Examples of wildlife on cannabis cultivation sites in the Klamath-Siskiyou Ecoregion of southern
Oregon [in order from top to bottom: black-tailed jackrabbit (Lepus californicus), mountain lion
(Puma concolor), and California quail (Callipepla californica)]. Photo credit: Phoebe Parker-
Shames, UC-Berkeley.
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The recent expansion of cannabis agriculture in rural areas of the western
United States provides an ideal opportunity to study the outcomes of policy change
for land use and wildlife. Small scale (<1 acre), private-land cannabis cultivation
has the ability to coexist with or alter surrounding wildlife communities. To date,
there has been little to no formal research on wildlife response to this form of
cannabis cultivation. This study examines local wildlife community dynamics
on and nearby active private-land cannabis farms. Using camera data collected
between 2018-2019, we summarized the frequency of occurrence of 11 wildlife
species and 3 domestic animals on and adjacent to (within 500 m) eight cannabis
farms within the Klamath-Siskiyou Ecoregion in southern Oregon. We also as-
sessed how cannabis production influenced the occupancy (defined here as space
use) of black-tailed deer (Odocoileus hemionus columbianus), lagomorphs, and
gray fox (Urocyon cinereoargenteus) in our study area. We found that cannabis
farms were generally occupied by smaller-bodied wildlife species, and had a
higher proportion of domestic dog (Canis familiaris), cat (Felis catus), and hu-
man activity compared to nearby comparison sites. The presence of a cannabis
farm helped explain detection probabilities of deer and gray fox, but did not affect
lagomorphs. Farms also helped predict gray fox occupancy, but were not selected
in lagomorph or deer models. These results suggest species-specific responses
to cannabis cultivation, and highlight the need for further research on site-level
production practices and their influence on surrounding ecological communities.

Key words: agricultural frontier, anthropogenic disturbance, camera traps, cannabis cultiva-
tion, occupancy and detection, rural development, terrestrial mammals

Cannabis agriculture is a quickly-expanding industry in the western United States,
and represents a new opportunity to study the ecological outcomes of a policy change that
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has induced rapid rural land development (Carah et al. 2015; Butsic et al. 2018). Cannabis
has been cultivated in the western United States for decades, but as a federally illegal drug it
was confined to surreptitious farms, often in remote areas (Corva 2014; Butsic and Brenner
2016). Illegal production on public lands in the West have long elicited concerns about their
potential environmental impact via habitat destruction, toxicant use, and poaching (Gabriel
et al. 2012; Levy 2014; Carah et al. 2015). However, over the past few years, recreational
legalization of cannabis in several states, including California and Oregon, has led to the
expansion of production on private land, potentially supplanting much of the production
on public lands (Arcview Market Research 2016; Butsic et al. 2018; Klassen and Anthony
2019). This expansion raises new questions about how the evolving cannabis industry may
interface with and potentially alter surrounding wildlife communities and their habitats
(Carah et al. 2015; Butsic et al. 2018).

While a robust body of literature on wildlife-agriculture interactions may help predict
outcomes associated with the growth of cannabis agriculture, cannabis production has several
unusual factors that differ from most other crops: 1) remoteness, 2) small individual farm
size, and 3) unique spatial pattern on a landscape. Influenced by its illicit history, cannabis is
often grown in remote, biodiverse regions with minimal other non-timber agriculture (Corva
2014; Butsic and Brenner 2016; Butsic et al. 2018). Regardless of individual legal status,
private land cannabis farms are typically smaller than those of other commercial crops, and
are clustered in space, creating a unique land use pattern of small points of development
surrounded by less developed land (Butsic and Brenner 2016; Wang et al. 2017; Butsic et
al. 2018). This pattern of development in rural areas, particularly in the West, makes can-
nabis agriculture a frontier industry—one that often occurs at the wilderness boundary—a
somewhat rare characteristic for agriculture in the United States (Butsic et al. 2018).

Cannabis production practices vary widely depending on legality and land ownership,
which influence the severity and type of environmental impacts from cultivation (Carah et
al. 2015; Wilson et al. 2019). It is unclear how many of the environmental concerns associ-
ated with public land cultivation can be generalized to private land, but it is likely that many
production practices differ. For example, reports and studies on illegal public land cannabis
production list the following impacts from these sites: use of anticoagulant rodenticides and
other toxicants that can bioaccumulate across food chains, poaching, habitat alteration, il-
legal water withdrawals, and potential water contamination (Gabriel et al. 2012; Levy 2014;
Thompson et al. 2014; Carah et al. 2015; Gabriel et al. 2018). Yet, surveys of licensed and
unlicensed cannabis producers in California suggest that toxicant use, poaching, and water
contamination may be less prevalent with private land producers (Wilson et al. 2019). In
addition, on many private land farms, both licensed and unlicensed, the use of high-powered
grow lights, drying fans, and visual barrier fencing may create potential wildlife disturbance
(Rich, Baker, et al this issue.; Rich, Ferguson, et al. this issue). Such practices are less com-
mon on public land. Given that regulated cannabis agriculture is an emerging industry that
has prioritized sustainable cultivation, research on how private land cannabis farms may
impact wildlife is conspicuously scant.

Here, we examine how private land cannabis cultivation may interface with wildlife
communities on and surrounding outdoor cannabis farms (both licensed and unlicensed).
Individual species may respond to different cues on cannabis farms (e.g., lighting, fences,
human activity), and so we expected species would exhibit a range of responses including
being deterred by, attracted to, or indifferent to cannabis production. For example, larger
animals, such as black-tailed deer (Odocoileus hemionus columbianus), may be less likely to



94 CALIFORNIA FISH AND WILDLIFE, CANNABIS SPECIAL ISSUE 2020

use cannabis farms due to fencing and increased human presence (Brashares 2010; Fischer
et al. 2012). Alternatively, cannabis farms could attract species such as behaviorally flex-
ible omnivores or foragers through the creation of novel food sources or new edge habitat
(Gabriel and Wengert 2019). These individual responses may offer insights into broader
community level responses.

The goal of this study was to understand local wildlife community composition on
and nearby small, private cannabis farms. We used data from remotely triggered camera
surveys (hereafter cameras) to determine whether cannabis cultivation influenced the local
distributions of terrestrial mammals (>0.5 kg). To achieve this goal, our objectives were to
use camera detections to: 1) describe species composition on and near cannabis farms, and 2)
compare individual species habitat-use responses to cannabis production (using occupancy
modeling where “occupancy” is redefined as “use” as in Latif et al. 2016). Ultimately, this
research is intended to support efforts to predict and mitigate potential outcomes of cannabis
development on terrestrial wildlife communities.

METHODS
Study area

Our study area was situated within the Oregon portion of the Klamath-Siskiyou
Ecoregion and consisted of farms spread across three sub-watersheds (Slate Creek, Lower
Deer Creek, and Lower East Fork Illinois River; defined by USGS hydrologic unit code 12)
in Josephine County, southwestern Oregon (42.168, -123.647; Figure 1). We set cameras
at 1,240 m to 1,910 m above sea level. The study area included a mix of vegetation types,
including open pasture, serpentine meadows, oak woodland, and mixed conifer forest.
Rainfall in this region varies seasonally and by elevation, with an average of §2.7 cm annu-
ally (Borine 1983). Mean temperatures ranged between 3.9-20.6°C in 2018-2019 (NOAA
https://www.ncdc.noaa.gov/cdo-web/).

The Klamath-Siskiyou Ecoregion is one of the most biodiverse temperate forest re-
gions on Earth, in an area that straddles the Oregon-California border and contains several
regions identified as critical climate change refugia (Olson et al. 2006; Olson et al. 2012).
Several species of concern are present in the county, including native salmonids, threatened
Humboldt martens (Martes caurina humboldtensis), Pacific fishers (Pekania pennanti), and
spotted owls (Strix occidentalis), all of which are hypothesized to be directly or indirectly
affected by cannabis agriculture (Gabriel et al. 2012; Thompson et al. 2014; Carah et al.
2015; Gabriel et al. 2015; Butsic et al. 2018).

Southern Oregon, and Josephine County in particular, have a long history of illicit
and medical cannabis cultivation, as well as an active presence in the growing legal industry
in Oregon (Klassen and Anthony 2019; Smith et al. 2019). Southern Oregon has become
known as a prime destination for outdoor cannabis production, and Josephine County has
the highest number of licensed producers relative to population size in the state (Oregon
Liquor Control Commission 2019; Smith et al. 2019). Production in the county accelerated
after recreational legalization in 2014 (Parker-Shames, unpublished data), and takes a similar
form to cultivation occurring across the border in northern California, with clusters of small
farms surrounded by undeveloped or less developed rural land (Butsic and Brenner 2016;
Wang et al. 2017; Butsic et al. 2018; Smith et al. 2019).
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Oregon
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Figure 1. Map of study area with local population centers identified. The study sites are indicated as USGS hydrologic
unit code 12 sub watersheds within Josephine County, southern Oregon. All study farms were contained within
these three watersheds, and are summarized at this scale to anonymize specific farm locations. From the top down,
the sub watersheds are: Slate Creek, Lower Deer Creek, and Lower East Fork Illinois River.

Cannabis farms for this study included one licensed recreational production site, one
medically licensed (though non-compliant) production site, and six unlicensed sites. All farms
were producing cannabis for sale, though in different markets depending on their access
to licensed markets. We selected these eight farms because they (1) were representative of
the size and style of cultivation predominant in Josephine County in the years immediately
following recreational legalization in 2015 (Parker-Shames, unpublished data), (2) were all
established after recreational legalization except for the medical farm, (3) did not replace
other plant-based agriculture, and (4) granted us permission to set up cameras on site. Our
sampled farms were small (typically < 1 acre), had conducted some form of clearing for
production space, and three had constructed some form of fence or barrier around their
crop. Nonetheless, specific land use practices and production philosophies differed between
farms (e.g., pesticide use, type of fencing, presence of dogs, number of people working on
the site, attitudes towards conservation, etc.). We cannot disclose farm locations, as per our
research agreement for access.
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Camera surveys

Monitored farms were clustered within each watershed: one farm in Slate Creek,
five in Lower Deer Creek, and two in Lower East Fork Illinois River. We placed un-baited
motion sensitive cameras (Bushnell E3, Bushnell Aggressor, or Moultriecam models) on
and surrounding cannabis farm clusters as well as in random locations up to 1.5 km from
the farms. To guide the placement of cameras, we overlaid the area surrounding each can-
nabis farm cluster with a 50 x 50 m grid and then selected a random sample of at least one-
quarter of grid cells (a minimum of 45 locations in each watershed), stratified by vegetation
openness and distance to cannabis farm. We rotated 15-20 cameras through the sampled
grid cells, ensuring each camera was deployed for a minimum of two weeks. As a result
of sampling across two years, we likely violated the model’s assumption of geographic
and demographic closure (Mackenzie et al. 2006), but given our interest was in space use
associations and not estimates of occupancy, we believe this is a minimal issue. For this
analysis, we restricted our data to a subset of cameras on cannabis farms (“cannabis sites”)
and cameras in 500 m proximity to farms (“comparison sites”) active during the same camera
rotation (n = 8 farms, 17 rotations, 2-5 cameras/rotation). Because of rotations and field
constraints, all cannabis sites were not monitored at the same time or for the same length
of time (one to six rounds). Each cannabis site had at least one, and up to three comparison
cameras within 500 m during each of its active rounds. Because of farm clustering, some
comparison cameras were within 500 m of more than one farm. Half the cameras on farms
(n = 4) were monitored for more than one round, but the comparison camera(s) were not
always the same for all rounds due to rotations.

Statistical analyses

We summarized species observations at cannabis farms and created detection histories
(i.e., matrices where a “1” indicated the species was photographed at a given camera station
during the respective 24-hr time interval, a “0” that it was not, and an NA if the camera
was inactive) using the package CamtrapR (CamtrapR v.1.2.3, https://cran.r-project.org/
web/packages/camtrapR/index.html, accessed 11 December 2019) in program R (R v.3.6.2,
www.r-project.org, accessed 18 December 2019). We used a 24-hr time interval because our
focus was on estimating space use associations instead of occupancy, and a short interval
reduced the likelihood of the same individual animal being detected on both the farm and
comparison camera (Latif et al. 2016; Steenweg et al. 2018). We used the detection matrix
to summarize detection rates per 100 operation nights for species found on cannabis sites
and comparison sites. We then modeled the occupancy probabilities of the three most com-
monly detected wild species, which included black-tailed deer, lagomorphs (including brush
rabbit Sylvilagus bachmani and black-tailed jackrabbit Lepus californicus), and common
gray foxes (Urocyon cinereoargenteus), using the UNMARKED package in Program R
(unmarked v.0.13-1, https://cran.r-project.org/web/packages/unmarked/index.html, accessed
11 December 2019). We combined lagomorphs due to uncertainties in distinguishing indi-
vidual species in photographs.

We used single-species occupancy models to assess factors influencing the likelihood
that a species used the area around each camera station (interpreting the “occupancy” param-
eter as “use” in that it is influenced by both occupancy and availability) and the probability
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that the species would be detected given they were present (i.e., “detection probability”, as
influenced by both availability and perceptibility) (Latif et al. 2016). In this case, detection
can also be influenced by fine scale activity and/or habitat use patterns (Latif et al. 2016;
Moreira-Arce et al. 2016)

We hypothesized that cannabis cultivation, elevation, water access, and vegetation
type would influence species’ spatial relationships, and therefore included them as predic-
tors of occupancy (i.e., space use) in the model. We predicted that cannabis cultivation
would have a negative influence on a species’ probability of using an area. We included a
binary, categorical variable in the models to characterize whether detection occurred on a
cannabis site (1) or a nearby comparison site (0). This variable reflected and distilled the
on-site practices that are common across farms, including increased human activity and
fencing. We expected regional elevation to influence species’ vegetation use, and therefore
used the average elevation within a 1 km buffer of each camera location, from the 30 m
National Elevation Dataset (State of Oregon Geospatial Enterprise Office, U.S. Geological
Survey, www.gis.oregon.gov). Water access is frequently an important predictor for wildlife
occupancy (Rich et al. 2019), especially during dry periods such as during our study years,
so we included distance to streams as a predictor of occupancy (NOAA Intrinsic Potential
Streams, https://archive.fisheries.noaa.gov/wcr/maps_data/maps _and gis data.html). To
represent vegetation, we used the percent evergreen forest, as determined via the National
Land Cover Database (NLCD 2016, www.mrlc.gov) within a 1 km buffer of each camera
site as a vegetation predictor variable. Finally, to distinguish general biogeographic variation
between regions, we used watershed as a categorical predictor for occupancy (we assigned
cameras as Slate Creek = 1, Lower Deer Creek = 0, and Lower East Fork Illinois River =-1).

For modeling detection, we hypothesized that cannabis production sites would nega-
tively influence the probability that a species was photographed given they were available
in the general area, due to both physical barriers to wildlife accessing these sites, and to
behavioral shifts, such as animals moving less or moving more cautiously around areas of
higher human activity (Smith et al. 2017; Jakes et al. 2018; Tucker et al. 2018). We used
distance to road (Josephine County GIS Department 2018) as a proxy for human activity
separate from cannabis production that might also negatively influence detection probabil-
ity. Although cannabis cultivation can be associated with the creation of new roads (Carah
et al. 2015), the roads used in these analyses were not those created or used exclusively
by cultivators. Finally, we included year as a categorical variable to account for potential
inter-annual variation in detection ability.

We standardized covariates to have a mean of zero and a standard deviation of one.
We used Akaike’s Information Criterion (AIC) (Burnham and Anderson 2002) to compare
model fits. We modeled all of the detection covariates first, and then kept our top ranked
model for detection constant before modeling our occupancy (use) covariates. We used our
top ranked model to assess covariate relationships and determine which variables influenced
species use and probabilities of being photographed.

RESULTS

We analyzed over 5,000 animal detections over 957 operation nights (with an aver-
age of 31 operation nights per camera). We found that the communities of wildlife present
on cannabis farms were qualitatively different from the surrounding, uncultivated areas
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(Figure 2). Wildlife on cannabis farms were often smaller-bodied species, and co-occurred
with higher human and domestic dog (Canis familiaris) activity. There were 18 different
species recorded on cannabis farms, and 24 on comparison cameras. Wild predators were
predominantly detected on comparison cameras rather than cannabis farms. For example,
gray foxes had 18.5 detections per 100 operation nights on cannabis sites compared to a
detection rate of 31.6 on comparison sites, while black bears (Ursus americanus) had a
detection rate of 2.5 on cannabis sites compared to 4.9 on comparison sites, and coyotes
(Canis latrans) had a rate of 1.9 on cannabis sites and 6.1 on comparison sites. By contrast,
domestic predators such as cats (Felis catus) and dogs, had a detection rate twice as high
on cannabis production sites than comparison sites (Figure 2). It is also worth noting detec-
tions of two rarer carnivores: we detected mountain lions (Puma concolor) seven times on a
cannabis farm and once on a comparison site, and bobcats (Lynx rufiss) two times on each.
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Figure 2. Top animal species present at cannabis (8) versus comparison (24) sites, by detection rate (number of
detections per 100 sampling occasions). Excludes any species detected less than a total of 10 times at all sites
combined. Excludes humans, which were the most frequently detected presence on both cannabis and comparison
sites (detection rate of 1306.6 on cannabis sites and 478.7 on comparison sites).
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For the single species occupancy models, detection variables varied by species. The top
models for deer and gray foxes included a negative association with cannabis production for
detection, while the top model for lagomorphs did not have similar associations (Table 1).
Distance to roads was retained in all models for detection, and was positively associated with
detection for all species, such that detection increased with increasing distance from roads.

For occupancy, here defined as use, cannabis production had a weak negative associa-
tion with gray fox occupancy, and was not a top occupancy variable for any of the other spe-
cies (Table 1). Because watershed and forest cover were correlated (R?=0.86), we only used
the variable with the highest univariate effect size for each species. For instance, watershed
had a higher univariate effect size than forest cover for deer and gray fox occupancy, so we
used watershed for candidate selection in those models, and forest cover for lagomorphs.
No single variable was consistently selected as a predictor of occupancy across all species.

Table 1. Results from the top space use models for each species, including occupancy (defined in this case as
use) and detection (influenced by both availability and perceptibility) variable beta estimates and 95% confidence
intervals in parentheses. Stars are on confidence intervals that don’t overlap zero.

Occupancy Variables

Species Cannabis Watershed Elevation Forest Distance to
Production within I km  Streams
Black-tailed deer -2.82
(-5.37--0.27)*
Gray fox 11.17 -1.18
(-102.4-124.7) (-2.61-0.25)
Lagomorphs -0.99 -0.73

(-2.29-0.30)  (-2.32-0.86)

Detection Variables

Species Cannabis Year 2018 Year 2019 Distance to
Production Roads

Black-tailed deer -1.71 -0.485 0.519 0.522
(-2.26- (-1.02-0.05) (-0.01-1.05)  (0.30-0.74)*
-1.16)*

Gray fox -1.81 1.81
(-2.33- (1.21-2.41)*
-1.29)*

Lagomorphs 0.45 4.25 0.77

(-0.021-0.92)  (2.85-5.66)* (0.45-1.09)*
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DISCUSSION

This study represents a first step to quantify patterns of wildlife avoidance and
coexistence on and surrounding active small-scale cannabis farms on private land. Our
observational monitoring data suggest that wildlife species may be affected by these loca-
tions and may be altering their use of these environments. Specifically, our results suggest
that 1) wildlife are consistently present on and around cannabis farms, 2) private land can-
nabis production may influence the local space use of some species more than others, and
3) cannabis farms may deter larger-bodied wildlife species in particular. Although limited
by a small dataset, these results offer valuable insights into the ecological outcomes of the
emerging cannabis industry.

The assessment of wildlife detection rates suggest that many wildlife species are
consistently present at cannabis production sites (Figure 2, Figure 3). Whereas some species
detected on cannabis farms are ones that have been recorded in the western United States
as more tolerant to agriculture or disturbance (e.g. striped skunk, raccoon, deer), others
are species that tend to avoid human activity (e.g. mountain lion, bobcat) (Crooks 2002;
Gehring and Swihart 2003; Hilty and Merenlender 2004; VerCauteren et al. 2006). While
we did detect some relatively rare species (mountain lion, bobcat), we did not detect oth-
ers such as fishers or ringtails (Bassariscus astutus), and cannot assess whether this is due
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Figure 3. Examples of photos from cameras at cannabis sites demonstrating varied space use by wildlife at cannabis
farms. A) Two black tailed jackrabbits (Lepus californicus) resting and foraging. B) A coyote (Canis latrans) passing
through a cannabis farm with a prey item in its mouth. C) A squirrel (Sciurus sp.) passing in front of the camera
carrying an unknown food item. D) A black-tailed deer (Odocoileus hemionus columbianus) appearing to forage
at the base of a cannabis planter (the wooden box holding the cannabis plant in the photo).
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to true absence or simply short study duration. We infer detection of wildlife on cannabis
farms implies a potential for these species to move through these areas. In addition, some
photos revealed foraging or resting behavior (Figure 3), which may indicate that cannabis
agriculture could maintain biodiversity as other small scale agricultural crops have in other
systems (Mendenhall et al. 2016). However, understanding long term impacts of cannabis
production would require information on farm-level land use practices. For example, if
animals on private land cannabis farms suffer fitness consequences similar to the toxicant
exposure occurring on public land production, then coexistence on these sites may be det-
rimental in the long term (Levy 2014; Thompson et al. 2014; Carah et al. 2015; Gabriel et
al. 2015; Gabriel et al. 2018).

Modeled use and detection probability results indicate that despite a general wildlife
presence at cannabis farms, some animals may be more affected by these areas than others.
For detection, both deer and gray fox were influenced by cannabis farms (Table 1). Distance
to roads was positively associated with all species detection, suggesting that animals are
consistently avoiding roads, but no other variable was consistent across all species for either
detection or use. For occupancy (i.e. space use), cannabis farms were not selected for deer
or lagomorph models (Table 1), but we suspect this could have been due to our close prox-
imity of cannabis and comparison locations. It is possible that these species would move
>500m within a 24-hour period, making it difficult to distinguish space use. Additionally,
because we pooled lagomorph species, it is possible that either brush rabbits or black tailed
jackrabbits individually might have responded differently to cannabis production. Nonethe-
less, cannabis farms influencing detection probabilities for deer and gray foxes may imply
an influence on repeated visits over our time period, and potentially a behavioral adjustment
near cannabis farms.

There are many possible explanations for why deer and gray fox space use might be
more influenced by cannabis farms than lagomorphs. These generally have to do with char-
acteristics on the farms themselves. Wildlife may be interacting with the increased presence
of domestic cats and dogs on cannabis farms (Figure 2), for instance, for deer as potential
or perceived prey, or gray foxes as competitors (Zapata-Rios and Branch 2016; Reilly et
al. 2017; Twardek et al. 2017). Alternatively, deer and gray foxes may be responding to
behavioral cues from increased human presence and activity on cannabis farms (Berger
2007; Tucker et al. 2018). Lagomorphs may be responding to these same cues, but via dif-
ferent response mechanisms. It is possible that lagomorphs are more behaviorally flexible
than deer and gray foxes and can avoid altering their spatial patterns by instead shifting
their temporal activity patterns, for instance, becoming more nocturnal (Gaynor et al. 2018).
More research is needed to disentangle these potential mechanisms.

Both detection rate summaries and model results suggest that cannabis farms appeared
to disproportionately influence the space use of larger wildlife species. Black bears had a
higher detection rate on comparison sites compared to cannabis farms (Figure 2) and the
model results indicate that larger black-tailed deer and gray foxes might avoid cannabis farms,
while smaller animals such as lagomorphs appear to be unaffected. This result is expected,
as large bodied animals such as deer may be unable to access space on the farms if they are
physically blocked by fencing, while smaller species are still able to move through these
barriers (Brashares 2010; Jakes et al. 2018).

Despite variation in which species responded to cannabis farms, we did not find
evidence from either detection rate summaries or model results to suggest that predators
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were attracted to these sites. Other studies have shown predators tend to avoid agricultural
development, and our results seem to support the same trend (Gehring and Swihart 2003;
Hilty and Merenlender 2004). By contrast, there has been recent suggestion that cannabis
production on public lands may serve as an “ecological trap” by attracting carnivores to
production areas that then expose individuals to deadly toxicants (Gabriel and Wengert
2019). Our results, at least in the short-term, suggest that this dynamic may be less likely
to occur on small-scale private land cannabis farms. This highlights the different potential
ecological threats and processes playing out on public versus private land cannabis produc-
tion sites. Not only do private land cannabis farms seem to use fewer toxicants (Wilson et
al. 2019), but they may also have higher human activity levels on site compared to public
land production located in more remote areas. Wildlife may in turn tend to avoid this human
presence rather than being attracted (Smith et al. 2017).

This study begins the discussion regarding a glaring shortage of data on animal space
use on cannabis sites, but there are many further avenues for future research. For example,
the relative importance of cannabis farms in their influence on animal space use should
be analyzed in the surrounding landscape context. The influence of roads on the modeled
detection results implies that cannabis cultivation, despite occurring in a rural area in this
case, was not the only form of human disturbance to which animals were responding. It
may therefore be useful to compare cannabis and other forms of rural land use. In addition,
it is necessary to conduct further study at broader spatial and temporal scales in order to
examine long term wildlife community response to cannabis and unravel the complicated
set of potential contributing factors.

Management and conservation implications

Wildlife are likely to have species-specific responses to small-scale outdoor cannabis
farms, and, thus, the specific land use practices occurring at a site may be influential for
biodiversity conservation in these communities. Future studies should examine the role of
fencing, timing of human activity, presence of domestic dogs and cats, and other site level
practices that may influence wildlife use. Many small-scale cannabis farms are not part of
a licensed production system (such as most included in this study), and therefore cannot be
regulated for their production practices (Polson 2015; Short Gianotti et al. 2017). For these
producers, a mix of educational resources on wildlife friendly growing practices, grower-
enforced community standards or expectations, and law enforcement efforts to reduce
noncompliance, may play an important role in increasing or maintaining biodiversity. For
species deterred from cannabis farms, such as was implied by our deer and gray fox results,
further research is needed to understand the mechanism for this avoidance. If, for example,
fencing, artificial lighting, or sound are identified as major causes of this deterrence, then
careful consideration should be given to the regulations on these practices at cannabis farms
and their relation to critical habitat features such as water sources or animal migration routes.

ACKNOWLEDGMENTS

We thank the cannabis producers and land owners who gave us permission to access
their properties for data collection; many of you took a risk in engaging with research col-
laboration, and this work would not have been possible without your participation. Thank



COEXISTING WITH CANNABIS 103

you to our field assistants, C. Dunn and M. Baker, and to the undergraduate research assis-
tants who helped sort camera photos: A. Hua, H. Jin, V. Madapoosi, and M. Xiao. Thanks
to K. Gaynor for sharing code examples and to the Brashares Lab group for your support.
We thank K. Moriarty and one anonymous reviewer for their valuable suggestions. Finally,
thank you to the funders of this research: the National Science Foundation Graduate Research
Assistantship Program, and the Oliver Lyman Award for Summer Research.

Author Contributions

Conceived and designed the study: PPS, advised by JB, and with consultation from LR
Collected the data: PPS

Performed the analysis of the data: PPS and WX, with guidance from LR

Authored the manuscript: PPS

Provided critical revision of the manuscript: PPS, WX, LR, and JB

LITERATURE CITED

Arcview Market Research. 2016. Executive summary: The state of legal marijuana mar-
kets. 4th edition. BDS Analytics, San Fransisco, CA, USA.

Berger, J. 2007. Fear, human shields and the redistribution of prey and predators in pro-
tected areas. Biology Letters 3:620-623.

Borine, R. 1983. Soil Survey of Josephine County, Oregon. Volume 14. Soil Conserva-
tion Service, U.S. Forest Service, U.S. Department of Agriculture, and Oregon
Agricultural Experient Stations, Bureau of Land Management, U.S. Department
of the Interior.

Brashares, J. S. 2010. Filtering wildlife. Science 329:402—403.

Burnham, K. P., and D. R. Anderson. 2002. Model selection and multimodel inference: a
practical information-theoretic approach. Springer-Verlag, New York, NY, USA.

Butsic, V., and J. C. Brenner. 2016. Cannabis (Cannabis sativa or C. indica) agriculture and
the environment: a systematic, spatially-explicit survey and potential impacts.
Environmental Research Letters 11:044023.

Butsic, V., J. Carah, M. Baumann, C. Stephens, and J. C. Brenner. 2018. The emergence of
cannabis agriculture frontiers as environmental threats. Environmental Research
Letters 13:124017.

Carah, J. K., J. K. Howard, S. E. Thompson, A. G. Short Gianotti, S. D. Bauer, S. M. Carl-
son, D. N. Dralle, M. W. Gabriel, L. L. Hulette, B. J. Johnson, C. A. Knight, S.
J. Kupferberg, S. L. Martin, R. L. Naylor, and M. E. Power. 2015. High time for
conservation: adding the environment to the debate on marijuana liberalization.
Bioscience 65:822—-829.

Corva, D. 2014. Requiem for a CAMP: The life and death of a domestic U.S. drug war
institution. International Journal of Drug Policy 25(1):71-80.

Crooks, K. R. 2002. Relative sensitivites of mammalian carnivores to habitat fragmenta-
tion. Conservation Biology 16:488-502.

Fischer, J. D., S. H. Cleeton, T. P. Lyons, and J. R. Miller. 2012. Urbanization and the pre-
dation paradox: the role of trophic dynamics in structuring vertebrate communi-
ties. Bioscience 62:809-818.

Gabriel, M. W,, L. V. Diller, J. P. Dumbacher, G. M. Wengert, J. M. Higley, R. H. Pop-



104 CALIFORNIA FISH AND WILDLIFE, CANNABIS SPECIAL ISSUE 2020

penga, and S. Mendia. 2018. Exposure to rodenticides in northern spotted and
barred owls on remote forest lands in northwestern California: evidence of food
web contamination. Avian Conservation Ecology 13(1):art2.

Gabriel, M. W., and G. M. Wengert. 2019. It’s a trap! Cannabis cultivation sites as eco-
logical and evolutionary traps for wildlife. Coming into the Light: Opportunities
and Challenge The Wildlife Society and American Fisheries Society Joint Annual
Conference, Reno, NV, USA.

Gabriel, M. W., L. W. Woods, R. Poppenga, R. A. Sweitzer, C. Thompson, S. M. Mat-
thews, J. M. Higley, S. M. Keller, K. Purcell, R. H. Barrett, G. M. Wengert, B.
N. Sacks, and D. L. Clifford. 2012. Anticoagulant rodenticides on our public and
community lands: spatial distribution of exposure and poisoning of a rare forest
carnivore. PLoS ONE 7:¢40163.

Gabriel, M. W., L. W. Woods, G. M. Wengert, N. Stephenson, J. M. Higley, C. Thomp-
son, S. M. Matthews, R. A. Sweitzer, K. Purcell, R. H. Barrett, S. M. Keller, P.
Gaffney, M. Jones, R. Poppenga, J. E. Foley, R. N. Brown, D. L. Clifford, and
B. N. Sacks. 2015. Patterns of natural and human-caused mortality factors of
a rare forest carnivore, the fisher (Pekania pennanti) in California. PLoS ONE
10:e0140640.

Gaynor, K. M., C. E. Hojnowski, N. H. Carter, and J. S. Brashares. 2018. The influence of
human disturbance on wildlife nocturnality. Science 360:1232—-1235.

Gehring, T. M., and R. K. Swihart. 2003. Body size, niche breadth, and ecologically scaled
responses to habitat fragmentation: mammalian predators in an agricultural land-
scape. Biological Conservation 109:283-295.

Hilty, J. A., and A. M. Merenlender. 2004. Use of riparian corridors and vineyards by
mammalian predators in Northern California. Conservation Biology 18:126—135.

Jakes, A. F.,, P. F. Jones, L. C. Paige, R. G. Seidler, and M. P. Huijser. 2018. A fence runs
through it: a call for greater attention to the influence of fences on wildlife and
ecosystems. Biological Conservation 227:310-318.

Klassen, M., and B. P. Anthony. 2019. The effects of recreational cannabis legalization on
forest management and conservation efforts in U.S. national forests in the Pacific
Northwest. Ecological Economics 162:39-48.

Latif, Q. S., M. M. Ellis, and C. L. Amundson. 2016. A broader definition of occupancy:
comment on Hayes and Monfils. Journal of Wildlife Management 80:192—194.

Levy, S. 2014. Pot poisons public lands. Bioscience 64:265-271.

Mackenzie, D. 1., J. D. Nichols, J. A. Royle, K. H. Pollock, L. L. Bailey, and J. E. Hines.
2006. Occupancy Estimation and Modeling: Inferring Patterns and Dynamics of
Species Occurrence. Elsevier, Amsterdam, Netherlands.

Mendenhall, C. D., A. Shields-Estrada, A. J. Krishnaswami, and G. C. Daily. 2016. Quanti-
fying and sustaining biodiversity in tropical agricultural landscapes. Proceedings
of the National Academy of Sciences 113:14544—14551.

Moreira-Arce, D., P. M. Vergara, S. Boutin, G. Carrasco, R. Briones, G. E. Soto, and J .E.
Jiménez. 2016. Mesocarnivores respond to fine-grain habitat structure in a mosaic
landscape comprised by commercial forest plantations in southern Chile. Forest
Ecology and Management 369:135-143.

Olson, D., D. A. DellaSala, R. F. Noss, J. R. Strittholt, J. Kass, M. E. Koopman, and T. F.
Allnutt. 2012. Climate change refugia for biodiversity in the Klamath-Siskiyou



COEXISTING WITH CANNABIS 105

ecoregion. Natural Areas Joural 32(1):65-74.

Olson, D. M., E. Dinerstein, E. D. Wikramanayake, N. D. Burgess, G. V. N. Powell, E. C.
Underwood, J. A. D’amico, I. Itoua, H. E. Strand, J. C. Morrison, C. J. Loucks,
T. F. Allnutt, T. H. Ricketts, Y. Kura, J. F. Lamoreux, W. W. Wettengel, P. Hedao,
and K. R. Kassem. 2006. Terrestrial ecoregions of the world: a new map of life on
earth. Bioscience 51:933-938.

Oregon Liquor Control Commission. 2019. Marijuana License Applications as of 8:00 AM
Monday, December 9, 2019. Portland, OR, USA.

Polson, M. 2015. From outlaw to citizen: police power, property, and the territorial poli-
tics of medical marijuana in California’s exurbs. Territory, Politics, Governance
3(4):387-406.

Reilly, M. L., M. W. Tobler, D. L. Sonderegger, and P. Beier. 2017. Spatial and temporal
response of wildlife to recreational activities in the San Francisco Bay ecoregion.
Biological Conservation 207:117-126.

Rich, L. N., A. D. Baker, and E. Chappell. 2020. Anthropogenic noise: potential influences
on wildlife and applications to cannabis cultivation. California Fish and Wildlife
Journal, Cannabis Special Issue.

Rich, L. N., S. R. Beissinger, J. S. Brashares, and B. J. Furnas. 2019. Artificial water catch-
ments influence wildlife distribution in the Mojave Desert. Journal of Wildlife
Management 83:855-865.

Rich, L. N., E. Ferguson, A. D. Baker, and E. Chappell. 2020. A review of the potential
impacts of artificial lights on fish and wildlife and how this may apply to cannabis
cultivation. California Fish and Wildlife Journal, Cannabis Special Issue.

Short Gianotti A. G., J. Harrower, G. Baird, and S. Sepaniak. 2017. The quasi-legal chal-
lenge: assessing and governing the environmental impacts of cannabis cultivation
in the North Coastal Basin of California. Land Use Policy 61:126—134.

Smith, J. A., J. P. Suraci, M. Clinchy, A. Crawford, D. Roberts, L. Y. Zanette, and C. C.
Wilmers. 2017. Fear of the human ‘super predator’ reduces feeding time in large
carnivores. Proceedings of the Royal Society B 284:20170433.

Smith, V., M. Powell, D. Mungeam, and R. Emmons. 2019. Stakeholder perceptions of the
impact of cannabis production on the Southern Oregon food system. Journal of
Agriculture, Food Systems, and Community Development 8(4):1-11.

Steenweg, R., M. Hebblewhite, J. Whittington, P. Lukacs, and K. McKelvey. 2018. Sam-
pling scales define occupancy and underlying occupancy—abundance relation-
ships in animals. Ecology 99:172—183.

Thompson, C., R. Sweitzer, M. Gabriel, K. Purcell, R. Barrett, and R. Poppenga. 2014.
Impacts of rodenticide and insecticide toxicants from marijuana cultivation sites
on fisher survival rates in the Sierra National Forest, California. Conservation
Letters 7:91-102.

Tucker, M. A., K. Bohning-Gaese, W. F. Fagan, J. M. Fryxell, B. Van Moorter, S. C. Al-
berts, A. H. Ali, A. M. Allen, N. Attias, T. Avgar, H. Bartlam-Brooks, B. Bayar-
baatar, J. L. Belant, A. Bertassoni, D. Beyer, L. Bidner, F. M. van Beest, S. Blake,
N. Blaum, C. Bracis, D. Brown, P. J. Nico de Bruyn, F. Cagnacci, J. M. Calabrese,
C. Camilo-Alves, S. Chamaillé-Jammes, A. Chiaradia, S. C. Davidson, T. Dennis,
S. DeStefano, D. Diefenbach, 1. Douglas-Hamilton, J. Fennessy, C. Fichtel, W.
Fiedler, C. Fischer, 1. Fischhoff, C. H. Fleming, A. T. Ford, S. A. Fritz, B. Gehr, J.
R. Goheen, E. Gurarie, M. Hebblewhite, M. Heurich, A. J. M. Hewison, C. Hofl,



106 CALIFORNIA FISH AND WILDLIFE, CANNABIS SPECIAL ISSUE 2020

E. Hurme, L. A. Isbell, R. Janssen, F. Jeltsch, P. Kaczensky, A. Kane, P. M. Kap-
peler, M. Kauffman, R. Kays, D. Kimuyu, F. Koch, B. Kranstauber, S. LaPoint,
P. Leimgruber, J. D. C. Linnell, P. Lépez-Lopez, A. C. Markham, J. Mattisson, E.
Patricia Medici, U. Mellone, E. Merrill, G. de Miranda Mourdo, R. G. Morato,
N. Morellet, T. A. Morrison, S. L. Diaz-Mufioz, A. Mysterud, D. Nandintsetseg,
R. Nathan, A. Niamir, J. Odden, R. B. O’Haral, L. G. R. Oliveira-Santos, K. A.
Olson, B. D. Patterson, R. C. de Paula, L. Pedrotti, B. Reineking, M. Rimmler,
T. L. Rogers, C. M. Rolandsen, C. S. Rosenberry, D. I. Rubenstein, K. Safi, S.
Said, N. Sapir, H. Sawyer, N. M. Schmidt, N. Selva, A. Sergiel, E. Shiilegdamba,
J. P. Silva, N. Singh, E. J. Solberg, O. Spiegel, O. Strand, S. Sundaresan, W. UlI-
mann, U. Voigt, J. Wall, D. Wattles, M. Wikelski, C. C. Wilmers, J. W. Wilson,
G. Wittemyer, F. Zigba, T. Zwijacz-Kozica, and T. Mueller. 2018. Moving in the
Anthropocene: global reductions in terrestrial mammalian movements. Science
359:466-469.

Twardek, W. M., K. S. Peiman, A. J. Gallagher, and S. J. Cooke. 2017. Fido, fluffy, and
wildlife conservation: the environmental consequences of domesticated animals.
Environmental Reviews 25(4):381-395.

VerCauteren, K. C., M. J. Lavelle, and S. Hygnstrom. 2006. Fences and deer-damage man-
agement: a review of designs and efficacy. Wildlife Society Bulletin 34:191-200.

Wang, 1., J. C. Brenner, and V. Butsic. 2017. The expansion of an emerging agricultural
crop threatens deforestation and fragmentation. Frontiers in Ecology and Evolu-
tion 15:495-501.

Wilson, H., H. Bodwitch, J. Carah, K. Daane, C. Getz, T. E. Grantham, and Van Butsic.
2019. First known survey of cannabis production practices in California. Califor-
nia Agriculture 73(3):119-127.

Zapata-Rios, G., and L. C. Branch. 2016. Altered activity patterns and reduced abundance
of native mammals in sites with feral dogs in the high Andes. Biological Conser-
vation 193:9-16.





