties (as well as Orange County, see Chapter 3), on 

the basis of land cover and impervious surface data from the National Land Cover 

Database (NLCD, Homer et al. 2004) and agricultural land use from the California 

Department of Water Resources and the California Avocado Commission (Table 5).  

Land use data from 2005 from the Southern California Association of Governments 

(SCAG) was also used for Ventura County.  I first converted the SCAG polygons, 

which included 150 land use classes, to a 30 m by 30 m raster.  I retained several 

classes from the SCAG layer: developed lands, avocado orchards, crops, plant 

nurseries, roads, open water, and barren land.  I used data from the NLCD to further 

classify natural land cover into grassland, shrub or scrub, or woodland.  I was not able 

to separately classify riparian vegetation.  I also used data from the NLCD to classify 

developed lands or open space with substantial human activity, such as yards, dirt 

roads, road verges, or urban parks into four classes: disturbed (0-10% impervious 

surface), low impervious (11-25% impervious surface), medium impervious (26-40% 

impervious), and high impervious (greater than 40% impervious).  For Santa Barbara 

County, where SCAG data was not available, I used data from the California 
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Department of Water Resources to classify cropland, orchards, and nurseries.  I 

further refined the delineation of avocado orchards using data from the California 

Avocado Commission.  When land cover layers from the different sources were 

inconsistent, I verified classifications with ground truthing or a visual inspection of a 

color air photo (National Agriculture Imagery Program 2005, 1 m natural color). 

 

Table 5.  Sources for land use mapping.  Mapping data is from the National Land 

Cover Database (NLCD), California Avocado Commission (CAC), Southern 

California Association of Governments (SCAG – for Ventura County only), and 

Department of Water Resources (DWR – for Santa Barbara County only). 

 

Class     Source for habitat map 

Shrub/scrub NLCD land use 

Grassland/herbaceous NLCD land use 

Woodland NLCD land use 

Other agriculture SCAG or DWR 

Avocado orchards SCAG, DWR, or CAC 

Disturbed NLCD impervious surface 

 

Detection of carnivores 

     I used motion-activated digital cameras at 38 sites to detect carnivore species.  I 

conducted camera surveys from April 2007 to June 2008, resulting in 1,121 trap 

nights.  The sites were placed at least 50 m apart in and around 6 orchards (22 sites in 

orchards and 6 sites in natural vegetation adjacent to orchards) and 2 continuous 

wildlands (10 sites).  At all sites, cameras (Stealthcam, LLC, Grand Prairie, TX) were 

placed along dirt roads or trails, near signs of carnivore activity (e.g., scat) or at trail 

junctions when possible, and set for at least 2-minute delays between successive 

photographs.  I placed scent lure (Pred-a-Getter, Murray’s Lures and Trapping 

Supplies, Walker, West Virginia) in front of the camera to encourage animals to 
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approach the camera and to stop long enough to be photographed.  Given the small 

amount of bait used and that cameras were only baited more than once if they were 

active for more than 30 days, bait was likely not attracting animals from long 

distances or biasing results.  Because each night the camera was active was treated as 

a sample, I tested whether the number of detections was a function of the number of 

nights since bait was placed using a generalized linear model for the binomial 

detection data (number of detections versus non-detections as a function of nights 

since baiting).  I considered each trap night to begin and end at 6:30 am, and cameras 

were active continuously.  Cameras were active for between 12 and 76 nights at a 

particular site, and bait was refreshed approximately every 30 days.   

     I examined whether the number of native carnivore species and the camera index 

for bobcats, coyotes and gray fox differed among cameras situated in avocado 

orchards, natural vegetation adjacent to avocado orchards, and continuous wildlands.  

The number of native species data followed a Poisson distribution and the detection 

data followed a binomial distribution, so I used generalized linear models, then tested 

the overall significance of the land use category variable using Analysis of Variance 

(ANOVA).  Finally, I tested for differences between pairs of land-use categories with 

Tukey’s Honest Significant Differences on the mean detection rate per site, using an 

alpha-value of 0.10 because of the small sample size (R Development Core Team 

2010). 

     I evaluated whether land use in the neighborhood of the cameras affected the 

detection of carnivores.  Wildland sites were excluded from this analysis because the 
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land use in the neighborhood of each camera was homogenous and did not include 

orchards.  I used the land use map to quantify the km
2
 of avocado orchards, other 

agriculture (mostly citrus orchards in these sites), disturbed, shrub or scrub, 

grassland/herbaceous and woodland within a circle of 1935 m diameter centered on 

each camera, approximately the average size of a bobcat home range in this region 

(Crooks 2002, see Figure 13).  I also included the distance from each camera to the 

perimeter of continuous wildland (wildland which connects with Los Padres National 

Forest or adjacent wildlands, ranging from 0 – 3.4 km), county (Ventura vs. Santa 

Barbara), and sampling effort (number of active trap nights).  I developed candidate 

models of carnivore detections with logistic regression (R Development Core Team 

2010).   

 

 

Figure 13.  Landscape 

pattern typical of Ventura 

and Santa Barbara 

Counties, with steep hills 

and natural vegetation 

(upper left) adjacent to 

orchards and other 

farmland (bottom right).  

Blue triangles represent 

camera locations and blue 

circles represent the 

analysis area for each 

camera. 
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First, I created a global model with all nine predictor variables.  I considered a total of 

65 models per species, but only include the models described here and any other 

models within 3 corrected Akaike’s Information Criterion (AICc) points of the best 

model.  To choose models, I used two methods.  First, I used a backwards stepwise 

regression approach: for each species, I ran a generalized linear model on the 

binomial detection data per night, and then used an ANOVA to determine the least 

significant predictor variable.  I removed this variable and re-ran the model until all 

variables were significant with an alpha of 0.05.  Second, I considered the best single-

factor and best double-factor models for each species.  I then calculate the Akaike 

weights (w) for each reported model and use model averaging to report the final 

model for each species (Burnham and Anderson 2002). 

     To account for spatial variation in detection rates, I compared the AICc of models 

fitted with different spatial dummy variables: site (individual orchards at least 1 km 

from the perimeter of the nearest neighbor), meta-site (2-3 orchards 3-4 km from one 

another), or county (Ventura versus Santa Barbara).  The results were similar, but the 

county variable produced the best models for all three species, so I included a dummy 

variable for county (Ventura versus Santa Barbara) in my final models.  I also tested 

whether the detection index was dependent on the sampling effort at a particular 

location by adding the number of active trap nights for a particular site to the best fit 

model for each species, and comparing the AICc. 
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Results 

     Cameras were active for a total of 675 trap nights in orchards and 446 in natural 

vegetation.  I detected 8 of the 10 native carnivore species in the study region (I 

exclude domestic dog and domestic cat).  Seven native species (all except badger, 

spotted skunk, and ringtail) were detected in avocado orchards: coyote (38), striped 

skunk (28), bobcat (25), gray fox (20), mountain lion (3), black bear (2), and raccoon 

(2).  Eight native species (all except spotted skunk and ringtail) were detected in 

natural vegetation: coyote (25), bobcat (21), mountain lion (4), gray fox (7), raccoon 

(2), badger (1), black bear (1), and striped skunk (1) (see Table 6 for detection 

frequencies by site).   

     On average, the number of native species detected per site differed among habitat 

types (p=0.035), but the differences between individual land use classes were not 

statistically significant.  The number of native species detections was greatest in 

orchards (mean=2.1, SE = 0.36), intermediate in sites with natural vegetation adjacent 

to orchards (mean = 1.8, SE = 0.48), and lowest in wildland sites (0.8, SE = 0.40.  

Bobcats, coyotes, and gray fox were the only species detected at a sufficient number 

of sites to analyze their occurrence separately.  For all three species, camera indices 

were lowest in the wildland sites and greatest in the sites in natural vegetation near 

orchards (Figure 14).  On average, the number of nights when bobcats were detected 

differed among habitat types (p = 0.002).  Camera indices significantly differed 

between wildland sites and adjacent-to-orchard sites (p=0.06) and between orchard  
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Table 6.  Detection frequencies of mammalian carnivores by site, defined as number 

of nights a given species was detected divided by the total number of active trap 

nights. 

Location 
active 

nights 

bobcat
1
 

coyote
2
 

puma
3
 

gray 

fox
4
 

black 

bear
5
 

striped 

skunk
6
 

raccoon
7
 

domest

ic dog
8
 

Wildland sites 
Gaviota

9
 1 53 0.075 0 0.057 0.019 0 0 0.019 0.094 

Gaviota 2 53 0 0 0.019 0 0 0 0 0 
Sedgwick

10
1 12 0.083 0 0 0 0 0 0 0 

Sedgwick 1 12 0 0 0 0 0 0 0 0 
Sedgwick 1 12 0 0 0 0.034 0 0 0 0 
Sedgwick 1 9 0 0 0 0 0 0 0 0 
Sedgwick 2 9 0 0.11 0 0 0 0 0 0 
Sedgwick 2 12 0 0 0 0 0 0 0 0 
Sedgwick 2 12 0 0 0 0 0 0 0 0 
Sedgwick 2 12 0 0 0 0 0 0 0 0 
Sites in natural vegetation near orchards 
SantaBarbara1 32 0 0 0 0.031 0 0 0 0.031 
SantaBarbara1 54 0.037 0.056 0 0.037 0 0 0 0 
SantaBarbara1 52 0.14 0.17 0 0 0 0 0 0.019 
SantaBarbara2 20 0 0 0 0 0 0 0 0 
SantaBarbara2 32 0.094 0.031 0 0.094 0 0 0 0 
Ventura 1 22 0.18 0.36 0 0 0 0 0 0.23 
Sites in orchards 
SantaBarbara1  76 0.13 0.15 0.039 0.026 0.013 0.026 0.013 0 
SantaBarbara1 56 0.054 0.089 0 0 0.018 0 0 0.018 
SantaBarbara1 32 0.063 0.031 0 0 0 0 0 0 
SantaBarbara1 52 0.14 0.038 0 0.15 0 0.038 0.019 0.019 
SantaBarbara3 28 0 0.036 0 0 0 0 0 0 
SantaBarbara3 28 0 0.071 0 0 0 0.036 0 0 
SantaBarbara3 9 0 0 0 0 0 0 0 0.11 
SantaBarbara2 31 0 0.097 0 0.19 0 0.032 0 0 
SantaBarbara2 9 0.11 0 0 0 0 0 0 0 
SantaBarbara2 16 0 0 0 0 0 0.063 0 0 
SantaBarbara2 70 0.014 0.014 0 0 0 0.16 0 0 
SantaBarbara2 55 0 0.01 0 0 0 0.039 0 0 
SantaBarbara2 10 0 0.1 0 0 0.10 0 0.10 0 

                                                 
1
 Lnyx rufus  

2
 Canis latrans 

3
 Puma concolor 

4
 Urocyon cinereoargenteus 

5
 Ursus americanus 

6
 Mephitis mephitis 

7
 Procyon lotor 

8
 Canis familiaris 

9
 Gaviota State Park, Santa Barbara County, California 

10
 Sedgwick Reserve, Santa Barbara County, California 
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Location 
active 

nights 

bobcat
11

 

coyote
12

 

puma
13

 

gray 

fox
14

 

black 

bear
15

 

striped 

skunk
16

 

raccoon
17

 

domestic 

dog
18

 

SantaBarbara4 11 0 0.091 0 0 0 0 0 0 
SantaBarbara4 79 0 0 0 0 0 0 0 0 
SantaBarbara4 30 0 0 0 0.033 0 0.23 0 .033 
Ventura1 22 0.045 0.23 0 0.091 0 0 0 0 
Ventura2 22 0 0.18 0 0 0 0 0 0 
Ventura2 22 0 0.18 0 0 0 0 0 0 
Ventura2 12 0 0 0 0 0 0.17 0 0 
Ventura2 22 0 0 0 0 0 0 0 0 

                                                 
11

 Lnyx rufus  
12

 Canis latrans 
13

 Puma concolor 
14

 Urocyon cinereoargenteus 
15

 Ursus americanus 
16

 Mephitis mephitis 
17

 Procyon lotor 
18

 Canis familiaris 
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and adjacent-to-orchard sites (p=0.08).  On average, the number of nights when 

coyotes were detected also differed among habitat types (p < 0.001).  Camera indices 

significantly differed between wildland sites and adjacent-to-orchard sites (p=0.07).  

For gray fox, the number of nights when animals were detected differed among 

habitat types (p=0.08), but none of the pairwise comparisons were significant. 

 

 

Figure 14.  Mean camera indices of three most common species detected in 

avocado orchards, in natural vegetation adjacent to avocado orchards, and in 

wildland sites in Santa Barbara and Ventura Counties.  Bars represent 

standard errors. 
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     Nearly all of the best models (Table 7) included avocado orchards and woodland 

as positive predictors of occurrence for bobcats, coyotes and gray fox.  The best 

bobcat model also included shrub/scrub, grassland/herbaceous, and disturbed.  For 

coyotes, the other model factor was disturbed, and for gray fox, shrub/scrub and other 

agriculture.  None of the best models included distance to continuous wildland.  The 

spatial variable, county, was also included in the best model for all three species (with 

Ventura County predicting higher occurrences than Santa Barbara County), and none 

of the best models included trap effort.  The nights since baiting was not a significant 

predictor for bobcats (p=0.27), coyotes (p=0.11), or gray fox (p=0.40).   

     The averaged models showed very similar patterns as the best models: for bobcat, 

coyote and gray fox detections, all included the amount of avocado orchard and 

woodland in the neighborhood as positive predictors (Table 8).  All three models also 

included disturbed land use as a positive predictor.  Again, distance to continuous 

wildland was either not included, or was included but with approximately 0 effect. 
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Table 7. Corrected Akaike’s Information Criterion (AICc) values and weights (w) for 

candidate models of carnivore detections per avocado orchards (A), woodland (W), 

disturbed (D), shrub/scrub (S), grassland/herbaceous (G), county (Co), other 

agriculture (O), distance to continuous wildland (CD), and sampling effort (T). ―Best‖ 

models per species are indicated by bold italics. 

 Decription  Bobcats detections ~ AICc ΔAICc  w 

1 Global model A+W+S+G+O+D+CD+Co+T 76 12 < 0.01 

B2 per Anova, removed T A+W+S+G+O+D+CD+Co 72 8 < 0.01 

B3 per Anova, removed O A+W+S+G+D+CD+Co 67 3 0.068 

B4 per Anova, removed CD A+W+S+G+D+Co 64 0 0.31 

B5 Other  A+W+G+D+Co 65 1 0.19 

B6 Other  A+W+S+O+Co 65 1 0.19 

B7 Other  A+W+S+D+CD+Co 66 2 0.11 

B8 Other  A+W+D+Co 67 3 0.068 

B9 Other A+W+G+D+CD+Co 67 3 0.068 

B10 Best single-factor A 90 26 < 0.01 

B11 Next best single-factor O 91 27 < 0.01 

B12 Best double factor A+W 84 20 < 0.01 

 

 

 

 Coyotes detections ~ 

   1 Global model A+W+S+G+O+D+CD+Co+T 109 16 < 0.01 

C2 per Anova, removed G    A+W+S+O+D+CD+Co+T 104 11 < 0.01 

C3 per Anova, removed CD A+W+S+O+D+Co+T 100 7 0.022 

C4 per Anova, removed T A+W+S+O+D+Co 98 5 0.061 

C5 per Anova, removed S A+W+O+D+Co 96 3 0.17 

C6 per Anova, removed O A+W+D+Co 93 0 0.74 

C7 Best single-factor Co 122 29 < 0.01 

C8 Best double factor G+Co 105 12 < 0.01 

 

 

 

 Gray Fox detections ~ 

   1 Global model A+W+S+G+O+D+CD+Co+T 91 8 < 0.01 

G2 per Anova, removed T A+W+S+G+O+D+CD+Co 87 4 0.052 

G3 per Anova, removed CD A+W+S+G+O+D+Co 85 2 0.14 

G4 per Anova, removed D A+W+S+O+Co 83 0 0.39 

G5 Other A+W+S+Co 85 2 0.14 

G6 Other A+W+S+G+CD+Co 86 3 0.086 

G7 Other W+S+G+CD 86 3 0.086 

G8 Best double factor S+CD 86 3 0.086 

G9 Best single-factor CD 90 7 0.012 
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Table 8.  Logistic regression model of neighborhood effects on carnivore detections 

for each species from averaged models above based on Akaike weights. 

 

BOBCAT Coefficient SE Lower CI Upper CI 

(Intercept) -108 78.4 -266 50.2 

Disturbed 322 211 -106 750 

Avocado orchard 120 87 -55.5 295 

Distance to continuous wildland 0 0 0 0 

County = Ventura 29 18.1 -7.6 65.7 

Grassland/herbaceous 153 121 -92 399 

Other agriculture -1.41 3.26 -7.92 5.09 

Shrub/scrub 54.8 66 -77.9 188 

Woodland 125 85.1 -46.8 297 

 

COYOTE Coefficient SE Lower CI Upper CI 

(Intercept) -14.8 3.17 -21.4 -8.27 

Disturbed 95.1 25.7 41.9 148 

Avocado orchard 14.9 3.76 7.15 22.7 

County = Ventura 5.48 1.33 2.73 8.23 

Other agriculture 3.52 7.59 -11.7 18.8 

Shrub/scrub 0.43 0.91 -1.39 2.25 

Sampling effort 0 0 0 0 

Woodland 15.5 4.64 5.86 25.10 

 

GRAY FOX Coefficient SE Lower CI Upper CI 

(Intercept) -446 668 -1780 889 

Disturbed 469 756 -1040 1980 

Avocado orchard 453 666 -879 1790 

Distance to continuous wildland 0 0.01 -0.01 0.01 

County = Ventura 98.1 143 -189 385 

Grassland/herbaceous 471 642 -814 1760 

Other agriculture 450 692 -934 1830 

Shrub/scrub 419 664 -908 1750 

Woodland 451 671 -889 1790 
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Discussion 

 

     Most carnivorous species in southern California were present in avocado orchards, 

and orchards were used frequently by some species.  Cameras in avocado orchards 

had surprisingly high detection rates, and the amount of avocado orchard in the 

neighborhood of the camera was also a positive predictor of presence of bobcats, 

coyotes, and gray fox.  The quality of foraging habitat and the food subsidy value of 

avocados may explain why omnivores such as bears, coyotes, and raccoons were 

present in orchards; and indeed, remote cameras have recorded these species eating 

avocados in southern California (M. Borchert, U.S. Forest Service, personal 

communication).  It is less clear why obligate carnivores in our study region 

(mountain lions and bobcats) were present in orchards.  Orchards may provide good 

cover for carnivores; many of these species are habitat generalists, and avocado 

orchards are often replacing oak woodlands which have some structural similarities to 

orchards.  Further, avocados might be providing food and cover for prey such as 

small mammals, birds, and deer.  In addition, the irrigation lines in avocado orchards 

may be an uncommon source of perennial water in these landscapes, and the orchards 

are not as intensively managed as many row crops.  Finally, the presence of little-used 

dirt roads in the orchards might appeal to animals trying to move through the densely 

vegetated landscape.  These characteristics may help explain high species richness in 

the orchards relative to other crops. 

     Woodland and shrub/scrub vegetation in the neighborhood of the cameras were 

also significant predictors for all three species, which is not surprising, and which 
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conforms to expected habitat relationships (CDFG 2008).  Grassland and herbaceous 

vegetation was a predictor for bobcat and gray fox, but not for coyote.  There was a 

relatively small amount of grassland vegetation in the vicinity of the cameras, so this 

result is more difficult to interpret. 

     The ―disturbed‖ land use class was clearly important for all three species, and 

especially for coyotes.  This is also difficult to interpret, because this class 

encompasses many different types of land use which have less than 10% impervious 

surface, but yet which have some significant disturbance by humans.  In my study 

sites in Ventura and Santa Barbara Counties, this land use class was often dirt roads 

and yards around farmhouses.  Dirt roads seem to be used often for travel by mid-size 

carnivores, and this pattern deserves further exploration. 

     Distance to continuous wildland was not a significant predictor for bobcats, 

coyotes, or gray fox.  This result contradicts conventional opinions and current 

wildlife habitat models for California (CDFG 2008), where frequency of occurrence 

of species is predicted to be higher in natural vegetation.  In a meta-analysis of 

camera trap studies across southern California, Ordeñana et al. (2010) found that 

coyote occurrences decreased and bobcat and fox occurrences increased as distance to 

urbanization increased.  Our results may suggest a different pattern because we 

sampled within and near agricultural lands, rather than exclusively in natural 

vegetation, and because our camera study was conducted in counties with much less 

urban development than those sampled by Ordeñana et al. (2010).  There was no clear 

pattern with distance to continuous wildland, but the high detection rates of 
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carnivores in the natural vegetation near orchards suggests a possible edge effect.  

Preliminary data indicated that distance to orchard edge may have been positively 

related to detection rates, but I did not have enough data to formally analyze this 

pattern. 

     Several biases might have influenced my results.  First, I selected orchards based 

on connections with the Bren School of Environmental Science and Management and 

from recommendations for the local University extension agent.  This may mean that 

my sample orchards have a more ―progressive‖ approach to management: for 

example, my sites may have had less clearing of ground cover and vegetation around 

the perimeter of orchards, which may in turn have led to more rodent prey. 

     Some researchers have concerns about use of baits at camera stations.  I found 

baits useful for getting clearer images of animals that often stopped to examine scent 

baits.  The results of my baiting analysis, however, suggest that bait did not influence 

the results.  There are similar concerns with the total number of nights that a trap 

station was active, because although each trap night was treated as an independent 

sample, animals may have become habituated to or avoided traps which remained in 

the field for longer, either increasing or decreasing later detections.  To control for 

this, I added a ―sampling effort‖ variable (total number of active trap nights) to the 

best models and to many other ―good‖ models, but I did not find that sampling effort 

improved any models. 

     My list of land uses within the neighborhood of each camera was exhaustive, and 

therefore some correlations between land uses exist, although no clear patterns were 
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visible from examining the data.  This could, however, have influenced the magnitude 

of the parameter estimates and the accuracy of the significance tests. 

     All mammalian carnivores, and particularly mid-sized carnivores (bobcats, 

coyotes and gray fox), are present in high numbers in avocado orchards.  Despite the 

small sample size in this study, there are clear correlations with detection of these 

animals and orchards.  This work does not explore whether the animals are actually 

using the orchards preferentially based on the landscape composition, and this will be 

the subject of the next chapter. 

 

Acknowledgments 

     Jay Ruskey and other avocado growers provided support and access to their land.  

Frank Davis and Mark Borchert inspired the project with their ideas.  Frank Davis 

and Bruce Kendall provided help with statistical analyses.  The UCSB Biogeography 

lab (Patrick Jantz, Oliver Soong, Jason Kreitler, David Stoms, and Frank Davis) and 

Theresa Rusca provided advice and field help.  Seth Riley and John Orrock were 

invaluable for their ideas.  The Bren School of Environmental Science and 

Management at UCSB provided funding for the project. 



59 

 

CHAPTER 3: 

BOBCAT USE OF ORCHARDS FOR HABITAT AND CONNECTIVITY 

 

Introduction 

     Avocado orchards are heavily used by carnivores, and are probably attracting 

these species (see Chapter 2 and Borchert, et al. 2008).   Wildlife managers and 

conservation planners currently have very little knowledge of carnivore use of 

agricultural landscapes, but this subject will become increasingly important as 

agricultural systems continue to expand and protected areas become more isolated.  

Connectivity between habitats is especially critical in urbanizing zones (Crooks and 

Sanjayan 2006), but most connectivity modelers focus on natural vegetation types and 

not on the differences between land covers within human-dominated landscapes.  

Connectivity and dispersal models of vertebrates through agroecosystems are 

frequently based on expert opinion, and often assume that all agriculture is the same, 

as summarized in Consentino et al. (2011).  In particular, when evaluating landscape 

connectivity for large carnivores, conservation planners have generally considered 

agriculture to have low habitat quality (e.g., Singleton et al. 2002; Kramer-Schadt et 

al. 2004; Beier et al. 2006). 

     Different crop types have different vegetation structure, and therefore have 

different value for cover, risk of predation, and food resources, and this in turn 

influences how animals will use or move through the crop type (Consentino, et al. 

2011).  In this study, I study habitat use and movement rates of global positioning 
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system (GPS)-collared bobcats in relation to local orchards and row crops.   

 
 

Figure 15.  Map of the Orange County study area. 

 

     Bobcats are sensitive to fragmentation and are excellent indicators of landscape 

connectivity in the region (Crooks 2002), and I examine the conservation implications 

of carnivore use of orchards by using empirical data to model connectivity where 

wildlands have been isolated by intervening urban and agricultural development.  I 

identify lands important for connectivity of bobcats between the San Joaquin Hills 

and the Santa Ana mountains (Figure 15) using empirical data of bobcat use of 

agricultural, developed, and natural land covers to model landscape connectivity 

where wildlands have been isolated by urban and agricultural development.  I also 



61 

 

parameterize a connectivity model based on observed bobcat behavior in the study 

area and compare the result to the same model parameterized using a statewide 

habitat relationship system based on expert rating of bobcat habitat suitability. 

 

Methods 

Study area 

     My study area was in Orange County in coastal southern California (Figure 15).  

As described in Chapter 2, coastal southern California is highly urbanized and 

contains about two thirds of California’s 37 million residents; it also has relatively 

little remaining undeveloped land (Landis and Reilly 2002), yet is experiencing rapid 

population growth (Conservation International 2010).  This region has a 

Mediterranean climate, and the dominant natural vegetation types are oak woodland, 

riparian woodland, sage scrub, and non-native annual grassland.   

     The study site was centered on and around the former El Toro Marine Base 

between the inland foothills of the Santa Ana Mountains and the coastal natural areas 

of the San Joaquin Hills.  I selected this area because of its importance for both 

carnivore connectivity and agriculture; a 6-mile corridor connecting the Santa Ana 

Mountains with the San Joaquin Hills was recently proposed through the area 

(Cotton/Bridges and ERA 2004, Orange County Great Park 2011).  The base was 

purchased by the Lennar Corporation in 2005, and is now being turned into the 

Orange County Great Park in cooperation with the City of Irvine and the federal 

government (Orange County Great Park 2011).   
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Land use classification 

     See Chapter 2 for detailed methods on creating a land cover map which includes 

natural, agricultural, and developed land uses (Figure 16).  I used the same methods 

for creating a land-use map for Orange County as for Ventura County, however, 

rather than simplify the map into six categories, I kept fifteen categories (Table 9).  

Also, the ―Cropland‖ category differed: it included row-crop agriculture, which was 

heavily dominated by strawberries in this study area. 

 

 

 

 

 

 

Figure 16.  Land cover map of area analyzed in habitat selection and connectivity 

analyses.  The yellow box indicates the area shown in the panels below; the blue 

polygon surrounds all four bobcats’ home ranges. 
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Table 9.  Sources for land use mapping.  Mapping data is from the National Land 

Cover Database (NLCD), California Avocado Commission (CAC), and the Southern 

California Association of Governments (SCAG). 

 

Class     Source for habitat map 

Shrub/scrub NLCD land use
19

 

Grassland/herbaceous NLCD land use 

Wetlands NLCD land use 

Woodland NLCD land use 

Cropland SCAG 

Avocado orchards SCAG and CAC 

Barren land SCAG 

Nurseries SCAG 

Disturbed NLCD impervious surface
20

 

11-25 % impervious NLCD impervious surface 

26-40% impervious NLCD impervious surface 

>40% impervious NLCD impervious surface 

Open water SCAG 

Roads and roadsides SCAG 

 

Analysis of bobcat movement data 

     I used GPS-telemetry data collected between February 2007 and April 2008 on 4 

male bobcats with ranges near avocado orchards in Orange County to evaluate habitat 

use and differences in movement rates of bobcats among land-use types.  The data 

were from an ongoing GPS telemetry study of bobcat responses to urbanization in 

Orange County to examine land use associations of four male bobcats and whether 

movement rates differed among land use types.  To capture bobcats, researchers with 

the USGS Western Ecology Division used wire cage traps placed along washes, 

wildlife trails, and dirt roads near bobcat sign (e.g., tracks, scat).  For more detailed 

                                                 
19

 ―Vacant/undifferentiated‖ category in SCAG was reclassified according to NLCD land use data for 

natural land uses: shrub/scrub, grassland/herbaceous, wetlands, and woodland. 
20

 ―Developed‖ and ―developed open space‖ categories in SCAG were reclassified according to NLCD 

impervious surface data. 
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methods, see Lyren, et al. (2008). 

     Collars were programmed to collect geographic coordinates at 15-minute intervals 

during 3-hour periods around the hours of 00:00, 06:00, 12:00, and 18:00, but such 

continuous collection bouts could be separated by almost a week.  Two of the four 

collars (a Tellus Basic collar from Televilt Ltd., Lindesberg, Sweden and a HABIT 

Research collar, Victoria, Canada) also recorded information on position accuracy.  

Most of the positions had error estimates less than 50m.  Spatial accuracy of data 

from the other 2 collars (HABIT Research) was estimated based on consultations with 

the manufacturer and inspection of the data.  I excluded locations based on fewer than 

3 satellites.  One bobcat (Dante) has a much smaller number of locations than the 

other three animals, because his collar failed permanately after only 2 weeks (Lyren 

et al. 2008). 

 

Movement rates 

     To quantify movement rates of the four bobcats I first created ―paths‖ of at least 

one meter by drawing straight lines between each individual’s locations in 

chronological order using ArcGIS v. 9.3 (Environmental Systems Research Institute, 

Redlands, CA).  I limited my analyses to paths between points collected less than 35 

minutes apart.  I calculated the rate of movement as the distance between the points 

divided by the time elapsed.  A sample is defined here as the segment of a single path 

in a single land use –if a path crossed two different land uses, it was counted as two 

separate samples. 
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Compositional analysis 

     To define the area available to bobcats on the landscape, I buffered the combined 

minimum convex polygon used by the four bobcats by 1935 meters, the mean 

diameter of a bobcat home range in southern California (Crooks 2002).  Then, to 

define the home range and the core home range for each animal, I used the program 

Animal Space Use to create a utilization distribution (u.d.) – a distribution of 

probabilities that an animal was present in a given location (i.e. Horne et al. 2007).  

Per convention, I defined the home range as the 95% u.d. and the core as the 50% u.d.    

     To create the u.d.’s, I used a Brownian bridge movement model (BBMM, Horne et 

al. 2007; Horne and Garton 2009).   The BBMM defines the probability of an 

animals’ use of an area based on a starting point, an ending point, and the time it took 

the animal to move between those two points.  The model builds a series of ―bridges,‖ 

or probability distributions, between each pair of temporally adjacent points (Figure 

17a), based on a random walk.  The size of the bridges is dependent both on the speed 

of movement between the start and end point (speed = distance/time) and a 

―Brownian motion variance.‖  The Brownian motion variance is calculated by using a 

maximum likelihood approach to define bridges between even-numbered points while 

maximizing the probability of capturing odd-numbered points (Figure 17b).  The 

bridges are then combined to give an overall utilization distribution of probabilities 

that an animal is using a given area (Figure 17c).   
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Figure 17.  (a) Probability density between two observations (the peaks), 

from Horne, et al (2007).  (b) The Brownian Bridge motion variance 

parameter is calculated by using even numbered points to construct bridges 

and odd-numbered points as independent observations to estimate the size of 

the variance, from Horne, et al (2007).  (c) Utilization distribution created 

from a Brownian Bridge movement model for one bobcat in this study area. 

 

     The BBMM is more appropriate for serially correlated data than the traditional 

fixed kernel method.  In the fixed kernel method, a point location for an animal is 

assumed to be a sample from an underlying probability distribution, and point 

locations are assumed to be independent (Horne, et al 2007).  The BBMM does not 

assume temporal independence, and in fact explicitly models movement between 

temporally adjacent points (Horne, et al 2007).  An example comparison of the u.d.’s 

from the two methods is described in Figure 18. 

 

A 

B 

C 
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Figure 18.  An example of using the same location data with a Brownian 

Bridge movement model (BBMM, Horne and Garton 2007) versus the fixed 

kernel method (FK, Hawth’s tools, Beyer 2004) to delineate 95% and 50% 

utilization distributions.  The area defined by the 50% utilization distribution 

was 224,865 sq m for the fixed kernel method, and 1,085,951 for the BBMM 

(a nearly 5-fold increase, with the polygon for the fixed kernel 50% u.d. 

nested completely within the 50% u.d. of the BBMM).  The size difference 

was not as great for the 95% u.d.: 4,929,610 for the f.k., and 5,107,248 for 

the BBMM.  These are significant size differences, and the differences in 

shape are also striking. 

 

     To corroborate the u.d.’s, I compared them to detection frequencies at remote 

cameras within the same study area and active at the same time: I found significant 

association between the camera index for bobcats at a site (from camera data) and 

probability of presence of collared bobcats at the pixel where the camera station was 

located (from the u.d.)  (n=16, R
2
=0.68, p < 0.001).   

     I used compositional analysis methods (as in Chamberlain et al. 2003 and Tucker 
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et al. 2008) to estimate the ratio of used to available habitat for each collared bobcat 

at three levels: home range to available habitat, core to available, and core to home 

range.  I used a paired t-test to test whether the percent of avocado orchard in the used 

and available habitats differed.  I then used Kendall’s W Coefficient of Concordance 

(Kendall 1948) to determine if ranking of the ratios was similar for the four bobcats. 

 

Connectivity analysis 

     I modeled connectivity for bobcats across the Orange County study area with 

Circuitscape (McRae & Shah 2009) at a spatial resolution of 30 meters.  Circuitscape 

is a connectivity modeling tool that uses circuit theory to predict movement 

probabilities of random walkers passing through a landscape.  Habitat types are 

assigned resistances proportional to difficulty of movement, and random walkers 

move into pixels with probabilities that are inversely proportional to pixel resistances.  

Effective resistance and current can be used to measure overall connectivity between 

patches and movement probabilities through intervening pixels, respectively (McRae 

et al. 2008). 

     I compared a baseline scenario, in which resistance was assigned on the basis of 

published literature and a statewide wildlife-habitat relationship database (as 

described below), with an alternative scenario based on measured movement rates 

from this study area.  For both scenarios, I analyzed connectivity between two points, 

one in the Santa Ana Mountains and the other in the San Joaquin hills.  Both points 

were at least 5 km from the urban edge.  I calculated effective resistance between the 
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points, which measures the isolation of two blocks of habitat for a given species.  I 

also mapped current densities across the landscape to identify areas that contribute to 

connectivity.  For the baseline scenario, following methods similar to Beier et al. 

(2006), I calculated resistance (analogous to the inverse of habitat permeability, sensu 

McRae et al. 2008) from habitat suitability based on expert opinion as modeled in the 

California Wildlife Habitat Relationship database for bobcats (CWHR, CDFG 2008).  

I used the greater of feeding or cover suitability values in the CWHR database, and if 

more than one land-cover type in the CWHR corresponded to one of the land-use 

classes, I used the average of the CWHR values (Table 10).  The CWHR values 

corresponded to habitat values from 0-1, so the resistance values were: 

 

                                          

 

For land-use classes not in the CWHR, I used resistance values derived for forest-

dwelling mammalian carnivores by Singleton et al. (2002).   

     In the alternative scenario, I assigned all resistance values to land-use types on the 

basis of observed rates of bobcat movement in each land use class, as suggested by 

Dickson et al. (2005).  I rescaled the movement rates between 0 and 100: 

 

                         
        

         
      

 

With r = movement rate = change in time / distance traveled, and rmin and rmax the 
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minimum and maximum movement rate over all land use categories.  I retained 

original CWHR ratings for those land-use types in which bobcats were not detected.  

     In both scenarios, I assigned major roads (including freeways and highways) a 

very high resistance value (1000), based on the assumption that freeways and major 

roads act as a substantial barrier to movement of bobcats.  This high resistance value 

is used because, given roads are narrow (only 2-3 pixels wide in most cases), animals 

will encounter roads only for a short distance.  Moreover, empirical studies (e.g., 

Shirk et al. 2010 for mountain goats) have found similarly high relative resistances 

for roads, and although responses to roads will be species-specific, the logic of using 

values which are orders of magnitude higher than other resistance values is 

consistent.  Road resistance values of similar magnitude were used for mammalian 

connectivity modeling by the Washington Habitat Connectivity Working Group 

(WHCWG 2010).  I assigned underpasses such as concrete culverts a resistance 

midway through the range of the resistances for all land use types.  I also tested the 

sensitivity of the analysis to that resistance value by conducting the analysis with 

much higher (90) and much lower (50) resistances; because the resistance of the 

underpasses was much less than that of the road, the results were not sensitive to the 

underpass resistance level.   

     I did not map riparian vegetation because I did not have spatial data for this cover 

type.  Instead, it was included in grassland, shrub or scrub, or woodland.  I also did 

not analyze the association of carnivores with seasonal water sources, although I 

mapped culverts – corresponding to streambeds – where they crossed roads, and 
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incorporated these into the connectivity modeling.  I did not map fences along roads 

because they were intermittent and were not specifically designed to funnel animals 

towards underpasses. 

 

Table 10.  Resistance values for each habitat type, with baseline scenario values 

derived from the California Wildlife Habitat Relationship database and from 

Singleton et al. (2002) and alternative scenario values based on bobcat movement 

rates. 

 

Class Source for Baseline Baseline 
Alternative 

Scenario 

Shrub/scrub CWHR
21

 3 11 

Grassland/herbaceous CWHR 34 21 

Wetlands CWHR 34 34 

Woodland CWHR 36 1 

Cropland CWHR 45 75 

Avocado orchards CWHR 67 5 

Barren land Singleton et al. 2002
22

 70 100 

Nurseries CWHR (open space) 78 21 

Unknown CWHR (open space) 61 50 

Disturbed
23

 CWHR (open space) 78 14 

11-25 % impervious CWHR & Singleton et al. 2002
24

  85 39 

Open water Singleton et al. 2002 90 10 

26-40% impervious Singleton et al. 2002 90 59 

>40% impervious Singleton et al. 2002 90 66 

Road underpasses Half of non-road range of values 50 61 

Roads and roadsides WHCWG 2010 1000 1000 

 

                                                 
21

 Suitability values for each land use in CWHR refer to the likelihood of finding the species in a given 

land use type.  These values (no suitability, low, medium, and high) were then averaged for all CWHR 

habitat types that fit into the broad habitat classifications (for example, there are ten CHWR habitats 

which all fit within ―woodland‖ for the study area).  I then took the inverse of these values and rescaled 

between 1 and 100. 
22

 Resistance values in the table from Singleton et al. (2002) are for mammalian carnivores classified 

as General Forest Associate. 
23

 0-10% impervious surface with human impactsnot 
24

 This value is intermediate between the (rescaled) value for CWHR Open Space and Singleton et al. 

2002 values for high road and population density. 
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Results 

Movement rates 

     Movement rate analysis was based on 8,145 movement paths (4,407, 2,866, 757, 

and 115 for individuals).  Movement rates of collared bobcats were lowest in 

woodland, avocado orchards, and shrub or scrub and highest along roads and in 

barren land (Figure 19).  Mean rates of movement in cropland were relatively high, 

and much higher than in avocado orchards.  Rates of movement in disturbed (0-10% 

impervious surface) were intermediate, similar to some areas without human land use 

and lower than low-density development. 

 

Compositional analysis 

     Compositional analysis was based on 8,850 point locations (4,009, 3,207, 1,177, 

and 157 for individuals).  All four bobcats were positively associated with avocado 

orchards (used:available >1) when comparing core to available habitat (Table 11, 

Figure 20a).  Three of the four bobcats used orchards more than expected when 

comparing core to home range; habitat use for the fourth bobcat did not differ from 

availability (Figure 20b).  Only one bobcat used orchards more than expected when 

comparing home range to available habitat (Figure 20c).  Overall, the difference in 

used:available habitat was only significant (with an alpha = 0.10) for core:available (p 

= 0.09).  The difference was not significant for core: home range (0.12) or home 

range: available (0.79).  
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Figure 19.  Rates of movement (meters/minute) per land use for four GPS 

collared male bobcats in Orange County.  Top panel is averaged (weighted 

by number of paths).  N = 8,145 paths (totaled over the 4 animals), and bars 

represent standard errors.  Bar widths are proportional to number of paths in 

each land use (top panel only).  Mean rate of movement (meters/minute) for 

each individual animal are in the bottom panel. 
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Table 11.  Home range compositions of four male bobcats (as a percentage of the total home range) and composition of land 

uses available on the landscape.  Areas are in hectares. 

 

Land Use Dante Zip Oscar Orion Available 

Woodland 0 17 (0.18%) 23 (0.15%) 19 (0.33%) 150 (0.24%) 

Avocado orchard 220 (9.1%) 240 (2.5%) 1,700 (11%) 590 (10%) 2,600 (3.9%) 

Shrub/scrub 930 (39%) 1,800 (19%) 4,400 (28%) 1,900 (33%) 14,000 (22%) 

Disturbed (<10% imper.) 270 (11%) 1,700 (18%) 2,000 (13%) 750 (13%) 9,300 (14%) 

Nurseries 190 (7.9%) 220 (2.3%) 1,100 (7.3%) 390 (6.8%) 2,700 (4.1%) 

Grassland/herbaceous 700 (30%) 1,900 (19%) 2,900 (18%) 1,600 (27%) 7,100 (11%) 

Low impervious (11-25%) 54 (2.3%) 770 (8.0%) 650 (4.2%) 200 (3.6%) 5,100 (7.8%) 

Med impervious (26-40%) 18 (0.75%) 540 (5.6%) 380 (2.5%) 64 (1.1%) 4,000 (6.2%) 

High impervious (>40%) 2 (0.08%) 2100 (21%) 520 (3.3%) 34 (0.60%) 15,000 (23%) 

Cropland 0 190 (2.0%) 1,100 (7.4%) 21 (0.37%) 2,400 (3.7%) 

Roadsides 0 20 (0.21%) 420 (2.7%) 160 (2.7%) 1,200 (1.8%) 

Barren 0 63 (0.65%) 18 (0.12%) 13 (0.23%) 700 (1.1%) 

Open water 0 0 0 0 140 (0.22%) 

Wetlands 0 0 26 (0.17%) 0 30 (0.05%) 

Unknown 0 0 140 (0.90%) 0 440 (0.67%) 

Total area 2,400 9,600 16,000 5,700 65,000 

 

  

 

 

7
4
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                 Individuals: 

 

 

Figure 20.  Compositional analyses of habitat use by four GPS collared bobcats.  

Values greater than one indicate the animal using the habitat class more than expected 

based on its availability in the landscape.  Each data point represents an individual’s 

selection ratio for a particular class.  (a) Ratio of core to available habitat; (b) ratio of 

core habitat to home range; and (c) Ratio of home range to available habitat.  Zeros 

are vertically jittered at values between 0.1 and 0.3 for display.  Values are not plotted 

when no land was available to an animal at a particular scale. 

 

Dante, 158 points 

Zip,      1,177 points 

Oscar, 3,207 points 

Orion, 4,009 points 
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    The ranking of the selection ratios by the four bobcats (according to Kendall’s W 

Coefficient of Correlation) was W= 1.0 for core:available (p < 0.0001), W = 0.70 for 

core:home range (p = 0.001), and W = 0.48 for home range:available (p = 0.03). 

     Bobcats were present in most natural vegetation classes as well as nurseries and 

disturbed lands.  The bobcats rarely were present in locations with high levels of 

impervious surface, croplands, and roadsides.  The patterns observed in movement 

rates are mirrored by the patterns in the compositional analysis: in general, bobcats 

more frequently used and moved more slowly through the same land use types.  Land 

use types that were generally selected for by most individuals and at most scales 

(woodlands, avocado orchards, shrub/scrub, nurseries, and disturbed) were also the 

land use types with the lowest movement rates.  Land use types that were generally 

avoided (medium- and high-impervious, barren, roads, and croplands) were also the 

land use types with the highest movement rates. 

 

Connectivity Analysis 

     Predicted current across the landscape (with per-pixel values comparable to the 

probability that an animal moves through a given pixel when crossing the landscape) 

was much more diffuse in the alternative scenario (Figure 21a) than in the baseline 

scenario (Figure 21b).  Figure 22 shows per-pixel differences in current densities 

between the two scenarios.  As would be expected based on parameter values, current 

densities in orchards were higher in the alternative scenario.  The current in other land 

use types changed as well: for example, there was much less current density in 
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croplands in the alternative scenario.    

     The effective resistance across the landscape changed very little between the two 

scenarios (4.1 ohms for the baseline scenario and 4.0 ohms for the alternative 

scenario).  These values for overall resistance are very similar, but the distribution 

across the landscape was very different.  For example, the total current summed 

across all avocado orchards (an indication of the net number of passages through 

avocado-occupied cells) was 0.94 amps in the baseline scenario and 2.6 amps in the 

alternative scenario, which is not surprising because the model was parameterized 

with lower resistance in orchards in the alternative scenario. 
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Figure 21. Connectivity across the Orange County study area as modeled with 

Circuitscape.  Black and gray represent low current (areas that don’t contribute to 

connectivity); blues and greens are intermediate values, and yellows are areas with 

high current (valuable for connectivity).  Red outlines avocado orchards; Alternative 

Scenario (A): resistance values are based on measured movement rates.  Black arrows 

show where pathways of current cross a major freeway.  Baseline Scenario (B): 

resistance values are based on the California Wildlife Habitat Relationship database 

and literature.   
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Figure 21 (B).  See legend on previous page. 
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Figure 22.  Change in Current.  Reds represent where current was higher in the 

baseline, and blues represent where current was higher in the alternative scenario. 
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Discussion 

     In this study, I examined habitat associations and movement rates of bobcats in 

orchards, and applied empirical data to connectivity models.  Four male bobcats used 

avocado orchards disproportionately in their core area compared to the larger 

landscape or their home ranges.  The difference in use:availability of avocado 

orchards was only significant for one of three scales (core : available), but, although I 

expected to find trends, I did not expect them to be significant with such a low sample 

size (n=4).  The order of the rankings, however, was highly significant.  I report the 

Kendall’s W correlation scores using all four animals, however, I also performed the 

test without the bobcat that had only 157 points: the Kendall’s W values were similar 

and all were still significant. 

     But why are bobcats using avocado orchards?  Although bobcats are obligate 

carnivores and therefore do not eat fruit, bobcats in urban landscapes in southern 

California were found to have positive associations with fruit trees (Steinberg 2011).  

Wood rat nests and dense, non-native vegetation which may harbor rodents were also 

positive predictors of bobcats (Steinberg 2011), and while I did not see wood rat nests 

in orchards, I found them in high densities in natural vegetation surrounding orchards 

(personal observation). 

     Movement rates may reflect habitat quality (Dickson et al. 2005).  Typically, 

animals should move more quickly through poor habitat, for example, habitat with 

low quality resources or high probability of encountering risks such as predators.  

Movement rates of bobcats were indeed faster in land use types that were less 
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frequently used, were poor quality, and potentially risky, including barren and 

developed lands and roadsides.  Conversely, movement rates were slower in land use 

types in which animals were detected more frequently, such as woodlands and 

orchards.  The rankings of favorable habitats inferred from movement rate data were 

similar to habitat preferences inferred from land-use associations based on 

compositional analysis – a result similar to that found by Dickson et al. (2005) in their 

study of mountain lions in southern California.  Movement rates are a potentially 

useful and relatively easy-to-measure tool for parameterizing connectivity models, 

but this method should be further tested by comparing modeled animal movements 

based on movement rates with actual animal movements.  Interpretation of movement 

rates is confounded when animals move quickly through a favorable habitat, for 

example, if an animal is moving on its way to somewhere else.  This can also be 

clarified by coupling analysis of movement rates with turn angles.  

     The baseline connectivity model using Circuitscape (McRae & Shah 2009) 

produced results similar to those based on least-cost paths for the same study region 

(Lyren et al. 2008).  However, the alternative connectivity map (based on movement 

rates) predicted more diffuse movement across the landscape.  These more diffuse 

current patterns better match the observed habitat use of collared and photographed 

bobcats on the landscape.  Altering relative resistance values of different agricultural 

classes based on the empirical movement data, however, increased the total current 

flowing through some parts of the landscape and decreased the current flowing 

through other parts of the landscape, which indicates that the predicted movement 
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patterns of the animals is different in the two models. Taken together, these results 

suggest that assumptions about agriculture can strongly influence conclusions 

relevant to conservation such as effects of different land use practices on 

connectivity, areas that should be prioritized for purchase or conservation easements, 

or areas most suitable for the placement of highway crossings. Classifying avocado 

orchards as low-quality habitat or grouping them with other crops during connectivity 

modeling might produce misleading inferences about how connected a landscape is 

for a given species or lead to poor prioritization of lands to conserve connectivity for 

that species.  Wherever possible, it is preferable to use local, empirical data to assess 

the permeability of different land cover and land use types, and then to use this 

knowledge to parameterize connectivity models. 

     The results in this chapter are based on data from four male bobcats.  Movement 

of male bobcats is important for gene flow amongst populations, but movement of 

female bobcats is critical for population persistence.  Male bobcats respond 

differently to urbanization than female bobcats in southern California: males are more 

likely to incorporate human-dominated lands in their home ranges, while female are 

more likely to avoid human-dominated lands entirely (Riley et al. 2003).  Given this 

finding, the generality of the pattern found in this study needs to be tested with 

additional studies.  

 

* * * * * 
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     There is growing interest in managing for movement of wild animals through 

agricultural areas (Muntifering et al. 2006, Consentino et al. 2011).  These results 

suggest that habitat quality for different species in agricultural areas varies 

considerably as a function of crop type and management intensity, which supports 

results from a meta-analysis of vertebrates across intensity gradients in agriculture-

dominated landscapes (Flynn et al. 2009).    

     Agricultural lands in general, and avocado orchards in particular, have great 

potential to contribute to carnivore conservation, for example, they could help to 

buffer protected areas or provide connectivity.  But orchards also have the potential to 

draw wildlife into dangerous landscapes, where the wildlife are exposed to human-

caused risks such as roads, being shot, and rat poisons.  By facilitating the use of 

avocado orchards as habitat for mammalian carnivores, managers can use this land 

resource for both agriculture and conservation. 
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CONCLUSIONS 

 

     My research examined wildlife use of agricultural habitats, and how this use 

depends on landscape context, crop type, and crop management.  I found that wildlife 

uses agroecosystems more than is currently reported across a range of vertebrate taxa.  

I then focused on one study system: mammalian carnivores in orchards, and found 

that they were using avocado orchards in a variety of landscape contexts.  Accurately 

evaluating the habitat value of agroecosystems is critical to informing conservation 

decisions such as reducing impact of biofuel production and planning for connectivity 

across mixed-use landscapes. 

     Future work on wildlife in agricultural environments should focus on elements of 

habitat, rather than on classifications based on human uses.  In a study of 

salamanders, for example, Consentino et al. (2010) found that habitat choice and 

movement was driven by moisture in the environment, regardless of whether the land 

was used for agriculture or had native vegetative cover.   

     Consentino et al. (2010) also stress the need for data to inform species 

relationships to agricultural habitats, and in particular, suggest using controlled 

experiments.  Although it is difficult to imagine a situation where experiments with 

wide-ranging carnivores would be feasible, experiments with smaller taxa will help 

inform work with carnivores.  Even without experiments, scientists can use empirical 

data on carnivores to ―advance our conceptualization of landscape connectivity and 

enhance conservation efforts for species in agricultural ecosystems‖ (Consentino et 



86 

 

al. 2010). 

     Agricultural landscapes can provide habitat for a variety of wildlife, but the habitat 

value varies a great deal with both crop type and management practices.  Integral to 

this is the heterogeneity and structure of the habitat.  Avocado orchards are a 

particularly interesting agricultural habitat type because of their non-intensive 

management and diverse structure that simulates that of native woodlands.  I found 

that carnivores use avocado orchards in a variety of landscape contexts and in fact 

select for orchards within their home ranges.  This is in sharp contrast to row crop 

agriculture in the same region: row crops, for example, seem to have low habitat 

value for carnivores. 

     In this study, I found that mammalian carnivores do not appear to be particularly 

sensitive to the presence of continuous wildlands, at least at the scale that I analyzed.  

My results may instead reflect use of habitat edges.  Hilty and Merenlender (2003) 

found that mammalian carnivores were more likely to use riparian corridors in 

vineyard landscapes in California than the vineyards themselves.  They also found 

that mammalian carnivores were more likely to use riparian corridors that were wide 

and were close to core habitat areas than corridors that were narrow or denuded or far 

from core areas.  In a survey of mammals in an agriculture-dominated landscape in 

Costa Rica, however, Daily et al. (2003) found that sites far from reserves did not 

have fewer species than sites near reserves, but that more species were found in 

forests and coffee/forest habitats than in pasture habitats.  Also in the tropics, Estrada 

et al. (1994) found that distance to wildland negatively influences species richness of 
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non-flying mammals.  Both of these studies found that the land use at the site 

surveyed mattered more than landscape position, and my results support this.  The 

two studies have conflicting results about the importance of the distance to wildlands.  

Hilty and Merenlender (2003), as well as a study surveying mammals in forest 

fragments within agricultural habitats in southern Mexico (Estrada et al. 1994), found 

that species use of a particular habitat declines with distance to wildlands.   My 

results, however, are similar to those of Daily et al. (2003): I find that distance to 

wildland did not predict the number of carnivore species or the abundance of bobcats, 

coyotes or gray fox.  

     This leads to a natural conclusion that some agroecosystems might be useful for 

conservation.  Recently, conservationists are considering using agricultural lands for 

conservation, and particularly for connectivity conservation.  Conserving and 

restoring connectivity between wild lands continues to be a conservation priority, and 

will most likely become even more important as a primary climate change adaptation 

strategy (Heller and Zavaleta 2009).  The role of agricultural lands for connectivity, 

however, is poorly understood.  Conservation planners frequently lump all agriculture 

as one land use, and they identify it as poor-quality habitat.  If agroecosystems are to 

be used for conservation, then we will need to learn more about them: we need to 

learn more about the habitat and movement value of different types of agriculture.  

Lands that are somewhat permeable to wildlife, such as agriculture, could potentially 

play a role in helping animals move across landscapes.  These lands may function not 

only for connectivity, but also as habitat.  Before agricultural lands can be 
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incorporated into connectivity strategies, however, we will need a much better 

understanding of their value for wildlife, and the risks that wildlife might encounter in 

them. 

     Agricultural lands may function as ecological traps: wildlife drawn to agricultural 

areas by anthropogenic food and water sources may be exposed to risks such as being 

shot, poisoned, or hit by vehicles.  The EPA has identified exposure of non-target 

wildlife to second-generation anticoagulant rodenticides (SGARs) as a problem and 

has set regulations to reduce such exposures (EPA 2008).  These rodenticides have 

been found in a variety of carnivorous and omnivorous mammals and birds, including 

―71 to 84% of the 106 bobcats, mountain lions, and San Joaquin kit foxes analyzed‖ 

in California (EPA 2008), nearly all tested raptors in San Diego County (Terrell 

Salmon, U.C. Davis, personal communication), the majority of tested raptors in New 

York (EPA 2008), and birds, amphibians, and reptiles in New Zealand (Hoare and 

Hare 2006).  SGARs are particularly hazardous to non-target wildlife because they do 

not kill their rodent targets for 5-7 days, giving them time to consume more lethal 

doses before potentially being found and eaten by predators (EPA 2008).  This 

problem appears to be widespread and will need to be accounted for in connectivity 

plans. 

     Managing agricultural landscapes for wildlife will have impacts on growers.  

Wildlife species can have positive or negative economic effects on growers, 

depending on the species and the situation.  Many species have both positive and 

negative effects, and many species have no effect.  Common negative effects include 
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loss of crops (especially by birds), fecal contamination of crops, and loss of pets or 

livestock (by mammalian carnivores).  Other effects are very specific: for example, in 

southern California during the dry season, coyotes will often chew through irrigation 

lines to drink water, damaging the lines and wasting water.  Positive effects include 

pest control (by birds, bats, or mammalian carnivores) and existence value (the value 

people derive from the existence of carnivores).  Growers may be encouraged to 

adopt wildlife-friendly management practices through economic incentives and 

through education.  Legislation can help prevent wildlife loss from risks such as 

pesticides.  Many wildlife-friendly practices could be implemented on a voluntary 

bases, because they can be adopted with little or no economic loss, and even with 

economic gain, for growers.  For example, keeping pets inside at night will prevent 

them from being depredated.  Although a thorough analysis of economic externalities 

is outside the scope of this paper, these concerns will certainly need to be addressed 

by conservation practitioners seeking to capitalize on the habitat value of 

agroecosystems. 

     One way to leverage the potential conservation value of agroecosystems for 

connectivity while minimizing risks is to establish safe ―Wildlife Movement Zones.‖  

These zones could be identified by modeling locations where animals may move 

through agricultural lands on their way between wildlands (with a connectivity 

model), or they could be identified as places where animals are likely to end up (with 

an individual-based movement model, for example).  Once identified, Wildlife 

Movement Zones could be promoted either through public outreach and education, 
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through agencies such as university extension agencies, or through local (county) 

government.  In Wildlife Movement Zones, farmers and residents would be 

encouraged or mandated to adopt wildlife friendly practices: 1) reduce pesticide use 

and eliminate use of particularly harmful pesticides such as anticoagulant 

rodenticides; 2) appropriate fencing and enclosures to keep wild animals away from 

domestic animals and to allow wild animals to move across landscapes; 3) wildlife-

friendly lighting; and 4) road signs or other methods to prevent vehicle collisions. 
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APPENDIX A: ORIGINAL AND MODIFIED  

WILDLIFE HABITAT RELATIONSHIPS 

 

Original and modified CWHR suitability values for all focal species.  R = 

reproduction, C = cover; F = feeding.  mR, mC, and mF are the modified versions. 

 
NAME HABITAT R C F mR mC mF 

CA. TIGER SALAMANDER CORN 0 0 0 0 0 0 

CA. TIGER SALAMANDER DECIDUOUS ORCHARD 0 0 0 0 0 0 

CA. TIGER SALAMANDER DRYLAND GRAIN CROPS 0 0 0 0 0 0 

CA. TIGER SALAMANDER EVERGREEN ORCHARD 0 0 0 0 0 0 

CA. TIGER SALAMANDER GRASS HAYFIELD 0 0 0 0 0 0 

CA. TIGER SALAMANDER IRRIGATED GRAIN CROPS 0 0 0 0 0 0 

CA. TIGER SALAMANDER IRRIGATED HAYFIELD 0 0 0 0 0 0 

CA. TIGER SALAMANDER IRRIGATED ROW & FIELD 0 0 0 0 0 0 

CA. TIGER SALAMANDER PASTURE 0 0 0 0.66 0.66 0.66 

CA. TIGER SALAMANDER RICE 0 0 0 0 0 0 

CA. TIGER SALAMANDER SWEET SORGHUM 0 0 0 0 0 0 

CA. SLENDER SALAMANDER CORN 0 0 0 0 0 0 

CA. SLENDER SALAMANDER DECIDUOUS ORCHARD 0 0 0 0 0 0 

CA. SLENDER SALAMANDER DRYLAND GRAIN CROPS 0 0 0 0 0 0 

CA. SLENDER SALAMANDER EVERGREEN ORCHARD 0 0 0 0 0 0 

CA. SLENDER SALAMANDER GRASS HAYFIELD 0 0 0 0 0 0 

CA. SLENDER SALAMANDER IRRIGATED GRAIN CROPS 0 0 0 0 0 0 

CA. SLENDER SALAMANDER IRRIGATED HAYFIELD 0 0 0 0 0 0 

CA. SLENDER SALAMANDER IRRIGATED ROW & FIELD 0 0 0 0 0 0 

CA. SLENDER SALAMANDER PASTURE 0 0 0 0.33 0.33 0.33 

CA. SLENDER SALAMANDER RICE 0.33 0.33 0.33 0 0 0 

CA. SLENDER SALAMANDER SWEET SORGHUM 0 0 0 0 0 0 

WESTERN TOAD CORN 0.33 0.33 0.33 0 0.33 0.33 

WESTERN TOAD DECIDUOUS ORCHARD 0.33 0.33 0.33 0.33 0.33 0.33 

WESTERN TOAD DRYLAND GRAIN CROPS 0.33 0.33 0.33 0 0.33 0.33 

WESTERN TOAD EVERGREEN ORCHARD 0.33 0.33 0.33 0.33 0.33 0.33 

WESTERN TOAD GRASS HAYFIELD 1 0.66 0.66 0 0.66 0.66 

WESTERN TOAD IRRIGATED GRAIN CROPS 0.33 0.33 0.33 0 0.33 0.33 

WESTERN TOAD IRRIGATED HAYFIELD 1 0.66 0.66 0 0.66 0.66 

WESTERN TOAD IRRIGATED ROW & FIELD 0.33 0.33 0.33 0 0.33 0.33 

WESTERN TOAD PASTURE 0.66 0.66 0.66 0.66 0.66 0.66 

WESTERN TOAD RICE 0.33 0.33 0.33 0.33 0.33 0.33 

WESTERN TOAD SWEET SORGHUM 0.33 0.33 0.33 0 0.33 0.33 

WESTERN POND TURTLE CORN 0 0 0 0 0 0 

WESTERN POND TURTLE DECIDUOUS ORCHARD 0 0 0 0 0 0 

WESTERN POND TURTLE DRYLAND GRAIN CROPS 0 0 0 0 0 0 

WESTERN POND TURTLE EVERGREEN ORCHARD 0 0 0 0 0 0 

WESTERN POND TURTLE GRASS HAYFIELD 0 0 0 0 0 0 

WESTERN POND TURTLE IRRIGATED GRAIN CROPS 0 0 0 0 0 0 

WESTERN POND TURTLE IRRIGATED HAYFIELD 0 0 0 0 0 0 

WESTERN POND TURTLE IRRIGATED ROW & FIELD 0 0 0 0 0 0 

WESTERN POND TURTLE PASTURE 0.33 0 0 0.33 0 0 

WESTERN POND TURTLE RICE 0.33 0.33 0.33 0.33 0.33 0.33 

WESTERN POND TURTLE SWEET SORGHUM 0 0 0 0 0 0 

BLUNT-NOSED LEOPARD LIZARD CORN 0 0 0 0 0 0 

BLUNT-NOSED LEOPARD LIZARD DECIDUOUS ORCHARD 0 0 0 0 0 0 
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BLUNT-NOSED LEOPARD LIZARD DRYLAND GRAIN CROPS 0 0 0 0 0 0 

BLUNT-NOSED LEOPARD LIZARD EVERGREEN ORCHARD 0 0 0 0 0 0 

BLUNT-NOSED LEOPARD LIZARD GRASS HAYFIELD 0 0 0 0 0 0 

BLUNT-NOSED LEOPARD LIZARD IRRIGATED GRAIN CROPS 0 0 0 0 0 0 

BLUNT-NOSED LEOPARD LIZARD IRRIGATED HAYFIELD 0 0 0 0 0 0 

BLUNT-NOSED LEOPARD LIZARD IRRIGATED ROW & FIELD 0 0 0 0 0 0 

BLUNT-NOSED LEOPARD LIZARD PASTURE 0 0 0 0 0.33 0.33 

BLUNT-NOSED LEOPARD LIZARD RICE 0 0 0 0 0 0 

BLUNT-NOSED LEOPARD LIZARD SWEET SORGHUM 0 0 0 0 0 0 

GOPHER SNAKE CORN 0.33 0.33 0.33 0.33 0.33 0.33 

GOPHER SNAKE DECIDUOUS ORCHARD 0.66 0.66 0.66 0.66 0.66 0.66 

GOPHER SNAKE DRYLAND GRAIN CROPS 0.66 0.66 0.66 0.66 0.66 0.66 

GOPHER SNAKE EVERGREEN ORCHARD 0.66 0.66 0.66 0.66 0.66 0.66 

GOPHER SNAKE GRASS HAYFIELD 1 1 1 1 1 1 

GOPHER SNAKE IRRIGATED GRAIN CROPS 0.33 0.33 0.33 0.33 0.33 0.33 

GOPHER SNAKE IRRIGATED HAYFIELD 1 1 1 1 1 1 

GOPHER SNAKE IRRIGATED ROW & FIELD 0.33 0.33 0.33 0.33 0.33 0.33 

GOPHER SNAKE PASTURE 1 1 1 1 1 1 

GOPHER SNAKE RICE 0.33 0.33 0.33 0.33 0.33 0.33 

GOPHER SNAKE SWEET SORGHUM 0.33 0.33 0.33 0.33 0.33 0.33 

GIANT GARTER SNAKE CORN 0 0 0 0 0 0 

GIANT GARTER SNAKE DECIDUOUS ORCHARD 0 0 0 0 0 0 

GIANT GARTER SNAKE DRYLAND GRAIN CROPS 0 0 0 0 0 0 

GIANT GARTER SNAKE EVERGREEN ORCHARD 0 0 0 0 0 0 

GIANT GARTER SNAKE GRASS HAYFIELD 0 0 0 0 0 0 

GIANT GARTER SNAKE IRRIGATED GRAIN CROPS 0 0 0 0 0 0 

GIANT GARTER SNAKE IRRIGATED HAYFIELD 0 0 0 0 0 0 

GIANT GARTER SNAKE IRRIGATED ROW & FIELD 0 0 0 0 0 0 

GIANT GARTER SNAKE PASTURE 0 0 0 0 0 0 

GIANT GARTER SNAKE RICE 0.33 0.66 0.66 0.33 0.66 0.66 

GIANT GARTER SNAKE SWEET SORGHUM 
     

  

WHITE-FACED IBIS CORN 0 0.33 0.66 0 0.33 0.66 

WHITE-FACED IBIS DECIDUOUS ORCHARD 0 0 0 0 0 0 

WHITE-FACED IBIS DRYLAND GRAIN CROPS 0 0 0 0 0 0 

WHITE-FACED IBIS EVERGREEN ORCHARD 0 0 0 0 0 0 

WHITE-FACED IBIS GRASS HAYFIELD 0 0.33 1 0 0.33 1 

WHITE-FACED IBIS IRRIGATED GRAIN CROPS 0 0.33 0.66 0 0.33 0.66 

WHITE-FACED IBIS IRRIGATED HAYFIELD 0 0.33 1 0 0.33 1 

WHITE-FACED IBIS IRRIGATED ROW & FIELD 0 0.33 0.66 0 0.33 0.66 

WHITE-FACED IBIS PASTURE 0 0 0 0 0 0 

WHITE-FACED IBIS RICE 0 0 0.66 0 0 0.66 

WHITE-FACED IBIS SWEET SORGHUM 0 0.33 0.66 0 0.33 0.66 

MALLARD CORN 1 1 1 0.33 0 0 

MALLARD DECIDUOUS ORCHARD 0 0 0 0 0 0 

MALLARD DRYLAND GRAIN CROPS 0 0 0 0.33 0 0.66 

MALLARD EVERGREEN ORCHARD 0 0 0 0 0 0 

MALLARD GRASS HAYFIELD 1 1 1 1 1 1 

MALLARD IRRIGATED GRAIN CROPS 1 1 1 1 1 1 

MALLARD IRRIGATED HAYFIELD 1 1 1 1 1 1 

MALLARD IRRIGATED ROW & FIELD 0 0 0 0 0 0 

MALLARD PASTURE 0 0 0 0.66 0 0 

MALLARD RICE 0.33 0.33 0.66 1 1 1 

MALLARD SWEET SORGHUM 1 1 1 1 1 1 

CINNAMON TEAL CORN 0.33 0.33 0.33 0.33 0.33 0.33 

CINNAMON TEAL DECIDUOUS ORCHARD 0 0 0 0 0 0 
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CINNAMON TEAL DRYLAND GRAIN CROPS 0 0 0 0 0 0 

CINNAMON TEAL EVERGREEN ORCHARD 0 0 0 0 0 0 

CINNAMON TEAL GRASS HAYFIELD 0.66 0.66 0.66 0.66 0.66 0.66 

CINNAMON TEAL IRRIGATED GRAIN CROPS 0.33 0.33 0.33 0.33 0.33 0.33 

CINNAMON TEAL IRRIGATED HAYFIELD 0.66 0.66 0.66 0.66 0.66 0.66 

CINNAMON TEAL IRRIGATED ROW & FIELD 0 0 0 0 0 0 

CINNAMON TEAL PASTURE 0 0 0 0 0 0 

CINNAMON TEAL RICE 0 0.66 0.66 0.66 1 1 

CINNAMON TEAL SWEET SORGHUM 0.33 0.33 0.33 0.33 0.33 0.33 

WHITE-TAILED KITE CORN 0 0.66 1 0 0.33 0.66 

WHITE-TAILED KITE DECIDUOUS ORCHARD 0.66 1 1 0.66 1 1 

WHITE-TAILED KITE DRYLAND GRAIN CROPS 0 0 1 0 0 1 

WHITE-TAILED KITE EVERGREEN ORCHARD 0.66 1 1 0.66 1 1 

WHITE-TAILED KITE GRASS HAYFIELD 0 0 1 0 0 1 

WHITE-TAILED KITE IRRIGATED GRAIN CROPS 0 0.66 1 0 0.66 1 

WHITE-TAILED KITE IRRIGATED HAYFIELD 0 0 1 0 0 1 

WHITE-TAILED KITE IRRIGATED ROW & FIELD 0 0 1 0 0 1 

WHITE-TAILED KITE PASTURE 0 0 0 0.33 0 0.33 

WHITE-TAILED KITE RICE 0 0 0.66 0 0 0.66 

WHITE-TAILED KITE SWEET SORGHUM 0 0.66 1 0 0.66 1 

NORTHERN HARRIER CORN 1 1 1 1 1 0.66 

NORTHERN HARRIER DECIDUOUS ORCHARD 0.33 0.33 1 0.33 0.33 1 

NORTHERN HARRIER DRYLAND GRAIN CROPS 1 1 1 1 1 1 

NORTHERN HARRIER EVERGREEN ORCHARD 0 0 0 0 0 0 

NORTHERN HARRIER GRASS HAYFIELD 1 1 1 0.66 0.66 0.66 

NORTHERN HARRIER IRRIGATED GRAIN CROPS 1 1 1 1 1 1 

NORTHERN HARRIER IRRIGATED HAYFIELD 1 1 1 1 1 1 

NORTHERN HARRIER IRRIGATED ROW & FIELD 0 0 0 0.33 0.33 0.33 

NORTHERN HARRIER PASTURE 0 0 0 0.66 0.33 0.66 

NORTHERN HARRIER RICE 0 0 0.33 0 0 0.33 

NORTHERN HARRIER SWEET SORGHUM 1 1 1 1 1 1 

RING-NECKED PHEASANT CORN 1 1 1 0.33 0.66 0.66 

RING-NECKED PHEASANT DECIDUOUS ORCHARD 0.33 0.66 0.66 0.33 0.66 0.66 

RING-NECKED PHEASANT DRYLAND GRAIN CROPS 1 1 1 1 1 1 

RING-NECKED PHEASANT EVERGREEN ORCHARD 0.33 0.66 0.66 0.33 0.66 0.66 

RING-NECKED PHEASANT GRASS HAYFIELD 1 1 1 0.66 0.66 0.66 

RING-NECKED PHEASANT IRRIGATED GRAIN CROPS 1 1 1 1 1 1 

RING-NECKED PHEASANT IRRIGATED HAYFIELD 1 1 1 1 1 1 

RING-NECKED PHEASANT IRRIGATED ROW & FIELD 1 1 1 1 1 1 

RING-NECKED PHEASANT PASTURE 0 0 0 0.33 0 0.33 

RING-NECKED PHEASANT RICE 0.66 0.66 1 0.66 0.66 1 

RING-NECKED PHEASANT SWEET SORGHUM 1 1 1 0.33 0.66 0.66 

CALIFORNIA QUAIL CORN 0.66 0.66 1 0.66 0.66 1 

CALIFORNIA QUAIL DECIDUOUS ORCHARD 0.33 1 1 0.33 1 1 

CALIFORNIA QUAIL DRYLAND GRAIN CROPS 0 0 0 0 0 0 

CALIFORNIA QUAIL EVERGREEN ORCHARD 0.33 1 1 0.33 1 1 

CALIFORNIA QUAIL GRASS HAYFIELD 0.66 0.66 1 0.66 0.66 1 

CALIFORNIA QUAIL IRRIGATED GRAIN CROPS 0.66 0.66 1 0.66 0.66 1 

CALIFORNIA QUAIL IRRIGATED HAYFIELD 0.66 0.66 1 0.66 0.66 1 

CALIFORNIA QUAIL IRRIGATED ROW & FIELD 0 0 0 0 0 0 

CALIFORNIA QUAIL PASTURE 0 0 0 0 0 0 

CALIFORNIA QUAIL RICE 0 0.66 0.66 0 0.66 0.66 

CALIFORNIA QUAIL SWEET SORGHUM 0.66 0.66 1 0.66 0.66 1 

LONG-BILLED CURLEW CORN 0 0 0 0 0 0 

LONG-BILLED CURLEW DECIDUOUS ORCHARD 0 0 0 0 0 0 
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LONG-BILLED CURLEW DRYLAND GRAIN CROPS 0 1 1 0 1 1 

LONG-BILLED CURLEW EVERGREEN ORCHARD 0 0 0 0 0 0 

LONG-BILLED CURLEW GRASS HAYFIELD 1 1 1 1 1 1 

LONG-BILLED CURLEW IRRIGATED GRAIN CROPS 0 0 0 0 0 0 

LONG-BILLED CURLEW IRRIGATED HAYFIELD 1 1 1 1 1 1 

LONG-BILLED CURLEW IRRIGATED ROW & FIELD 0 0 0 0 0 0 

LONG-BILLED CURLEW PASTURE 0 0 0 0.33 0.33 0.33 

LONG-BILLED CURLEW RICE 0 0.33 0.66 0 0.33 0.66 

LONG-BILLED CURLEW SWEET SORGHUM 0 0 0 0 0 0 

BURROWING OWL CORN 0 0 0 0 0 0 

BURROWING OWL DECIDUOUS ORCHARD 0 0 0 0 0 0 

BURROWING OWL DRYLAND GRAIN CROPS 0 0 0 0 0 0.33 

BURROWING OWL EVERGREEN ORCHARD 0 0 0 0 0 0 

BURROWING OWL GRASS HAYFIELD 1 1 1 0.33 0.66 0.66 

BURROWING OWL IRRIGATED GRAIN CROPS 0 0 0 0 0 0.33 

BURROWING OWL IRRIGATED HAYFIELD 1 1 1 1 1 1 

BURROWING OWL IRRIGATED ROW & FIELD 0 0 0 0.33 0.33 0.33 

BURROWING OWL PASTURE 1 1 1 1 1 1 

BURROWING OWL RICE 0 0.66 0.66 0 0.66 0.66 

BURROWING OWL SWEET SORGHUM 0 0 0 0 0 0 

WESTERN BLUEBIRD CORN 0 0 0 0 0 0 

WESTERN BLUEBIRD DECIDUOUS ORCHARD 0 0.33 0.66 0.33 0.33 0.66 

WESTERN BLUEBIRD DRYLAND GRAIN CROPS 0 0 0 0 0 0 

WESTERN BLUEBIRD EVERGREEN ORCHARD 0 0 0 0.33 0 0 

WESTERN BLUEBIRD GRASS HAYFIELD 0 0 0.66 0 0 0.66 

WESTERN BLUEBIRD IRRIGATED GRAIN CROPS 0 0 0 0 0 0 

WESTERN BLUEBIRD IRRIGATED HAYFIELD 0 0 0.66 0 0 0.66 

WESTERN BLUEBIRD IRRIGATED ROW & FIELD 0 0 0 0 0 0 

WESTERN BLUEBIRD PASTURE 0 0 0 0 0 0 

WESTERN BLUEBIRD RICE 0 0 0 0 0 0 

WESTERN BLUEBIRD SWEET SORGHUM 0 0 0 0 0 0 

GRASSHOPPER SPARROW CORN 0 0 0 0 0 0.33 

GRASSHOPPER SPARROW DECIDUOUS ORCHARD 0 0 0 0 0 0 

GRASSHOPPER SPARROW DRYLAND GRAIN CROPS 0 0 0 0 0 0.33 

GRASSHOPPER SPARROW EVERGREEN ORCHARD 0 0 0 0 0 0 

GRASSHOPPER SPARROW GRASS HAYFIELD 0.33 0.33 0.33 0.33 0.33 0.33 

GRASSHOPPER SPARROW IRRIGATED GRAIN CROPS 0 0 0 0 0 0.33 

GRASSHOPPER SPARROW IRRIGATED HAYFIELD 0.33 0.33 0.33 0.66 0.66 0.66 

GRASSHOPPER SPARROW IRRIGATED ROW & FIELD 0 0 0 0 0 0 

GRASSHOPPER SPARROW PASTURE 0 0 0 0.66 0.66 0.66 

GRASSHOPPER SPARROW RICE 0 0 0 0 0 0 

GRASSHOPPER SPARROW SWEET SORGHUM 0 0 0 0 0 0.33 

RED-WINGED BLACKBIRD CORN 0 0 0 0.66 0.66 0.66 

RED-WINGED BLACKBIRD DECIDUOUS ORCHARD 0.33 0.33 0.66 0.33 0.33 0.66 

RED-WINGED BLACKBIRD DRYLAND GRAIN CROPS 0 0 0 0.33 0 0.66 

RED-WINGED BLACKBIRD EVERGREEN ORCHARD 0 0 0 0 0 0 

RED-WINGED BLACKBIRD GRASS HAYFIELD 1 1 1 1 1 1 

RED-WINGED BLACKBIRD IRRIGATED GRAIN CROPS 0 0 0 0.33 0 0.66 

RED-WINGED BLACKBIRD IRRIGATED HAYFIELD 1 1 1 1 1 1 

RED-WINGED BLACKBIRD IRRIGATED ROW & FIELD 1 1 1 1 1 1 

RED-WINGED BLACKBIRD PASTURE 0 0 0 0.33 0 0.33 

RED-WINGED BLACKBIRD RICE 0.66 0.66 1 0.66 0.66 1 

RED-WINGED BLACKBIRD SWEET SORGHUM 0 0 0 0 0 0.66 

TRICOLORED BLACKBIRD CORN 0 0 1 0 0 1 

TRICOLORED BLACKBIRD DECIDUOUS ORCHARD 0 0 0.66 0 0 0.66 
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TRICOLORED BLACKBIRD DRYLAND GRAIN CROPS 0 0 1 1 0 1 

TRICOLORED BLACKBIRD EVERGREEN ORCHARD 0 0 0 0.33 0 0.33 

TRICOLORED BLACKBIRD GRASS HAYFIELD 0 0 1 0 0 1 

TRICOLORED BLACKBIRD IRRIGATED GRAIN CROPS 0 0 0 1 0 1 

TRICOLORED BLACKBIRD IRRIGATED HAYFIELD 0 0 1 0 0 1 

TRICOLORED BLACKBIRD IRRIGATED ROW & FIELD 0 0 1 0 0 0.33 

TRICOLORED BLACKBIRD PASTURE 0 0 0 0 0 0.66 

TRICOLORED BLACKBIRD RICE 0 0 1 0 0 1 

TRICOLORED BLACKBIRD SWEET SORGHUM 0 0 1 0 0 1 

WESTERN MEADOWLARK CORN 0.33 0.33 0.33 0 0 0 

WESTERN MEADOWLARK DECIDUOUS ORCHARD 0 0 0 0 0 0 

WESTERN MEADOWLARK DRYLAND GRAIN CROPS 0.66 0.66 0.66 0.66 0.66 0.66 

WESTERN MEADOWLARK EVERGREEN ORCHARD 0 0 0 0 0 0 

WESTERN MEADOWLARK GRASS HAYFIELD 1 1 1 0.66 0.66 0.66 

WESTERN MEADOWLARK IRRIGATED GRAIN CROPS 0.66 0.66 0.66 0.66 0.66 0.66 

WESTERN MEADOWLARK IRRIGATED HAYFIELD 1 1 1 1 1 1 

WESTERN MEADOWLARK IRRIGATED ROW & FIELD 0 0 0 0 0 0.33 

WESTERN MEADOWLARK PASTURE 0 0 0 1 1 1 

WESTERN MEADOWLARK RICE 0 0.33 0.66 0 0.33 0.66 

WESTERN MEADOWLARK SWEET SORGHUM 0.66 0.66 0.66 0.66 0.66 0.66 

CALIFORNIA MYOTIS CORN 0 0 0.66 0 0 0.66 

CALIFORNIA MYOTIS DECIDUOUS ORCHARD 0 0 0.66 0.33 0.33 0.66 

CALIFORNIA MYOTIS DRYLAND GRAIN CROPS 0 0 0.66 0 0 0.33 

CALIFORNIA MYOTIS EVERGREEN ORCHARD 0 0 0.66 0.33 0.33 0.66 

CALIFORNIA MYOTIS GRASS HAYFIELD 0 0 0.66 0 0 0.66 

CALIFORNIA MYOTIS IRRIGATED GRAIN CROPS 0 0 0.66 0 0 0.33 

CALIFORNIA MYOTIS IRRIGATED HAYFIELD 0 0 0.66 0 0 0.33 

CALIFORNIA MYOTIS IRRIGATED ROW & FIELD 0 0 0.66 0 0 0.66 

CALIFORNIA MYOTIS PASTURE 0 0 0.66 0 0 1 

CALIFORNIA MYOTIS RICE 0 0 0.33 0 0 1 

CALIFORNIA MYOTIS SWEET SORGHUM 0 0 0.66 0 0 0.33 

WESTERN RED BAT CORN 0 0 0 0 0 0 

WESTERN RED BAT DECIDUOUS ORCHARD 0 0 0 0.33 0.33 1 

WESTERN RED BAT DRYLAND GRAIN CROPS 0 0 0 0 0 0 

WESTERN RED BAT EVERGREEN ORCHARD 0 0 0 1 1 1 

WESTERN RED BAT GRASS HAYFIELD 0 0 0.66 0 0 0 

WESTERN RED BAT IRRIGATED GRAIN CROPS 0 0 0 0 0 0 

WESTERN RED BAT IRRIGATED HAYFIELD 0 0 0.66 0 0 0.33 

WESTERN RED BAT IRRIGATED ROW & FIELD 0 0 0 0 0 0 

WESTERN RED BAT PASTURE 0 0 0.66 0 0 0.33 

WESTERN RED BAT RICE 0 0 0.33 0 0 0.33 

WESTERN RED BAT SWEET SORGHUM 0 0 0 0 0 0 

BRAZILIAN FREE-TAILED BAT CORN 0 0 0.33 0 0 0.66 

BRAZILIAN FREE-TAILED BAT DECIDUOUS ORCHARD 0 0 0.33 0 0 0.66 

BRAZILIAN FREE-TAILED BAT DRYLAND GRAIN CROPS 0 0 0.33 0 0 0.33 

BRAZILIAN FREE-TAILED BAT EVERGREEN ORCHARD 0 0 0.33 0 0 1 

BRAZILIAN FREE-TAILED BAT GRASS HAYFIELD 0 0 0.33 0 0 0.66 

BRAZILIAN FREE-TAILED BAT IRRIGATED GRAIN CROPS 0 0 0.33 0 0 0.33 

BRAZILIAN FREE-TAILED BAT IRRIGATED HAYFIELD 0 0 0.33 0 0 0.33 

BRAZILIAN FREE-TAILED BAT IRRIGATED ROW & FIELD 0 0 0.33 0 0 0.66 

BRAZILIAN FREE-TAILED BAT PASTURE 0 0 0.33 0 0 0.66 

BRAZILIAN FREE-TAILED BAT RICE 0 0 0.33 0 0 1 

BRAZILIAN FREE-TAILED BAT SWEET SORGHUM 0 0 0.33 0 0 0.33 

CA. GROUND SQUIRREL CORN 0.66 0.66 1 0 0.33 0.33 

CA. GROUND SQUIRREL DECIDUOUS ORCHARD 0.66 0.66 0.66 0.66 0.66 0.66 
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CA. GROUND SQUIRREL DRYLAND GRAIN CROPS 0.66 0.66 1 0.66 0.66 1 

CA. GROUND SQUIRREL EVERGREEN ORCHARD 0.66 0.66 0.66 0.66 0.66 0.66 

CA. GROUND SQUIRREL GRASS HAYFIELD 0.66 0.66 1 0.66 0.66 1 

CA. GROUND SQUIRREL IRRIGATED GRAIN CROPS 0.66 0.66 1 0 0.66 1 

CA. GROUND SQUIRREL IRRIGATED HAYFIELD 0.66 0.66 1 0 0.33 0.66 

CA. GROUND SQUIRREL IRRIGATED ROW & FIELD 0.66 0.66 1 0 0.66 1 

CA. GROUND SQUIRREL PASTURE 1 1 1 1 1 1 

CA. GROUND SQUIRREL RICE 0.66 0.66 0.66 0 0.66 0.66 

CA. GROUND SQUIRREL SWEET SORGHUM 0.66 0.66 1 0 0.66 1 

CA. KANGAROO RAT CORN 0 0 0 0 0 0 

CA. KANGAROO RAT DECIDUOUS ORCHARD 0.33 0.33 0.33 0.33 0.33 0.33 

CA. KANGAROO RAT DRYLAND GRAIN CROPS 0.33 0.33 0.33 0.33 0.33 0.33 

CA. KANGAROO RAT EVERGREEN ORCHARD 0.33 0.33 0.33 0.33 0.33 0.33 

CA. KANGAROO RAT GRASS HAYFIELD 0 0 0 0 0 0 

CA. KANGAROO RAT IRRIGATED GRAIN CROPS 0 0 0 0 0 0 

CA. KANGAROO RAT IRRIGATED HAYFIELD 0 0 0 0 0 0 

CA. KANGAROO RAT IRRIGATED ROW & FIELD 0 0 0 0 0 0 

CA. KANGAROO RAT PASTURE 0 0 0 0 0 0 

CA. KANGAROO RAT RICE 0 0 0 0 0 0 

CA. KANGAROO RAT SWEET SORGHUM 0 0 0 0 0 0 

HISPID COTTON RAT CORN 1 1 1 1 1 1 

HISPID COTTON RAT DECIDUOUS ORCHARD 0 0 0 0 0 0 

HISPID COTTON RAT DRYLAND GRAIN CROPS 0.66 0.66 0.66 0.66 0.66 0.66 

HISPID COTTON RAT EVERGREEN ORCHARD 0 0 0 0 0 0 

HISPID COTTON RAT GRASS HAYFIELD 1 1 1 1 1 1 

HISPID COTTON RAT IRRIGATED GRAIN CROPS 1 1 1 1 1 1 

HISPID COTTON RAT IRRIGATED HAYFIELD 1 1 1 0.66 0.66 0.66 

HISPID COTTON RAT IRRIGATED ROW & FIELD 0.66 1 1 0.66 1 1 

HISPID COTTON RAT PASTURE 1 1 1 0.66 0.66 0.66 

HISPID COTTON RAT RICE 0 0 0 0 0 0 

HISPID COTTON RAT SWEET SORGHUM 1 1 1 1 1 1 

CALIFORNIA VOLE CORN 0.66 0.66 1 0.66 0.66 1 

CALIFORNIA VOLE DECIDUOUS ORCHARD 0.33 0.33 0.33 0.33 0.33 0.33 

CALIFORNIA VOLE DRYLAND GRAIN CROPS 0.66 0.66 1 0.66 0.66 1 

CALIFORNIA VOLE EVERGREEN ORCHARD 0.33 0.33 0.33 0.33 0.33 0.33 

CALIFORNIA VOLE GRASS HAYFIELD 0 0 0 1 1 1 

CALIFORNIA VOLE IRRIGATED GRAIN CROPS 0.66 0.66 1 0.66 0.66 1 

CALIFORNIA VOLE IRRIGATED HAYFIELD 0.66 0.66 1 1 1 1 

CALIFORNIA VOLE IRRIGATED ROW & FIELD 0.33 0.66 0.66 0.33 0.66 0.66 

CALIFORNIA VOLE PASTURE 0.66 0.66 0.66 0.66 0.66 0.66 

CALIFORNIA VOLE RICE 0.33 0.33 0.33 0.33 0.33 0.33 

CALIFORNIA VOLE SWEET SORGHUM 0.66 0.66 1 0.66 0.66 1 

KIT FOX CORN 0 0 0 0 0 0 

KIT FOX DECIDUOUS ORCHARD 0 0 0 0 0.33 0.33 

KIT FOX DRYLAND GRAIN CROPS 0 0 0 0 0 0 

KIT FOX EVERGREEN ORCHARD 0 0 0 0 0 0 

KIT FOX GRASS HAYFIELD 0 0.66 1 0 0.66 1 

KIT FOX IRRIGATED GRAIN CROPS 0 0 0 0 0 0 

KIT FOX IRRIGATED HAYFIELD 0 0.66 1 0 0.66 1 

KIT FOX IRRIGATED ROW & FIELD 0 0 0 0 0 0.33 

KIT FOX PASTURE 0.66 0.66 0.66 0.66 0.66 0.66 

KIT FOX RICE 0 0 0 0 0 0 

KIT FOX SWEET SORGHUM 0 0 0 0 0 0 

GRAY FOX CORN 0 0.33 0.66 0 0.33 0.66 

GRAY FOX DECIDUOUS ORCHARD 0 0.33 0.33 0 0.33 0.33 
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GRAY FOX DRYLAND GRAIN CROPS 0 0.33 0.66 0 0.33 0.66 

GRAY FOX EVERGREEN ORCHARD 0 0.33 0.33 0 0.66 0.66 

GRAY FOX GRASS HAYFIELD 0 0.33 1 0 0.33 1 

GRAY FOX IRRIGATED GRAIN CROPS 0 0.33 0.66 0 0.33 0.66 

GRAY FOX IRRIGATED HAYFIELD 0 0.33 1 0 0.33 1 

GRAY FOX IRRIGATED ROW & FIELD 0 0.33 0.66 0 0.33 0.66 

GRAY FOX PASTURE 0.33 0.33 1 0.33 0.33 1 

GRAY FOX RICE 0 0 0.33 0 0 0.33 

GRAY FOX SWEET SORGHUM 0 0.33 0.66 0 0.33 0.66 

BOBCAT CORN 0 0 0.66 0 0 0.66 

BOBCAT DECIDUOUS ORCHARD 0 0 0.33 0 0 0.33 

BOBCAT DRYLAND GRAIN CROPS 0 0 0.66 0 0 0.66 

BOBCAT EVERGREEN ORCHARD 0 0 0.33 0 0 0.33 

BOBCAT GRASS HAYFIELD 0 0 0.66 0 0 0.66 

BOBCAT IRRIGATED GRAIN CROPS 0 0 0.66 0 0 0.66 

BOBCAT IRRIGATED HAYFIELD 0 0 0.66 0 0 0.66 

BOBCAT IRRIGATED ROW & FIELD 0 0 0.66 0 0 0.66 

BOBCAT PASTURE 0 0 0.33 0 0 0.33 

BOBCAT RICE 0 0 0 0 0 0 

BOBCAT SWEET SORGHUM 0 0 0.66 0 0 0.66 

MULE DEER CORN 0 0 0.66 0 0 0.66 

MULE DEER DECIDUOUS ORCHARD 0 0 0.66 0 0 0.66 

MULE DEER DRYLAND GRAIN CROPS 0 0 0.66 0 0 0.66 

MULE DEER EVERGREEN ORCHARD 0 0 0.66 0 0 0.66 

MULE DEER GRASS HAYFIELD 0 0.33 1 0 0.33 1 

MULE DEER IRRIGATED GRAIN CROPS 0 0 0.66 0 0 0.66 

MULE DEER IRRIGATED HAYFIELD 0 0.33 1 0 0.33 1 

MULE DEER IRRIGATED ROW & FIELD 0 0 0.66 0 0 0.66 

MULE DEER PASTURE 0.33 0.33 0.66 0.33 0.33 0.66 

MULE DEER RICE 0 0 0.33 0 0 0.33 

MULE DEER SWEET SORGHUM 0 0 0.66 0 0 0.66 
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APPENDIX B: WILDLIFE EXPERTS CONSULTED 

 

 

Name Organization Area of expertise 

Joe Fleske* 
USGS Western Ecological Research 
Center 

Migratory waterfowl 

Bronwyn Hogan* California Dept. of Fish and Game Bats 

Rob Fisher* USGS and UC San Diego Herpetology 

Rachael Long* UC Extension Specialist Bats and other small mammals 

Carlos 
Davidston* 

San Francisco State University Amphibian declines 

Mark Jennings* California Academy of Sciences Amphibians and pesticides 

Dirk VanVuren* UC Davis faculty Mammals 

Bruce Wilcox Imperial Irrigation District Burrowing owls; other birds in ag 

Roger Baldwin 
IPM Vertebrate Pest Management 
Advisor 

Mammals 

John Weins Point Reyes Bird Observatory Birds 

Lee Fitzhugh UC Davis Wildlife in agricultural systems 

Dave Johnston H.T. Harvey & Assoc Bats 

Rob Fletcher U of Florida Wildlife and biofuels production 

Brian Cypher Endangered Spp Recovery San Joaquin kit fox 

Richard Moss 
Wildlands Inc, Central California 
Region 

Insects in agriculture 

Daniel Anderson UC Davis Avian ecology 

John Eadie UC Davis Avian ecology 

Glen Wiley 
USGS Western Ecological Research 
Center 

Giant garter snake 

Doug Kelt UC Davis Mammals 

Ben Sacks UC Davis Canids 

Jennifer Gervais Oregon State U. Burrowing owls 

Dave Wyatt Sacramento City College Bats 

Casey Burns 
USDA Natural Resources 
Conservation Service 

Conservation on agricultural 
lands 

 

*mCWHR Reviewer 
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APPENDIX C: VALIDATION OF COUNT DATA WITH PREDICTED 

SUITABILITY 

 

 

     To understand best whether suitability is a good predictor of species count, I 

wanted to run a model which included all primary terms (suitability, year, species, 

and route) as well as the three interaction terms which included species 

(species*route, species*year, and species*suitability).   I also wished to account for 

the two different sources of zero counts in my data: zeros could be obtained because a 

route was unsuitable or because a species was simply missed.  There were not enough 

degrees of freedom in the model to do this, however.  Instead, I ran a series of models 

to approach this issue from different angles.   

     First, I ran a generalized linear model based on a Poisson distribution, but without 

accounting for zero-inflation.  I modeled count data as a function of suitability, route, 

species and year, and this model had an AIC of 235,682.  Next, I added the 

interaction terms: species*route, species*year, and species*suitability.  This model 

had a much lower AIC (137,508), indicating that the interaction terms improved the 

model and each species should be modeled separately. 

     Finally, I ran a zero-inflation Poisson regression model for all species which 

included suitability and year, both with and without routes that never had detections 

of focal species (―all-zero routes‖), but without interaction terms.  Because I could 

not include the interaction terms in this model, I ran these two models for each 

species individually.  I found that suitability was always a significant predictor of the 

count data when all routes were included (see Table 2), and ranged from -1.27 to 
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7.72, and the coefficient for the all-species model was 0.959.  When the all-zero 

routes were excluded, the magnitude of the coefficient for suitability sometimes 

changed slightly, but the sign remained the same.  These coefficients are listed in 

Table 2.   

 

Table 2.  Coefficients and significance for suitability in the zero-inflation Poisson 

regression models of count data for all species and for each individual species.  The 

first row (model 1) for each model includes all routes; the second row (model 2) 

excludes all-zero routes. 

 

 Suit-

ability 

p-

value 

Effect of 

suitability on 

zero inflation 

p-value R
2
 

All species–1  1.21 <0.001 -2.08 <0.001 0.0131 

All species–2 0.959 <0.001 -2.27 <0.001 0.138 

California Quail – 1 1.46 <0.001 -4.16 <0.001 0.113 

California Quail – 2 1.57 <0.001 -2.45 <0.001 0.0791 

Ring-necked Pheasant -1 1.64 <0.001 -4.39 <0.001 0.0279 

Ring-necked Pheasant -2 1.63 <0.001 -1.72 <0.001 0.0151 

Red-winged Blackbird -1 5.06 <0.001 -1.94 <0.001 0.102 

Red-winged Blackbird -2 5.06 <0.001 0.11 0.62 0.142 

Western Meadowlark- 1 1.02 <0.001 -2.11 <0.001 0.0453 

Western Meadowlark- 2 1.02 <0.001 -1.01 <0.001 0.0290 

Grasshopper sparrow-1 1.15 <0.001 -4.22 <0.001 0.187 

Grasshopper sparrow-2 1.11 <0.001 .0089 .99 0.176 

Burrowing owl-1 -1.27 <0.001 -1.32 <0.001 0.00116 

Burrowing owl-2 -1.27 <0.001 -0.34 0.64 0.0101 

Western Bluebird- 1 -0.28 <0.001 -1.43 <0.001 0.0556 

Western Bluebird- 2 -0.28 <0.001 -0.013 0.96 0.0409 

Tricolored Blackbird- 1 7.72 <0.001 -10.57 <0.001 0.212 

Tricolored Blackbird- 2 7.72 <0.001 -0.49 0.72 0.184 
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APPENDIX D: CROP SUITABILITY BY SPECIES 
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