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Abstract: Context
Climate change and agricultural land use change are modifying the configuration of
natural lands within agricultural landscapes, impacting species’ ability to move freely
between remaining (semi-)natural areas. Working lands are inherently costly to set
aside for biodiversity, making the establishment of additional permanent reserves that
facilitate connectivity challenging. 
Objectives.
Here we explore the potential for dynamic conservation reserves, in the form of either
temporarily or semi-permanently fallowed croplands, to increase connectivity in
intensive agricultural regions. 
Methods
We perform landscape connectivity analyses to examine how drought-induced
fallowing between 2011 and 2017 may have impacted connectivity within Kern County
for the endangered San Joaquin kit fox (Vulpes macrotis mutica).
Results
We found that an increase in fallowed lands from 2011 to 2015/2017 in Kern County
likely corresponded to increased connectivity for the kit fox, including significant
decreases in cumulative cost to distance traveled (~0.8–18% and 0.3–12.2% in
2015/2017 respective to 2011 across model scenarios). These significant reductions
indicate that cumulative energy costs incurred by kit foxes traveling between core
habitats likely decreased with an increase in fallowing, with the estimated benefits from
semi-permanently fallowed lands on average 2.4 times greater than for more
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temporarily fallowed.
Conclusions
Our results highlight that dynamic conservation actions have the potential to reduce
conflict between biodiversity preservation and agricultural production in working
landscapes by increasing landscape connectivity via temporarily or semi-permanently
fallowed parcels. Agri-environmental programs incentivizing the creation of dynamic,
fallowing-based reserves could help landowners manage reduced groundwater
availability while improving species’ mobility under climate change.

Response to Reviewers: Response to Editor
COMMENTS FOR THE AUTHOR:

Dear Dr. McComb,

Thank you for your submission "Evaluating Climate-Driven Fallowing for Ecological
Connectivity of Species at Risk.” This article is looking very good. Thanks for all the
work that you have done in this interesting and well-written research. I have two small
last suggestions and then I believe it is ready for publication.

Thank you so much for all your help and support throughout this process.

The main takeaway seems to me to be that drought and policy-driven fallowing results
in increased fallowing. The dynamic nature of the fallowing seems less clear in the
study. I believe the manuscript has moved to clarify these conclusions. Thank you.
Modeling habitat with two separate (idle vs retired) fallow scores is a good response to
reviewer’s apt concern that it is self-fulfilling that, by definition, setting a higher
suitability score for fallowed lands, will automatically result in outputs that have
increased connectivity. Please make sure this comparison and results are prominently
presented. Consider including in the abstract (these results are not mentioned now) a
statement like “the benefits were on average more than 2.5 times greater with longer-
term fallowing.” Could you also please take a last look at the use of temporary in the
article and confirm that it is consistent with your final revised message?

Thank you so much. We have ensured that all results are now presented clearly and
consistently throughout the paper, particularly between the two fallowing scenarios. We
have further highlighted the comparison between shorter-term, transitory idle fallow
lands and longer-term, semi-permanent retired fallow lands throughout the paper. We
have added a few lines throughout the results section highlighting the differences in
shorter versus longer term fallowing results for each metric and across metrics (Lines
482-485, 494-496, 509-515), and then included a line in the abstract (Lines 56-59) and
updated the relevant lines in the discussion (Lines 560-561, 639-644) to further support
that comparison. We have updated or removed the use of the word temporary
throughout—often with the use of the words temporarily or transitory—to hopefully
better reflect the final message and the difference between the two fallow scenarios,
both of which can be dynamic and temporary in a sense, but one of which is of a
longer and more semi-permanent duration (retired) than the other (idle).

Secondly, while I greatly appreciate your response to reviewers’ requests for additional
background review, the reference list has become a bit bloated. And there still is a
relatively high proportion of articles that are ~20 years old. Can you take one last look
through and update/assess essentialness of references especially where have long
daisy-chain lists of references at the end of some of your points.

We agree, and have done our best to go through each of the references, and parse
down the citations where possible throughout. We have had to leave some of the
relevant kit fox articles from the 90’s as they were pivotal kit fox tracking or land-use
studies, but otherwise we have tried to ensure studies cited are as recent and relevant
as possible.

I have added a few small points below. I look forward to receiving your final draft.
Thank you again for your work on preparing this paper.

Thank you again for your suggestions, and we have addressed the rest of the specific
revisions below.
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Best,
Todd Lookingbill
Coordinating Editor

Line 48: Should temporary be used here, as the results are for temporary idle or
permanently retired lands?
We have removed the use of the word temporary here (Line 53), as you are correct the
results presented are for both, and the word may increase confusion. We have also
removed the use of the word throughout the paper in areas where it may cause
confusion.

Line 50: “(~0.8–18% and 0.3–12.2% in 2015/2017 respective to 2011” Please provide a
brief explanation for the range of values presented, even if simply “for different model
scenarios.”
We have added “across different model scenarios” to clarify results presented (Line
56).

Line 58: Awkward sentence: “Fallowing-based, agri-environmental programs could
help support landowners manage reduced groundwater availability”
We agree and have changed the sentence to read (Lines 65-67): “Agri-environmental
programs incentivizing the creation of dynamic, fallowing-based reserves could help
landowners manage reduced groundwater availability while improving species’ mobility
in the face of climate change.”

Lines 71 and 111: change “high value” to “high-value”
Changed to “high-value” (Lines 76 & 113).

Line 86: add comma after “Interestingly”
Added comma after “Increasingly” in this line (now Line 91).

Line 149: delete “also” as it is used in the sentence above
Deleted “also” (Line 151).

Figure 1 caption: add “and” before “2017”.
Added “and” (Line 230).

Line 333 and 334: insert space between “Eq.” and “5”.
Inserted the space (Line 338).

Results: There is an occasional shift from past to present tense - e.g., lines 421-425,
465
We read through the results section and ensured all appropriate verbs were in past
tense (Lines 419-521). The only lines left in present tense were Lines 465-467—”Thus,
while these summaries illustrate overall trends in mobility across the landscape, they
do not account for the paired nature of pathways between any given core areas.”—as
we believe they were more appropriately phrased this way, but we can change to past
tense if needed.

Figure 4 is slightly more difficult to interpret now that it is a two-panel figure. Consider
making the top row “retired” and the bottom row “idle,” that would make it easier to
compare the same metrics across scenarios. Also consider keeping the y-axes
consistent between the retired and idle scenarios to allow for easier comparison.
Thank you for the suggestion, and we have altered the figure to have the idle results
on the top row, and the matching retired results on the bottom row, with consistent y-
axes, for ease of direct comparison.

Discussion - it strikes me that the reduction in amount of fallowed land from 2015 to
2017 is one of the main pieces of evidence about the “dynamic” nature of the fallowing.
Is “retired” land still dynamic. Please review your use of dynamic throughout.
We agree and have ensured the use of “dynamic” is consistent throughout and that it
corresponds with the definition we included in the introduction (Lines 115-116,
“adaptively managed protected areas with spatial distributions that change through
time based on environmental impacts to biodiversity and agricultural production”). We
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have made sure to clarify in the methods section that retired fallow lands represents
longer duration of fallowing than idle, but that both can be used dynamically as the
retired fallowing scenario is just longer-term and more semi-permanent than the idle
fallowing scenario, resulting in increased recovery and overall suitability from the
extended length of fallowing. For instance, a parcel of farmland could be retired for a
few years to support connectivity and other ecological benefits, but could later be
exchanged with another parcel if that were to improve the spatial arrangement of
connectivity corridors due to an alteration in climate, land use, or species condition. We
have changed the paragraph describing retired versus idle scenarios to reflect this
(Lines 299-310):
“Since the difficulty of traversing fallowed land may differ based on the duration of
fallowing (Cypher et al., 2007), we evaluate two different suitability scenarios. First, we
consider the suitability of all fallowed lands as "retired", or fallowed for more than one
year, to mimic what we might expect in a drought or under SGMA, in which fallow lands
are assumed to more closely resemble grassland or shrubland due to a longer duration
of fallowing and therefore increased vegetative recovery and habitat suitability in these
semi-permanent areas (Cypher et al., 2007, 2013). Second, we evaluated fallowed
lands as "idle", or fallowed for one year, in which they are assumed to more closely
resemble barren land due to the shorter-term and more transitory nature of fallowing
(Cypher et al., 2013). As the distribution of fallowed lands from 2011 to 2017 was likely
a combination of these land types, we chose to evaluate these two suitability scenarios
to bound our results. Results associated with these two types of fallow land are
hereafter referred to as ‘retired’ and ‘idle’ results, respectively.”
We consider both longer-term, semi-permanent fallowed lands and shorter-term,
transitory fallowed lands as potential areas for dynamic connectivity reserves, and
Lines 646-649 in the discussion try to highlight this point: “Though the opportunity
costs of fallowing to farmers under SGMA will likely be high, those costs have the
potential to be partially offset by tapping into the conservation potential of dynamic
reserves and conservation corridors comprised of either temporarily and/or semi-
permanent fallowed lands.”

Line 613: should “layer” be “layers”?
Changed to “layers” (Line 630).
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Abstract 31 

Context. 32 

Climate change and agricultural land use change are modifying the configuration of natural lands 33 

within agricultural landscapes, impacting species’ ability to move freely between remaining 34 

(semi-)natural areas. Working lands are inherently costly to set aside for biodiversity, making the 35 

establishment of additional permanent reserves that facilitate connectivity challenging. Yet, even 36 

temporary increases in connectivity may enable increased gene flow with long-term benefits for 37 

species health and persistence. 38 

 39 

Objectives. 40 

Here we explore the potential for dynamic conservation reserves, in the form of either 41 

temporarily or semi-permanently fallowed croplands, to increase connectivity in intensive 42 

agricultural regions.  43 

 44 

Methods. 45 

We evaluate the potential for fallowed lands to facilitate functional habitat connectivity for an at-46 

risk species in the San Joaquin Valley, an intensive agricultural landscape in California, USA. 47 

We perform landscape connectivity analyses to examine how drought-induced fallowing 48 

between 2011 and 2017 may have impacted connectivity within Kern County for the endangered 49 

San Joaquin kit fox (Vulpes macrotis mutica). 50 

 51 

Results. 52 
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We found that an increase in fallowed lands from 2011 to 2015/2017 in Kern County likely 53 

corresponded to increased functional connectivity for the kit fox, including significant decreases 54 

in cumulative cost to distance traveled (~0.8–18% and 0.3–12.2% in 2015/2017 respective to 55 

2011 across different model scenarios). These significant reductions indicate that cumulative 56 

energy costs incurred by kit foxes traveling between core habitats likely decreased with an 57 

increase in fallowing, with the estimated benefits from semi-permanently fallowed lands on 58 

average 2.4 times greater than for more temporarily fallowed lands. 59 

 60 

Conclusions. 61 

Our results highlight that opportunistic and dynamic conservation actions have the potential to 62 

reduce conflict between biodiversity preservation and agricultural production in working 63 

landscapes by increasing landscape connectivity via temporarily or semi-permanently fallowed 64 

parcels. Agri-environmental programs incentivizing the creation of dynamic, fallowing-based 65 

reserves could help landowners manage reduced groundwater availability while improving 66 

species’ mobility in the face of climate change. 67 

 68 

Introduction 69 

Global environmental change is putting increasing pressure on agricultural production 70 

and on the natural resources that support and are affected by production, from groundwater to 71 

biodiversity (Norris, 2008; Tilman et al., 2011). Intensive agricultural production practices are 72 

driving severe soil degradation, disrupting biogeochemical cycles, and contributing to 73 

greenhouse gas emissions (Foley et al., 2005, 2011; Kopittke et al., 2019). Yet, the ecological 74 

and environmental costs of intensive production practices and global environmental change 75 
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depend, in part, on the ecological and social context. Where high-value agriculture overlaps areas 76 

of high biodiversity there are difficult trade-offs between economic benefits, resources needed to 77 

support human population growth, and ecological conservation (Dudley & Alexander, 2017; 78 

Fischer et al., 2017; Larsen et al., 2020; Shackelford et al., 2015). Given that agriculture covers 79 

approximately 40% of ice-free land, understanding how to balance these inherent trade-offs is 80 

critical for the conservation of global biodiversity (Foley et al., 2005). 81 

The immense influence of agriculture on biodiversity has necessarily spurred substantial 82 

ecological and conservation focus on how to manage agricultural landscapes to maintain both 83 

crop yields and biodiversity. Much of the debate thus far has centered on habitat. In other words, 84 

given a certain production is achieved, is it more beneficial for biodiversity to cultivate land 85 

intensively and set aside the remaining land for nature or is it better to cultivate a larger region 86 

with more wildlife friendly methods? This so-called land sparing/land sharing debate is sensitive 87 

to regional and focal taxa contexts. Though overly simplified here, research has generally 88 

illustrated that land sparing is most beneficial for disturbance sensitive species (Balmford et al., 89 

2019; Feniuk et al., 2019; Phalan et al., 2011), while land sharing is most beneficial for 90 

agrobiodiversity (Kremen & Miles, 2012). Increasingly, the focus is not just on achieving current 91 

yields in more biodiversity-friendly ways, but rather on increasing yields to meet future demand, 92 

while maintaining, if not improving, biodiversity, ecosystem services, and social outcomes 93 

(Bommarco et al., 2013; Frei et al., 2020; Tscharntke et al., 2005). While the need for increasing 94 

yields with reduced environmental impacts is widely appreciated (Mockshell & Kamanda, 2018), 95 

the role of ecological versus technological approaches as well as the focus on biodiversity versus 96 

other social-ecological impacts (Rolf et al., 2019) remains a topic of debate.  97 
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Yet, agricultural land conversion and intensification do not just affect habitat availability 98 

and quality, but also the spatial matrix of different land uses (Bennett et al., 2006; Tscharntke et 99 

al., 2005). A landscape’s spatial configuration, in turn, influences the movement of individuals 100 

and associated gene flow within and among populations, as well as dispersal and migration that 101 

may be critical to species’ persistence (Doherty & Driscoll, 2018; Fahrig, 2007; Fraterrigo et al., 102 

2009; Villard & Metzger, 2014). Particularly in intensive agricultural landscapes, connectivity 103 

between often rare and small patches of intact habitat may play key ecological functions 104 

(Baguette et al., 2013; Saura et al., 2014). However, creating such habitat connectivity corridors 105 

presents major challenges in working landscapes where available land is scarce.  106 

Historically, conservation initiatives have focused on separating nature from areas of 107 

human economic activity and resource use through the use of protected areas (Folke, 2006). 108 

While protected areas remain the cornerstone of many conservation efforts (Maxwell et al., 109 

2020), the importance of connectivity between protected areas, usually by way of fixed natural 110 

corridors through the landscape, is also well-established (Folke, 2006; Maxwell et al., 2020; 111 

Ward et al., 2020). However, both of these static conservation approaches are not always 112 

practical in (semi-) urban or high-value agricultural zones where setting aside land for 113 

conservation has high opportunity costs (Venter et al., 2018). Rather, more opportunistic and 114 

dynamic reserves–or adaptively managed protected areas with spatial distributions that change 115 

through time based on environmental impacts to biodiversity and agricultural production–may 116 

offer a feasible mechanism for provisioning habitat and enhancing connectivity in regions 117 

unlikely to be protected in perpetuity due to competing land-uses (Bengtsson et al., 2003; 118 

D’Aloia et al., 2019; Reynolds et al., 2017).  119 
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Dynamic reserves are increasingly appreciated as a means to enhance protected area 120 

networks to meet conservation goals (Bengtsson et al., 2003; D’Aloia et al., 2019). A substantial 121 

emphasis, to date, has been on aiding migrations. For example, in California, The Nature 122 

Conservancy paid farmers to create ephemeral wetlands on fallowed rice fields for migratory 123 

shorebirds, which resulted in increased shorebird density, richness, and diversity (Golet et al., 124 

2018; Reynolds et al., 2017). Climate-driven migrations may also be supported by dynamic 125 

reserves. Many species migrating under changing climate conditions will encounter highly 126 

fragmented, human-dominated landscapes (Lawler et al., 2013). Particularly in areas with 127 

substantive competing human pressures and tradeoffs, reserves dynamically placed across the 128 

landscape to meet species' needs, while limiting opportunity costs incurred by local 129 

communities, will be crucial (Alagador et al., 2014; Hannah et al., 2007; Kattwinkel et al., 2011). 130 

Migratory species may not be the only species to benefit from dynamic reserves in human-131 

dominated landscapes. For example, vagile species that utilize agricultural landscapes for 132 

dispersal, foraging, or other life history needs may also benefit from dynamic reserves which 133 

open new corridors through high-risk landscapes (Tucker et al., 2018; Zeller et al., 2020). In 134 

particular, the use of fallowing may serve as a dynamic conservation tool to support vagile 135 

species occupying intensive agricultural landscapes. In such a scenario, a network of agricultural 136 

land parcels would be set-aside and fallowed for a set time period to allow for increased 137 

landscape connectivity while also supporting potential co-benefits such as increased water table 138 

recharge, recovery of soil nutrients, and reduced pesticide and nutrient runoff (Bengtsson et al., 139 

2003; D’Aloia et al., 2019; Golet et al., 2018; Raymond et al., 2017). While studies have 140 

explored the utility of dynamically fallowed lands as potential habitat, including in the high-141 

value, intensively managed croplands of the San Joaquin Valley, CA (SJV) (Bryant et al., 2020; 142 
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Kelsey et al., 2018; Lortie et al., 2018; Stewart et al., 2019), few studies have focused on the 143 

potential habitat connectivity benefits stemming from fallowed lands (Lortie et al., 2018).  144 

California, US, presents a valuable opportunity to understand the potential conservation 145 

benefits of dynamic reserves comprised of fallowed croplands. California is considered a 146 

biodiversity hotspot with ~1,500 plant and ~60 vertebrate endemic species across its 13 distinct 147 

level III ecoregions and is also home to some of the most valuable agricultural lands in the 148 

country, which underpin the economic and social fabric of many inland regions (Griffith et al., 149 

2016; Harrison, 2013; Kelsey et al., 2018). The San Joaquin Valley is the agricultural 150 

powerhouse of California and is home to many endemic and endangered species which are 151 

greatly impacted by agricultural and urban development (Lortie et al., 2018; Stewart et al., 2019; 152 

U.S. Fish and Wildlife Service, 1998). From 2012 to 2016, California experienced its driest years 153 

on instrumental record, and the resultant water storage deficits led to billions in crop and 154 

livestock losses as well as a substantial increase in fallowed land in the San Joaquin Valley 155 

(Griffin & Anchukaitis, 2014; Medellín-Azuara et al., 2015, 2016). In response, the California 156 

legislature passed the Sustainable Groundwater Management Act (SGMA) in 2014. SGMA 157 

requires that by 2040 groundwater basins be managed such that they can provide a reliable water 158 

supply able to withstand future climate change induced drought conditions, while still providing 159 

multiple environmental and socioeconomic co-benefits (Roberts et al., 2021; California Water 160 

Code [CWC]. Division 6, Part 2.74. Sustainable Groundwater Management., 2014). As the 161 

majority of groundwater in California is withdrawn for agricultural uses, forecasts suggest that 162 

more than 300,000 ha of agricultural land in the San Joaquin Valley (~15% of irrigated cropland 163 

in the SJV) might need to be retired to achieve basin sustainability by the SGMA 2040 deadline 164 

(Bryant et al., 2020; Hanak et al., 2019). This potential policy-driven fallowing could provide 165 
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considerable environmental and conservation co-benefits (Queiroz et al., 2014). In particular, 166 

fallowed lands, which we define here as land that does not produce a crop within a calendar year, 167 

could play a significant role as dynamic reserves in the San Joaquin Valley.  168 

We focus on the potential of fallowed lands to facilitate habitat connectivity for the 169 

endangered and endemic San Joaquin kit fox (Vulpes macrotis mutica) (hereafter referred to as 170 

kit fox), since it is a vagile species, is disturbance sensitive, has well-studied historic distribution 171 

and ecology, is considered an umbrella species for regional fauna, and has designated high 172 

suitability core area in Kern county (Cypher et al., 2013; Haight et al., 2004; Koopman et al., 173 

2000; U.S. Fish and Wildlife, 2020; U.S. Fish and Wildlife Service, 1998). Using a time series of 174 

fallowing scenarios, we examine how changes to fallowed areas in Kern County from 2011 to 175 

2017 likely influenced potential functional connectivity between kit fox habitat areas. Beyond 176 

illustrating the connectivity benefits of fallowing for kit fox in this region, we discuss potential 177 

applications of these methods for future studies and collaborations around strategic fallowing and 178 

dynamic connectivity corridors.  179 

 180 

Methods 181 

Species & Regional Context 182 

Our case study centers on habitat connectivity within Kern County, California, which is 183 

located in the southern San Joaquin Valley (Figure 1). Kern County is consistently one of the 184 

highest crop producing counties in California (California Department of Food and Agriculture, 185 

2019). During the historic 2012–2016 drought, fallowed land within Kern potentially more than 186 

doubled (~45 kha in 2011 to ~93 kha in 2015 according to FAM data) due to low precipitation, 187 

high irrigation costs, and a patchwork of historical water rights (Gebremichael et al., 2021; 188 



10 

Medellín-Azuara et al., 2015, 2016). Climate-induced fallowing across the landscape makes 189 

Kern County a useful location to understand how such fallowing may influence species 190 

connectivity, which can provide valuable insight into potential biodiversity impacts of the 191 

Sustainable Groundwater Management Act (SGMA) and associated fallowing forecasts.  192 

We focus on the San Joaquin kit fox to better understand the effect of drought-induced 193 

fallowing on endemic species’ habitat and connectivity in Kern County. The kit fox was 194 

federally listed as an endangered species in 1967 and as threatened by the California Department 195 

of Fish and Wildlife in 1971 (U.S. Fish and Wildlife Service, 1998). Kit foxes are a vagile 196 

species that need high connectivity between core habitat areas for hunting and denning (U.S. 197 

Fish and Wildlife, 2020). They have home range sizes up to 24.1 km2 and move between 198 

different dens after about 2-3 days (Cypher et al., 2019; U.S. Fish and Wildlife, 2020). Intensive 199 

agricultural and urban development throughout the SJV has resulted in severely fragmented 200 

habitat, disjointed kit fox populations, and high mortality rates (Cypher et al., 2013, 2019; U.S. 201 

Fish and Wildlife Service, 1998). Increased connectivity has been identified as key to avoiding 202 

local extinction and genetic bottlenecks in this species (U.S. Fish and Wildlife, 2020). 203 

Additionally, given its diverse habitat needs that encompass the habitat of many other locally 204 

endemic species, the kit fox has been identified as an umbrella species for upland taxa (U.S. Fish 205 

and Wildlife, 2020; U.S. Fish and Wildlife Service, 1998). As such, connectivity corridors for kit 206 

foxes have potential co-benefits, particularly for species that are also vagile, need high habitat 207 

connectivity for foraging and natal dispersal, and that alter their movement to areas with reduced 208 

stressors or risk of mortality.   209 

Habitat suitability relationships for the kit fox have been identified from tracking studies, 210 

and these studies found that the most important habitat attributes for kit foxes are land use and 211 
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cover, vegetation density, and terrain ruggedness (Cypher et al., 2013; Warrick & Cypher, 1998). 212 

Kit foxes have been documented to regularly use fallowed lands in addition to native grasslands 213 

and shrublands as they prefer low and sparse vegetation on flat or gently sloped lands, and have 214 

been observed to use these lands within weeks of fallowing, with use increasing as fields remain 215 

fallowed (Cypher et al., 2007; Warrick et al., 2007; White et al., 1995). Kit foxes avoid highly 216 

human-modified areas where possible—particularly urbanized and intensive, irrigated 217 

agricultural areas—as these landscapes can make it difficult and energetically costly for foxes to 218 

detect predators, capture prey, or avoid negative human interactions while on the move (Cypher 219 

et al., 2005, 2013; Cypher & Van Horn Job, 2012; Warrick et al., 2007; Warrick & Cypher, 220 

1998; White et al., 1995). For example, while they have been shown to occasionally forage and 221 

travel through agricultural lands, intensive agricultural practices including irrigation, cultivation, 222 

pesticides, and harvesting as well as increased risk of predation from coyotes (Canis latrans) and 223 

non-native foxes (Vulpes vulpes) discourage kit foxes from crossing these lands and increase 224 

mortality risk for those that do cross (Cypher et al., 2005; Warrick et al., 2007).  225 
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 226 

Figure 1.  Context Map. Left panel, from top to bottom: San Joaquin Valley and Kern County 227 

context map, photo of Kit Fox, and high-value Kit Fox Core Areas within Kern County. Photo 228 

Credit: Peterson B Moose, U.S. Fish and Wildlife Service (Moose, 2021). Right panel: 2011 229 

(~45 kha fallowed land), 2015 (~93 kha fallowed land), and 2017(~67 kha fallowed land) from 230 

Fallow Area Mapping (FAM) data (F. Melton, personal communication, 2020; Melton et al., 231 

2015). All data layers described in text and Table S1. 232 
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Methodology Workflow 233 

Modeling connectivity is, in essence, trying to capture how species move and what features of a 234 

landscape, be it anthropogenic (e.g., roads) or natural (e.g., vegetation type), facilitate or inhibit 235 

movement. Many connectivity modeling approaches are based on a resistance surface, which is a 236 

representation of the landscape features reflecting the difficulty with which an organism 237 

traverses, where difficulty reflects physiological costs and/or mortality risk (Diniz et al., 2020).  238 

We created resistance layers for the kit fox across the Kern County landscape derived from 239 

habitat suitability and barriers to movement layers. For rare and endangered species, many of 240 

which reside in agricultural landscapes like the kit fox, accurately modeling resistance is a 241 

challenge due to limited empirical observations of movement in addition to habitat occupancy. 242 

As such, many studies use a negative linear function or a negative exponential function (Diniz et 243 

al., 2020; Keeley et al., 2016, 2017; Trainor et al., 2013; Zeller et al., 2018) of habitat suitability 244 

to proxy resistance, which differ in how traversable low suitability habitat is assumed to be, and 245 

conduct sensitivity analyses on the development of the resistance surface. We took that approach 246 

here. We created multiple resistance layers per year to analyze the sensitivity of results to 247 

different assumptions of the energetic cost of movement for species to traverse across the 248 

landscape. We defined the core habitat areas of the San Joaquin kit fox and then ran spatial 249 

connectivity analyses to estimate how the spatial extent and distribution of fallowing affected 250 

landscape connectivity through its effect on landscape resistance. We statistically compared 251 

connectivity between the years of analysis, with 2011 as the base year of our analysis, 2015 as 252 

the year of the maximum extent and intensity of the drought in California, and 2017 as the final 253 

year of analysis, for all resistance sensitivity simulations. All processing and analyses were 254 

performed in R Statistical Software v3.5.3 (R Core Team, 2019) and ArcGIS 10.7.1. Figure 2 255 
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broadly depicts our approach to evaluating the effects of fallowing on kit fox habitat 256 

connectivity, with all data layers described in text below and Table S1.  257 

 258 

 259 

Figure 2. Methodology workflow diagram. 260 

 261 

Resistance Layers 262 

To analyze changes to kit fox mobility through Kern County, CA from 2011 to 2017, we created 263 

multiple resistance layers for each year of analysis, based on different sets of assumptions of kit 264 

foxes’ sensitivity. Resistance surfaces reflect the “energetic cost, difficulty, or mortality risk” 265 

(McRae & Kavanagh, 2011, 2017) for the species to move across each cell. To create resistance 266 

surfaces that best reflect the continuous gradient of energetic costs incurred by kit foxes, we 267 
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incorporated habitat suitability (defined by land covers), slope angle, and stressors to kit fox 268 

movement, as described below (SI Methods for additional information).  269 

We transformed land cover maps into habitat suitability using suitability values compiled 270 

across previous studies of kit fox habitat use (Cypher et al., 2013)(Table S2). Many of these 271 

earlier studies tracked actual kit fox habitat use and movement through radio-collars, scat, and 272 

other methods (Cypher et al., 2000; Warrick et al., 2007; Warrick & Cypher, 1998; White et al., 273 

1995), and have been used in other studies of kit fox movement (Nogeire-McRae et al., 2019). 274 

Land cover was defined from three land use datasets: annual, satellite-derived fallowed 275 

area data layers (30m rasters) for 2011 to 2017 from the NASA-USGS-USDA Fallowed Area 276 

Mapping (FAM) project (Boryan et al., 2011; Medellín-Azuara et al., 2015; F. Melton, personal 277 

communication, 2020; Melton et al., 2015), statewide crop mapping shapefiles from Land IQ 278 

LLC and California Department of Water Resources (DWR) for 2014 and 2016 (California 279 

Department of Water Resources, 2017, 2019), and aggregate land cover layers (30m rasters) of 280 

2011 and 2016 from the USGS National Land Cover Database (NLCD) (Jin et al., 2019). The 281 

annual FAM datasets were used to locate fallowed areas for these analyses, where ‘fallowed’ is 282 

defined as land that did not produce a crop within a calendar year. Non-irrigated lands exhibiting 283 

volunteer crop growth or evidence of a non-irrigated winter cover crop in January–February or 284 

November–December were considered fallow. According to the FAM data, fallowed cropland in 285 

Kern increased from ~45 kha in 2011 to ~93 kha in 2015, before decreasing to ~67 kha in 2017. 286 

The FAM provides plausible scenarios of the extent of fallowing during a multi-year drought. 287 

We build on that to understand how connectivity can potentially respond to such large-scale 288 

changes in land use. 289 
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After harmonizing the extent and spatial resolution of the three land use datasets, we 290 

combined them into one consolidated land cover map for Kern County. As we wanted to 291 

evaluate how the change in fallow area—defined as a binary variable based on the annual FAM 292 

data—influenced the change in species connectivity across the years, we combined the FAM 293 

input in each year of analysis from 2011 to 2017 with the 2016 DWR dataset and the 2016 294 

NLCD (Figure 1). We later examined the impact of these static layers by comparing the 295 

connectivity results from the 2011 FAM data combined with the 2016 DWR and 2016 NLCD 296 

data to the results from the 2011 FAM data combined with the 2014 DWR and 2011 NLCD data. 297 

To combine the layers together we gave precedence to FAM, then DWR, and then NLCD.  298 

Since the difficulty of traversing fallowed land may differ based on the duration of 299 

fallowing (Cypher et al., 2007), we evaluate two different suitability scenarios. First, we consider 300 

the suitability of all fallowed lands as "retired", or fallowed for more than one year, to mimic 301 

what we might expect in a drought or under SGMA, in which fallow lands are assumed to more 302 

closely resemble grassland or shrubland due to a longer duration of fallowing and therefore 303 

increased vegetative recovery and habitat suitability in these semi-permanent areas (Cypher et 304 

al., 2007, 2013). Second, we evaluated fallowed lands as "idle", or fallowed for one year, in 305 

which they are assumed to more closely resemble barren land due to the shorter-term and more 306 

transitory nature of fallowing (Cypher et al., 2013). As the distribution of fallowed lands from 307 

2011 to 2017 was likely a combination of these land types, we chose to evaluate these two 308 

suitability scenarios to bound our results. Results associated with these two types of fallow land 309 

are hereafter referred to as ‘retired’ and ‘idle’ results, respectively.  310 

To capture stressors to movement, we also included the presence of roads, rivers, and 311 

agricultural canals, all of which can increase the cost and risk of movement for kit foxes across 312 
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the landscape. For roads (U.S. Census Bureau, 2019), we gave primary roads the lowest value of 313 

suitability (0), since urban roads and vehicle collisions have been shown to be a major cause of 314 

mortality in studies of dispersing kit foxes; secondary roads were given slightly higher values 315 

(0.1) as less detrimental (Bjurlin et al., 2005; Cypher & Van Horn Job, 2012). We include rivers 316 

(Buto & Anderson, 2020; United States Geological Survey (USGS), 2020) as well as agricultural 317 

canals (Department of Water Resources, 2021) in our resistance layers, also given a low 318 

suitability value of 0, again based on the likely higher risk and stress cost for foxes to pass these 319 

features (Cypher et al., 2005, 2013; McRae et al., 2016). Lastly, we calculated percent slope, 320 

using 30m elevation raster files from the National Elevation Dataset (Gesch et al., 2018; United 321 

States Geological Survey (USGS), 2018), as kit fox prefer flat or gently sloping areas (Cypher et 322 

al., 2013; Warrick & Cypher, 1998).  323 

Though empirical data on kit fox habitat use exists, empirical data on barriers to dispersal 324 

for a representative population is not available. We therefore evaluate the sensitivity of our 325 

results to different resistance representations through different transformation functions—a 326 

negative linear transformation and a negative nonlinear exponential transformation—of habitat 327 

suitability to resistance (Diniz et al., 2020; Keeley et al., 2016, 2017; Trainor et al., 2013). 328 

With the negative linear transformation, resistance is the inverse of suitability, which assumes 329 

that areas of higher suitability offer low resistance to movement (Keeley et al., 2016, 2017). We 330 

apply three different negative linear transformations, using equations outlined in Dickson et al. 331 

(2017): 332 

Linear Eq. 1: 𝑅1 = 1 + (𝐻(0.8−𝑠)2) × 1000 333 

Linear Eq. 3: 𝑅3 = 1 + (1000 × 𝐻2) + 𝑠
4
 334 

Linear Eq. 5: 𝑅5 = (𝐻 + 1)10 + 𝑠
4
 335 
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where H is the maximum resistance value across combined human modification layers 336 

(land use, stressors) and s is percent slope (Dickson et al., 2017). 337 

Moving from Linear Eq. 1 to Eq. 5 assumes an increasing sensitivity to human 338 

modification, and Dickson et al. 2017 selected Eq.5 as the final model as it had the most 339 

reasonable and least exaggerated resistance values for land covers with low human modification 340 

(Dickson et al., 2017; Lawler et al., 2013).  341 

Recent studies indicate that a negative exponential relationship between habitat suitability 342 

and resistance may be a more accurate representation of species movement during dispersal and 343 

mating (Diniz et al., 2020; Keeley et al., 2016, 2017; Trainor et al., 2013; Zeller et al., 2018). For 344 

the vagile kit fox, which is known to traverse agricultural and urban lands while hunting, mating, 345 

and searching for den sites even though it incurs a higher risk and energetic cost, such a 346 

representation is warranted. To create resistance surfaces using a negative exponential function, 347 

we used the transformation function presented in Trainor et al. 2013 and Keeley et al. 2017, 348 

scaled by 10: 349 

Negative Exponential c 0.25, c 4, c 8:   𝑅 = (100 − 99 × (1−𝑒𝑥𝑝(−𝑐×ℎ) 
1−𝑒𝑥𝑝(−𝑐) 

)) × 10 350 

where c defines the nonlinear relationship between habitat suitability (h) and resistance 351 

(R) (Keeley et al., 2017; Trainor et al., 2013). We scaled R values by a factor of 10 as 352 

connectivity analysis software prefers larger values for computations, and to match the relative 353 

scale of the Dickson equations. To assess the sensitivity of our results to the shape of the 354 

exponential relationship between habitat quality and resistance values, we used three different 355 

values of c (0.25, 4, and 8), hereafter referred to as the Negative Exponential c 0.25, c 4, and c 8 356 

equations, where c=0.25 represents a nearly linear relationship (Keeley et al., 2017). 357 

Additionally, we assessed the sensitivity of our results to the two duration of fallowing suitability 358 
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scenarios—longer term, semi-permanent retired versus shorter term, temporarily idle fallowed 359 

lands. All combinations of years (n=3), resistance equations (n=6), and types of fallow land (n = 360 

2) resulted in 36 unique resistance layers. For each of these resistance representations, the 361 

computed 30 m resistance surface layers (for each year) were aggregated to 270-meter resolution 362 

for input into spatial connectivity analysis software. 363 

 364 

Kit Fox Core Areas 365 

We identified critical kit fox habitat using the California Wildlife Habitat Relationships (CWHR) 366 

Predicted Habitat Suitability raster (30m) (California Department of Fish and Wildlife California 367 

Interagency Wildlife Task Group, 2016), which ranks habitat quality for core areas using a mean 368 

habitat suitability score (0 to 1 for low to high quality, respectively). Habitat suitability scores for 369 

kit fox are based on the average value of expert defined reproduction, cover, and feeding scores 370 

for the species in the habitat type, and areas of high quality are where the likelihood of habitat 371 

needs being met is high. We created habitat area polygons by aggregating the 30 m CWHR 372 

habitat suitability raster to 270 meters around the median scores, and then defined core habitat 373 

areas as polygons greater than 5 ha with the highest suitability scores (SI Methods), as large, 374 

high suitability areas represent likely sources of dispersing individuals (Diniz et al., 2020). 375 

 376 

Spatial Connectivity Analyses 377 

To examine how changes in fallowed areas likely impacted kit fox movement through the Kern 378 

County landscape we used Circuitscape and least-cost path approaches (McRae, 2013; McRae & 379 

Kavanagh, 2011, 2017; McRae & Shah, 2009). Both approaches model movement of an 380 

organism between core areas based on the resistance landscape. We chose these approaches 381 
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rather than individual based modeling approaches due to our focus on understanding how a 382 

change in land use affects landscape connectivity over a broad spatial scale and due to a lack of 383 

available dispersal parameters. Circuitscape relies on circuit theory to model probabilistic species 384 

movement through the landscape as a function of current flow (McRae et al., 2008; McRae & 385 

Shah, 2009). Circuitscape models movement as a resistance-weighted random walk between two 386 

core areas, where, in our case, an individual perceives and responds to the landscape in the 270m 387 

pixels nearby. In contrast, the Least-Cost Path Length (LCP) identifies the single pixel wide 388 

least-cost path an assumed to be omniscient individual would take, or the pathway with the 389 

lowest cumulative cost of movement (McRae et al., 2012; McRae & Kavanagh, 2017). Both 390 

tools can be combined such that Circuitscape is run through “least-cost” corridors spanning the 391 

least cost path to identify potential bottlenecks to species movements, or pinch points, using the 392 

Linkage Mapper toolbox (McRae et al., 2012; McRae & Kavanagh, 2011, 2017). We truncated 393 

corridors at a width of 200 cost-weighted km and dropped corridors that intersected core areas, 394 

as we were interested in the change in movement between, and not through, core areas. For our 395 

analyses, we used Circuitscape 4.0 (McRae, 2013) and Linkage Mapper 2.0 (McRae & 396 

Kavanagh, 2011) through the ArcGIS Toolbox (SI Methods). 397 

 398 

Statistical Analyses 399 

We performed statistical comparisons of our spatial connectivity analyses to examine changes in 400 

potential functional habitat connectivity as fallow area changed from 2011 (start of drought) to 401 

2015 (peak) to 2017 (drought subsides). We focused on measures of Cost-Weighted Distance 402 

(CWD), Least Cost Path (LCP) Length, Cost Weighted Distance to Least Cost Path Length Ratio 403 

(CWD:LCP), and Effective Resistance (ER) for our least cost paths. CWD for least-cost paths is 404 
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the amount of resistance accumulated by an individual when moving optimally between core 405 

areas, and is estimated in units of cost-weighted meters (McRae et al., 2012). We used the metric 406 

CWD:LCP, which is a ratio of the CWD to the physical distance of the least cost path, as well as 407 

examining the CWD and LCP Length metrics that compose it, both of which we have converted 408 

to km. When comparing CWD:LCP values within a given study, higher values indicate paths that 409 

are more costly to individuals. ER, often referred to as resistance distance, is a measure of 410 

isolation between a pair of core areas, as it accounts for multiple pathways, and is in units of 411 

Ohms (McRae et al., 2008; McRae & Shah, 2009). We used a within-estimator model predicting 412 

CWD, LCP Length, CWD:LCP, and ER as a function of year dummy variables absorbing core-413 

to-core identifiers and clustering the standard errors at the same level (Larsen et al., 2019; 414 

Wooldridge, 2010). We ran within-estimator regressions for connectivity output associated with 415 

each of the resistance surfaces described above to assess the sensitivity of connectivity model 416 

outputs to changes in resistance assumptions. 417 

 418 

Results 419 

Resistance Models 420 

For each of the three years of analysis (2011, 2015, 2017), six resistance models were developed 421 

(3 linear and 3 negative exponential) for both fallow lands defined as retired and idle farmland, 422 

resulting in 36 resistance layers in total. There were stark visual differences between resistance 423 

models in levels of energetic cost across the landscape, reflecting the degree of permissivity to 424 

movement in the model structure (Figure 3). For example, Linear Eq. 1 and Negative 425 

Exponential c 0.25 had higher resistance penalties for less suitable areas, and so had greater 426 

resistance cost values across the landscape than more permissive models such as Linear Eq. 5 427 
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and Negative Exponential c 8 (Figure 3). Still, a Pearson correlation between all of the resistance 428 

models for each individual year revealed that the different models were overall highly correlated 429 

(>0.7) with most, besides Linear Eq. 1, having correlation coefficients above 0.9 (Table 1; Table 430 

S3).   431 

 432 

 433 

Figure 3. Resistance layers for all 6 resistance models for 2011 for fallow defined as idle 434 

farmland, all scaled to 5–1024 resistance range (Ohms). Permittivity increases left to right, with 435 

the two rows reflecting different transformations of habitat suitability to resistance (see 436 

methods). Purple coloration indicates areas of high resistance. Resistance layers for retired 437 

fallow land were similar, with only fallow parcels as lower resistance scores.  438 
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Table 1. Pearson correlation values between all 6 resistance models for 2011 for fallow defined 439 

as idle farmland. 440 

 Eq. 1 Eq. 3 Eq. 5 c 0.25 c 4 c 8 

Linear Eq. 1 1      

Linear Eq. 3 0.74 1     

Linear Eq. 5 0.73 0.97 1    

Negative Exponential c 0.25 0.73 0.99 0.94 1   

Negative Exponential c 4 0.74 0.99 1.00 0.97 1  

Negative Exponential c 8 0.70 0.92 0.98 0.88 0.97 1 

 441 

Least Cost Path Summaries 442 

Least Cost Path summaries across all models are available in Table S4. The Cost Weighted 443 

Distance (CWD) to Least Cost Path (LCP) Length Ratio (CWD:LCP), or the cost of movement 444 

encountered by an individual per km traveled on the least cost pathway, was highest in 2011, at 445 

the onset of the drought, and was lowest in 2015, at the height of the drought, reflecting the 446 

increasing potential availability of fallowed lands. Model outputs varied in their absolute 447 

CWD:LCP values, as expected, though the patterns between years and between fallow land 448 

definitions were fairly consistent (Table S4). Negative Exponential c 8 (most permissive) always 449 

had the lowest average CWD:LCP values, while Linear Eq. 1 (least permissive) was often an 450 

order of magnitude higher. For the most permissive model, there was a ~8.9% decrease in 451 

average CWD:LCP from 2011 to 2015 for idle farmland models and ~14.3% decrease for retired 452 

farmland models. Additionally, there was a ~4.0% (idle) to 7.9% (retired) decrease from 2011 to 453 
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2017 and a ~5.4% (idle) to 7.4% (retired) increase from 2015 to 2017. Conversely, the Least 454 

Cost Path Length (km), or the distance an individual travels following the least cost path from 455 

one core area to another, showed the opposite trend. Thus, while the paths became slightly longer 456 

in 2015 and 2017 relative to 2011 in terms of LCP Length (increase in mean value from 2011 to 457 

2015 by ~0.6 to 4.0% across idle models and ~1.5 to 6% across retired models, and from 2011 to 458 

2017 by ~0.8 to 4.6% for idle models and ~1.0 to 5.3% for retired models), they were less costly 459 

and there was a lower resistance to individuals. For most models, changes in CWD across years 460 

were more influential in driving changes in CWD:LCP than changes in LCP length, although this 461 

relationship was more prominent in model outputs associated with retired farmland than idle 462 

farmland (Table S4). Effective Resistance (Ohms) metrics were more model dependent. 463 

However, these summarized metrics were averaged across all pathways, and do not account for 464 

the paired nature of pathways, or changes in movement between the same core areas. Thus, while 465 

these summaries illustrate overall trends in mobility across the landscape, they do not account for 466 

the paired nature of pathways between any given core areas.   467 

 468 

Paired Core Analysis  469 

For our within-estimator models, which evaluate differences in core-to-core connectivity metrics, 470 

we saw similar patterns between years across resistance models (Figure 4; Table S5). The 471 

average CWD:LCP, which measures movement costs accumulated per km traveled on the LCP, 472 

was significantly (p<0.01) lower in 2015 relative to 2011 (-7.54 ± 1.90 to -28.08 ± 5.49 (+/-SE) 473 

for retired and -5.24 ± 1.92 to -10.92 ± 3.52 (+/-SE) for idle) across all models (Table S5), which 474 

corresponded to roughly a 4 to 18% decrease in CWD:LCP for retired farmland models and a 0.8 475 

to 9.8% decrease for idle farmland models relative to the average values across all LCP in 2011 476 
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(computed from Table S4 and S5). CWD:LCP was also significantly reduced in 2017 relative to 477 

2011 for all retired models (p<0.01) and some idle models (p<0.05), but to a lesser degree for 478 

both retired (-5.07 ± 1.64 to -19.27 ± 4.94 (+/-SE)) and idle (-2.11 ± 1.62 to -6.06 ± 3.31 (+/-479 

SE))(2.6 to 12.2% relative decrease for retired and 0.3 to 6.0% relative decrease for idle) (Table 480 

S5). The differences in CWD:LCP between 2015 and 2017 were not significant for most models, 481 

though were consistently positive, as expected (Table S5; Figure 4). Comparing retired versus 482 

idle models for scenarios in which fallowing increased according to the FAM (2011 to 483 

2015/2017), reductions in CWD:LCP were more than 3 times greater on average for the retired 484 

models (representing longer term fallowing) than the idle models (shorter term fallowing). 485 

CWD (accumulated cost) showed similarly significant decreases in 2015 (p<0.01)  and 486 

2017 (p<0.05) relative to 2011 for most models (~2.3 to 12.8% and 1.4 to 8% decrease for 2015 487 

and 2017, respectively, relative to 2011 averages for retired farmland, and ~0.7 to 7.7% and 0.4 488 

to 3.6% decrease for 2015 and 2017, respectively, relative to 2011 averages for idle farmland) 489 

(Table S5). Model results also showed increases in CWD from 2015 to 2017 (0.9 to 5.6% 490 

increase relative to 2015 averages for retired farmland models, and 0.3 to 4.0% increase relative 491 

to 2015 averages for idle farmland models), four of which were statistically significant (p<0.05) 492 

for both idle and retired models (Linear Eq. 1 and Eq. 3, Negative Exponential c 4 and c8) (Table 493 

S5). Similar to CWD:LCP, comparing retired versus idle models under scenarios of fallowing 494 

increase, reductions in CWD for retired models on average were more than double that of idle 495 

models.  496 

Changes in LCP Length and Effective Resistance were fairly consistent across most 497 

models, but the results were less frequently significant (Figure 4; Table S5). For LCP Length, 498 

only Linear Eq. 3 from 2011 to 2015 for retired farmland was significant (p<0.05) with an 499 
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increase of 0.1 ± 0.05 (+/-SE) (~1.2% increase relative to 2011 average), with most path lengths 500 

marginally increasing (2011 to 2015/2017) or remaining relatively consistent (2015 to 2017) 501 

between years (Table S5). These nonsignificant changes in LCP lengths and the statistically 502 

significant changes in CWD indicate that changes in CWD drove the responses seen in 503 

CWD:LCP (Table S5). For Effective Resistance, all models except the most restrictive (Linear 504 

Eq. 1), showed a significant (p<0.05) decrease between 2011 to 2015 for retired models (5.4 to 505 

12.1% decrease relative to 2011 average for significant models); idle followed a similar but more 506 

muted trend with only the most permissive Negative Exponential c 8 model being significant 507 

(p<0.05) (Table S5). Effective Resistance from 2011 to 2017 showed reductions across most 508 

scenarios, but results for most models were not statistically significant (Figure 4; Table S5). For 509 

LCP length, increases in path lengths under scenarios of increased fallowing were on average 510 

more than double for retired models versus idle models. Between 2011 to 2015, reductions in ER 511 

for retired models were on average about double that of idle models, while patterns between 512 

2011 to 2017 were less consistent. Averaging across all metrics for scenarios examining an 513 

increase in fallowing, values were on average 2.4 times greater with longer term, retired 514 

fallowing than shorter term, idle fallowing. Overall, trends highlighted that connectivity metrics 515 

improved significantly in 2015 relative to 2011 and remained elevated even when the drought 516 

broke in 2017, particularly the longer the land potentially remained fallowed.  517 
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 518 

Figure 4. Within-estimator regression results for each resistance model between comparison 519 

years for fallow land defined as shorter term, idle farmland (top row) and longer term, retired 520 

farmland (bottom row).  521 

 522 

Discussion 523 

Climate change is likely to increase transitory and/or semi-permanent fallowing of farmland as 524 

drought, ground water limitations, and other unfavorable conditions become increasingly 525 

frequent and severe. Here we sought to understand how landscape changes driven by drought-526 

induced fallowing in Kern County, California, US potentially impacted functional landscape 527 

connectivity for the endangered San Joaquin kit fox, a species of great conservation concern in 528 

the region (U.S. Fish and Wildlife, 2020; U.S. Fish and Wildlife Service, 1998). Across 529 

numerous models, our results suggest that habitat connectivity for San Joaquin kit fox likely 530 

increased from 2011 to 2015 as drought severity and the extent of fallowed farmland increased, 531 

then slightly decreased with drought severity and fallowing in 2017. These results were driven 532 
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by an estimated decrease in the difficulty of traversing between high quality habitat areas, on 533 

average, despite an increase in the length of the best or “least cost” path.  534 

Connectivity improvements manifest as a reduction in the difficulty of traversing 535 

between two high quality patches or core areas. Increases in potential functional connectivity 536 

from 2011 to 2015/2017 were apparent in statistically significant (p<0.05 to p<0.001) reductions 537 

in average Cost-Weighted Distances between core habitat areas across most models (~0.7 to 538 

12.8% and 0.4 to 8% decrease relative to beginning of the drought averages, for 2015 and 2017 539 

respectively, across retired and idle farmland models), and Effective Resistance showed similar 540 

though less significant trends between paired pathways. Additionally, despite least cost path 541 

lengths increasing from 2011 to 2015/2017, Cost Weighted Distance to Least Cost Path Length 542 

Ratios (CWD:LCP) decreased in those timeframes (~0.8 to 18% and 0.3 to 12.2% relative 543 

decrease during the drought, for 2015 and 2017 respectively, across retired and idle models), 544 

indicating that cumulative costs incurred by kit foxes traveling along LCPs may have decreased. 545 

The increased length of LCPs is a consequence of the patchwork of reduced-resistance, fallowed 546 

parcels that yielded a more circuitous, if lower resistance, path, on average.  547 

Fallowed as a land type represents different land covers and land uses. Idle farmland 548 

models, which treat fallowing as highly transitory and similar to barren lands, showed muted 549 

responses in comparison to retired farmland models, which model fallowing as a more persistent 550 

land cover similar to grassland and shrubland; however, metrics associated with changes in cost 551 

weighted distance, particularly for 2011 to 2015 results, remained significant and patterns were 552 

fairly consistent across idle and retired models. The extent and distribution of drought-induced 553 

fallowing across Kern County, CA from 2011 to 2017 was likely a combination of these idle and 554 

retired farmland scenarios, as we would expect in other regions during and outside of droughts. 555 
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Thus, our models attempt to capture the upper and lower bound of landscape connectivity 556 

scenarios experienced by San Joaquin kit foxes throughout the 2011 to 2017 timeframe. Broadly, 557 

these findings highlight that fallowed parcels may provide important conservation value by 558 

increasing functional landscape connectivity through intensive agricultural landscapes, whether 559 

fallowed short- or long-term. However, under scenarios of increased fallowing, the benefits were 560 

on average 2.4 times greater with longer term fallowing. 561 

Kit foxes disperse in response to biological pressures—a  risky process involved with 562 

increased energy, predation, and competition costs—and thus are more likely to take advantage 563 

of even ephemeral changes in suitability (Cypher et al., 2019; Koopman et al., 2000). Small 564 

improvements to connectivity in an otherwise intensive agricultural landscape could significantly 565 

impact recovery for the federally listed species, as kit foxes make use of recently fallowed fields 566 

for both diurnal and nocturnal activities (Kelsey et al., 2018; Stewart et al., 2019; U.S. Fish and 567 

Wildlife Service, 1998; White et al., 1995). Indeed, according to FAM data, we saw fallowing 568 

double in the region from 45 kha in 2011 to 93 kha in 2015, with models suggesting that kit 569 

foxes likely experienced more permissive travel across Kern County in 2015 relative to 2011, 570 

and also had more paths connecting core habitat areas with relatively lower energetic cost and 571 

mortality risk. Particularly in Kern County, with contiguous high-intensity cropland between kit 572 

fox core areas, kit foxes may not be able to cross without intermittent refugia throughout. 573 

Connectivity is increasingly important in areas of lower habitat productivity and contiguity such 574 

as Kern County, as kit foxes increase space use and movement to find prey as a result of lower 575 

food availability in these less productive and suitable areas (White & Garrott, 1999; White & 576 

Ralls, 1993). Increased facilitation across these lands is especially important during drought 577 

years, as kit foxes suffer episodic declines during multi-year periods of drought from reduced 578 
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prey availability and water limitations, which exacerbate local extinction and genetic bottleneck 579 

effects (Cypher et al., 2000; White & Garrott, 1999; White & Ralls, 1993). Given the potential 580 

increase in fallowing under the Sustainable Groundwater Management Act, which is estimated to 581 

reach about 300,000 ha across the SJV, and the increasing need for species’ mobility in response 582 

to climate changes and drought, such increases in connectivity present a promising conservation 583 

opportunity.  584 

Conservation lands are often heavily skewed towards high elevation and poor soil areas 585 

(Aycrigg et al., 2013). The opportunity costs of developing permanent reserves or movement 586 

corridors in productive agricultural landscapes are high and far-reaching (Bourque et al., 2019) 587 

and cultural ties to farming often extend generations (Kelsey et al., 2018), making large-scale 588 

static conservation corridors in working landscapes largely implausible. Thus, habitat 589 

conservation in predominantly agricultural or working landscapes may require opportunistic 590 

strategies for increasing landscape connectivity, such as the use of dynamic corridors between 591 

established protected areas (Bengtsson et al., 2003). More specifically, reserves that take 592 

advantage of transitory and semi-permanent land use changes, such as short- and long-term 593 

fallowed farmland, may be a viable solution for increasing habitat connectivity in areas of high 594 

economic and ecological value (Ando & Hannah, 2011; Moilanen et al., 2014). Dynamic 595 

corridors could also be more adaptive to extreme climate shocks, which is increasingly vital 596 

under compounding anthropogenic and climate stressors (D’Aloia et al., 2019; Larsen & 597 

McComb, 2021; Zeller et al., 2020).  598 

While our analysis focused on drought-induced fallowing as an opportunistic source of 599 

increased connectivity for kit foxes, more strategic and collaborative fallowing could likely 600 

provide even greater benefits by purposefully setting aside lands based on biodiversity value and 601 
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landscape context. Such collaborations could be incentivized through agri-environmental 602 

programs that pay farmers to temporarily or (semi-)permanently fallow particular fields. Broadly 603 

speaking, agri-environmental schemes for biodiversity conservation have been used successfully 604 

across the US and globally, including direct payments and subsidies to farmers who adopt 605 

environmentally beneficial practices and fallowing rotations (Bourque et al., 2019; Kuussaari et 606 

al., 2011; Ribaudo et al., 2010; Sanz‐ Pérez et al., 2019; Tarjuelo et al., 2020; Toivonen et al., 607 

2013). In California, conservation payments could tap into available funding mechanisms and 608 

environmental initiatives, such as USDA funded conservation initiatives, Sustainable 609 

Groundwater Planning Grant Program funding for projects that increase sustainable 610 

groundwater, and state funding from California’s newly established Biodiversity Collaborative 611 

(Bourque et al., 2019; California Department of Water Resources, 2021; Office of Governor 612 

Gavin Newsom, 2020). Additionally, these agri-environmental schemes could account for the 613 

numerous co-benefits of fallowing when allocating funding, including improved soil quality, 614 

increased water storage, and increased yields post-fallowing (Bourque et al., 2019; Kremen & 615 

Miles, 2012; Oliver et al., 2010). To derive the requisite benefits from tax payer funded agri-616 

environmental schemes necessitates a thorough understanding of the socio-ecological system.  617 

Our study adds to understanding of how dynamic reserves of fallowed lands may 618 

function to improve connectivity in working landscapes, yet has several limitations of note. First, 619 

our case study focuses on one species in one agriculturally-dominated county. Kit fox are highly 620 

vagile and may not represent the movement capability of less mobile species of concern such as 621 

the endangered kangaroo rats and blunt-nose leopard lizard (U.S. Fish and Wildlife, 2020; U.S. 622 

Fish and Wildlife Service, 1998). However, we generally expect less vagile species to be more 623 

sensitive to reductions in agricultural disturbances; additionally, less vagile species may be less 624 
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likely to traverse an agricultural landscape in general, and approaches within already protected 625 

areas may be the most beneficial. Second, as with most connectivity modeling efforts (Diniz et 626 

al., 2020), we lack empirical data on species movement to validate our connectivity models, and 627 

like many other studies we rely on information about habitat suitability and findings from other 628 

studies, some of which contain movement data. While we include sensitivity analyses around the 629 

resistance layers, all are based, in part, on habitat suitability rather than dispersal suitability. 630 

Collecting species movement data with specific regards to fallowed lands would be extremely 631 

valuable to understand how factors such as seasonality, time, and individual variability influence 632 

dispersal and, of course, to validate connectivity modeling efforts such as ours. Further, research 633 

targeting the ecological memory, site fidelity, and gene flow of San Joaquin kit foxes, or other 634 

species of interest, would be crucial to determining the ecological and evolutionary value of 635 

increased connectivity and to ensure corridors do not introduce any perverse or deleterious 636 

outcomes (Larrosa et al., 2016). 637 

Dynamic conservation actions have the potential to reduce the conflict between 638 

biodiversity preservation and agricultural production in agricultural landscapes. Here we show 639 

that estimated increases in fallowing from 2011 to 2015/2017 in Kern County likely increased 640 

functional landscape connectivity for the San Joaquin kit fox, with decreases in the relative 641 

cumulative cost incurred over distance traveled ranging from ~0.8 to 18% and 0.3 to 12.2% 642 

(2015/2017), with potential benefits across metrics, on average, 2.4 times greater with more 643 

suitable, longer-term fallowed lands. These results illustrate the potential for co-benefits to be 644 

derived amidst significant land use changes associated with drought conditions and the 645 

impending implementation of SGMA. Though the opportunity costs of fallowing to farmers 646 

under SGMA will likely be high, those costs have the potential to be partially offset by tapping 647 
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into the conservation potential of dynamic reserves and conservation corridors comprised of 648 

either temporarily and/or semi-permanent fallowed lands. Given the ubiquity and influence of 649 

productive landscapes on human and natural systems and the increasing preponderance of 650 

uncultivated land therein, strategic and coordinated fallowing paired with dynamic and 651 

opportunistic conservation may be key to biodiversity conservation in agricultural landscapes. 652 
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Table 1. Pearson correlation values between all 6 resistance models for 2011 for fallow defined 

as idle farmland. 

 Eq. 1 Eq. 3 Eq. 5 c 0.25 c 4 c 8 

Linear Eq. 1 1      

Linear Eq. 3 0.74 1     

Linear Eq. 5 0.73 0.97 1    

Negative Exponential c 0.25 0.73 0.99 0.94 1   

Negative Exponential c 4 0.74 0.99 1.00 0.97 1  

Negative Exponential c 8 0.70 0.92 0.98 0.88 0.97 1 
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Response to Editor 

COMMENTS FOR THE AUTHOR: 
 
Dear Dr. McComb, 
 
Thank you for your submission "Evaluating Climate-Driven Fallowing for Ecological 
Connectivity of Species at Risk.” This article is looking very good. Thanks for all the 
work that you have done in this interesting and well-written research. I have two small 
last suggestions and then I believe it is ready for publication. 

Thank you so much for all your help and support throughout this process. 
 
The main takeaway seems to me to be that drought and policy-driven fallowing results 
in increased fallowing. The dynamic nature of the fallowing seems less clear in the 
study. I believe the manuscript has moved to clarify these conclusions. Thank you. 
Modeling habitat with two separate (idle vs retired) fallow scores is a good response to 
reviewer’s apt concern that it is self-fulfilling that, by definition, setting a higher suitability 
score for fallowed lands, will automatically result in outputs that have increased 
connectivity. Please make sure this comparison and results are prominently presented. 
Consider including in the abstract (these results are not mentioned now) a statement 
like “the benefits were on average more than 2.5 times greater with longer-term 
fallowing.” Could you also please take a last look at the use of temporary in the article 
and confirm that it is consistent with your final revised message? 

Thank you so much. We have ensured that all results are now presented clearly and 
consistently throughout the paper, particularly between the two fallowing scenarios. We 
have further highlighted the comparison between shorter-term, transitory idle fallow 
lands and longer-term, semi-permanent retired fallow lands throughout the paper. We 
have added a few lines throughout the results section highlighting the differences in 
shorter versus longer term fallowing results for each metric and across metrics (Lines 
482-485, 494-496, 509-515), and then included a line in the abstract (Lines 56-59) and 
updated the relevant lines in the discussion (Lines 560-561, 639-644) to further support 
that comparison. We have updated or removed the use of the word temporary 
throughout—often with the use of the words temporarily or transitory—to hopefully 
better reflect the final message and the difference between the two fallow scenarios, 
both of which can be dynamic and temporary in a sense, but one of which is of a longer 
and more semi-permanent duration (retired) than the other (idle).   

 
Secondly, while I greatly appreciate your response to reviewers’ requests for additional 
background review, the reference list has become a bit bloated. And there still is a 
relatively high proportion of articles that are ~20 years old. Can you take one last look 
through and update/assess essentialness of references especially where have long 
daisy-chain lists of references at the end of some of your points. 
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We agree, and have done our best to go through each of the references, and parse 
down the citations where possible throughout. We have had to leave some of the 
relevant kit fox articles from the 90’s as they were pivotal kit fox tracking or land-use 
studies, but otherwise we have tried to ensure studies cited are as recent and relevant 
as possible. 

 
I have added a few small points below. I look forward to receiving your final draft. Thank 
you again for your work on preparing this paper. 

Thank you again for your suggestions, and we have addressed the rest of the specific 
revisions below. 
 
Best, 
Todd Lookingbill 
Coordinating Editor 
 
 
Line 48: Should temporary be used here, as the results are for temporary idle or 
permanently retired lands? 

We have removed the use of the word temporary here (Line 53), as you are correct the 
results presented are for both, and the word may increase confusion. We have also 
removed the use of the word throughout the paper in areas where it may cause 
confusion. 
 
Line 50: “(~0.8–18% and 0.3–12.2% in 2015/2017 respective to 2011” Please provide a 
brief explanation for the range of values presented, even if simply “for different model 
scenarios.” 
We have added “across different model scenarios” to clarify results presented (Line 56). 

 
Line 58: Awkward sentence: “Fallowing-based, agri-environmental programs could help 
support landowners manage reduced groundwater availability” 

We agree and have changed the sentence to read (Lines 65-67): “Agri-environmental 
programs incentivizing the creation of dynamic, fallowing-based reserves could help 
landowners manage reduced groundwater availability while improving species’ mobility 
in the face of climate change.” 
 
Lines 71 and 111: change “high value” to “high-value” 

Changed to “high-value” (Lines 76 & 113). 
 
Line 86: add comma after “Interestingly” 



Added comma after “Increasingly” in this line (now Line 91). 
 
Line 149: delete “also” as it is used in the sentence above 

Deleted “also” (Line 151). 
 
Figure 1 caption: add “and” before “2017”. 

Added “and” (Line 230). 
 
Line 333 and 334: insert space between “Eq.” and “5”. 

Inserted the space (Line 338). 
 
Results: There is an occasional shift from past to present tense - e.g., lines 421-425, 
465 

We read through the results section and ensured all appropriate verbs were in past 
tense (Lines 419-521). The only lines left in present tense were Lines 465-467—”Thus, 
while these summaries illustrate overall trends in mobility across the landscape, they do 
not account for the paired nature of pathways between any given core areas.”—as we 
believe they were more appropriately phrased this way, but we can change to past 
tense if needed.    
 
Figure 4 is slightly more difficult to interpret now that it is a two-panel figure. Consider 
making the top row “retired” and the bottom row “idle,” that would make it easier to 
compare the same metrics across scenarios. Also consider keeping the y-axes 
consistent between the retired and idle scenarios to allow for easier comparison. 

Thank you for the suggestion, and we have altered the figure to have the idle results on 
the top row, and the matching retired results on the bottom row, with consistent y-axes, 
for ease of direct comparison.  

 
Discussion - it strikes me that the reduction in amount of fallowed land from 2015 to 
2017 is one of the main pieces of evidence about the “dynamic” nature of the fallowing. 
Is “retired” land still dynamic. Please review your use of dynamic throughout. 

We agree and have ensured the use of “dynamic” is consistent throughout and that it 
corresponds with the definition we included in the introduction (Lines 115-116,  
“adaptively managed protected areas with spatial distributions that change through time 
based on environmental impacts to biodiversity and agricultural production”). We have 
made sure to clarify in the methods section that retired fallow lands represents longer 
duration of fallowing than idle, but that both can be used dynamically as the retired 
fallowing scenario is just longer-term and more semi-permanent than the idle fallowing 
scenario, resulting in increased recovery and overall suitability from the extended length 



of fallowing. For instance, a parcel of farmland could be retired for a few years to 
support connectivity and other ecological benefits, but could later be exchanged with 
another parcel if that were to improve the spatial arrangement of connectivity corridors 
due to an alteration in climate, land use, or species condition. We have changed the 
paragraph describing retired versus idle scenarios to reflect this (Lines 299-310):  

“Since the difficulty of traversing fallowed land may differ based on the duration of 
fallowing (Cypher et al., 2007), we evaluate two different suitability scenarios. First, we 
consider the suitability of all fallowed lands as "retired", or fallowed for more than one 
year, to mimic what we might expect in a drought or under SGMA, in which fallow lands 
are assumed to more closely resemble grassland or shrubland due to a longer duration 
of fallowing and therefore increased vegetative recovery and habitat suitability in these 
semi-permanent areas (Cypher et al., 2007, 2013). Second, we evaluated fallowed 
lands as "idle", or fallowed for one year, in which they are assumed to more closely 
resemble barren land due to the shorter-term and more transitory nature of fallowing 
(Cypher et al., 2013). As the distribution of fallowed lands from 2011 to 2017 was likely 
a combination of these land types, we chose to evaluate these two suitability scenarios 
to bound our results. Results associated with these two types of fallow land are 
hereafter referred to as ‘retired’ and ‘idle’ results, respectively.” 

We consider both longer-term, semi-permanent fallowed lands and shorter-term, 
transitory fallowed lands as potential areas for dynamic connectivity reserves, and Lines 
646-649 in the discussion try to highlight this point: “Though the opportunity costs of 
fallowing to farmers under SGMA will likely be high, those costs have the potential to be 
partially offset by tapping into the conservation potential of dynamic reserves and 
conservation corridors comprised of either temporarily and/or semi-permanent fallowed 
lands.” 

 
 

Line 613: should “layer” be “layers”? 

Changed to “layers” (Line 630). 
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Thank you for the opportunity to revise our manuscript, “Evaluating Climate-Driven Fallowing for 
Ecological Connectivity of Species At Risk”, for consideration in Landscape Ecology. We have 
undertaken the requested minor revisions of the manuscript. 

Our paper evaluates how drought-induced fallowing in Kern County, CA, USA may have influenced 
connectivity for an endangered species at risk, the San Joaquin kit fox (Vulpes macrotis mutica), and 
highlights the potential for opportunistic and dynamic reserves to improve connectivity via transitory or 
semi-permanent fallowing. Minor revisions requested included: 1) highlight idle versus retired 
comparison and results, 2) review use of the words temporary and dynamic throughout, 3) update idle 
versus retired figure for ease of comparison, 4) condense references, and 5) make necessary grammatical 
edits. We have made the following changes in response: 

• Idle vs Retired: We have further highlighted the comparison between shorter-term, transitory idle 
fallow lands and longer-term, semi-permanent retired fallow lands, adding a few sentences in the 
results highlighting the differences for each metric and across metrics, updating the relevant lines 
in the discussion, and adding a statement on the important comparison in the abstract. We have 
double checked that all results and discussion of results are now presented clearly and 
consistently throughout the paper. 

• Temporary/Dynamic: We have checked that the use of the words temporary and dynamic are used 
consistently and correctly throughout the paper, and have either left as is where appropriate, 
changed to another word to reduce confusion if deemed necessary, or removed use of the words 
entirely if not needed.  

• Figure 4: We have altered Figure 4 so that idle results for each metric are stacked directly above 
the matching retired results for ease of comparison, and have ensured the y-axes are consistent 
between the two. 

• References: We have gone through each of the references, and done our best to parse down the 
literature cited to the most recent and relevant citations. We made exceptions for a few kit fox 
articles from the 90’s that we deemed essential articles on kit fox, particularly the tracking of kit 
fox across different land uses. 

• Grammar Edits: We have made all requested in-line revisions around grammar, punctuation, or 
phrasing. 

We believe our manuscript to be substantially strengthened as a result of the review process and of great 
interest to your readers. Thank you for your consideration, and for all your help and support throughout 
this process. 
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