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Abstract

On agricultural frontiers, minimal regulation and potential windfall profit

opportunistic land use that often results in environmental damage. Cannabi

high environmental sensitivity, including 80-116 in cultivation sites near high-

quality habitat for threatened and endange fish species. Production increased by

40% on steep slopes, sites more than deubled public lands, and increased by 44% in remote

locations far from paved roads. Cannabis abandonment was modest, and driven primarily

by farm size, not location with isitive environments. To address policy and institutions for

environmental protection, we e

our results warn th wut careful policy and institutional development these frontiers may

pose environm even in locations with otherwise robust environmental laws and

regulatory in
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Introduction

becoming a licit or quasi-legal agricultural commodity in many pa; world (Kilmer &

MacCoun 2017; Short Gianotti et al. 2017; United Nations Officé s and Crime (UNODC)
2017). Despite its long history in human culture and its e 4 economic potential,
cannabis remains a poorly understood agricultural crop, ively little published research
on its production and potential environmental img h et al. 2015; Eisenstein 2015;

Pennisi 2017; Short Gianotti et al. 2017).

The rapid ascendance of canna ictltural commodity may lead to new land

use practices, and one result may be the e nce of agricultural frontiers. Agricultural

frontiers are characterized by an ance of occupiable land, which becomes cultivated when

the economic rent from agric vity overcomes the cost associated with land prices,
transport, and input: (d1 T In the case of cannabis, there are also costs associated with
legal risks of prosecuti checo 2012). For an agricultural frontier to emerge, available land
must suddenly acgitire new potential value through an abnormal economic rent (le Polain de

is formed through various mechanisms, including technological
land productivity, increasing consumer demand, and policy instruments

Kilmer & MacCoun 2017) or, in the case of cannabis, legal status (Pacheco
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Rapid agricultural expansion is often associated with environmental degradati

production frontiers (Del Olmo 1998; Mcsweeney et al. 2014; S

clandestine nature of these activities poses challenges for sys

Cannabis production satisfies several of the congl t theoretically support the

emergence of agricultural frontiers: first, because i small fields (Butsic and Brenner

2016), land inputs may be relatively inexpe annabis historically has commanded

high prices, in part due to its illicit or quasi-1 > (Polson 2016); finally, current demand

for cannabis, price premiums, and compliance costs in legal markets continue to incentivize

export of products grown at th tier to out of state illegal markets (ERA Economics 2017). If

cannabis frontiers develop, the environmental consequences like other frontiers if
they emerge in areas of hight envirenmental value and sensitivity - for example, where water
diversion or irrigatio s production negatively influences natural hydrological

conditions, or wher inputs from cannabis farming pollute surrounding areas.

to develgp in many places around the world where other underlying conditions for frontier
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The United States historically has been a world leader in both production and

consumption of cannabis (UNODC) 2014). Cannabis supply via traditional interna

prohibition, regulation, and law enforcement, 5 incentivized secrecy in cultivation

(Stone 2014; Polson 2017; Short Gian 9. In light of federal prohibition, inconsistent

state policy regarding cannabisimay incenti

ze leakage or export of black market cannabis

from states with legal markets to oth at continue prohibition (Caulkins & Bond 2012;

ch shows that cannabis production can lead to environmental degradation,

forestation and forest fragmentation (Wang et al. 2017) which takes place when
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al. 2018).

This evidence has informed recent sh nabis regulation and enforcement in

California from production per se to ass d environmental impacts (Short Gianotti et al.

2017). Since 2014, law enforce as targeted farms that are breaking state environmental
7), for example, those laws regulating forest removal
rts have certainly impacted individual cultivation sites, it

the development of frontiers as a whole, or if they have

ction away from environmentally sensitive areas.
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quantified cannabis production increases, documented the location of these increases,

regulatory programs. These data provided insight into the pol
activity. By documenting cannabis agricultural frontiers angd

have emerged, our results inform continuing cannabis

Methods

Study area
Humboldt and Mendocino counties k een leading cannabis-producing regions in the

U.S. Located on the northern coast of Calif both counties are characterized by steep

terrain, and a Mediterranean clim, icluding a climatic gradient from cooler and wetter on

the coast to drier and warmer i lifornia 2015a). Both counties also have significant

Page 8 of 39
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fish protected under the U.S. Endangered Species Act, and old-growth stands of redw

(Mooney & Zavaleta 2016; NOAA 2016).

Cannabis production

We focused on what we term agricultural cultivation sites (Butsic e
sites function like other agricultural enterprises, taking place on privat , and'requiring
capital investments for establishment and development. For the sites are not
hidden by their owners, so they are clearly visible from above. @the tion methods exist,

including indoor growing (Mills 2012) and trespass growing, andestine cultivation via

ata on these metrics was not available for this study.
typically small - less than one acre in size (Butsic and
to a history of prohibition, quasi-legal status and the need to

anotti et al. 2017). Also, during our study period cannabis prices

9
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3 204
4

5

p 205
7

8 206
9

10 207
11

12

3 208
14

15 209
16

17 210
18

19 211
20

21

S, 212
23

24 213
25

26 214  is estimated using average estimates calcu

28 215 enforcement activities.

31 216 We applied these techniques itative sample of watersheds in Humboldt and

33 217  Mendocino Counties for the yeass 2012 and

(see Supplemental Information for description

35 218  of this sample). We used a repregent sample so that inferences could be made about

219  cultivation site characteristi t of the county. The protocols for digitizing each year
a0 220
42 221
44 222
47 223
49 224

51 225

>3 226  and’ ytof 119) HUC12 watersheds completely within Mendocino County (Fig 1). We also

ve watersheds that bordered both counties. Overall, our mapped area contained over

11
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50% of the land in each county. Complete documentation of the mapping and quality :
procedures are provided in the supplemental materials.

For greenhouses, it was impossible to confirm that cannabis was

o identify greenhouses,

but not individual plants in outdoor sites). Then d the growth of

greenhouses from 2004-2012 to the grow, ry industry during the same

period (Humboldt County 2015). From 20 he abundance of greenhouses

increased by 1900%, while the v y products produced in the county fell by

1.5%. This suggests that growth in greenhpuses was not likely associated with non-

cannabis crops often grown in gree ses. In addition, the location and size of
identified greenhouses markets, main roads, on areas of steep slopes, and less
than one acre in siz
values lower tha

were unlike

present i

12
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1

2

i 250  First, given the nature of the subject, and the fact that digitizing took place years after s f
5

6 251

7

8 252

9

10 253

11

12

13 254

14

15 255

16

17 256  and potential production.

18

19 257

20

;; 258 Describing the expansion of the cannabis frontie

23

24 259 We described the expansion of the cannabis fren g four different metrics: site
25

26 260 ultivation site as any outdoor
27

;g 261 presented each as a polygon in our
2(1) 262 Itivation sites. To apply individual-level site
32

33 263 unt, site size and plant count within

34

35 264

36

37

38 265

39

40 266  produce a nuanced

41

42 267  example, counting

annabis expansion and the environment

13
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ase in site count, site size, and
plant count between 2012 and 2016. We in ncillary spatial data in our analysis
within a Geographic Information System: a di: vation model (USGS 2013) allowed us to
calculate slope, and the National 5 Service (NMFS) Intrinsic Potential (IP)
habitat datasets for coho and Chinook salmon dnd steelhead trout habitat (NOAA 2016)

5 Endangered Species Act-listed species. We

s with IP values greater than or equal to 0.7 (NMFS,
allowed us to calculate remoteness. The California

www .calands.org/ data) allowed us to calculate distance from

hese variables for several reasons. For example, salmonids are
sensitiveito water withdrawals and cannabis production may deplete instream flows (Bauer et
Xamined remoteness because past studies have shown that cannabis farms can

forest fragmentation when located far from roads (Wang et al. 2017). Forest

tion is generally considered a driver of ecosystem change (Haddad et al. 2015). We

14
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1

2

3. 345
4

Z 346 State of California budget allocations to cannabis
7

8 347
9

10 348
11

12 349
13

14

15 350
16

17 351  focus on budget items that were directly related to environme

19 352 notinclude budget items related to general law enforceme luding allocations to the State

21 353 of California’s Campaign Against Marijuana Productio which are not separable from
54 354  other law enforcement activities in available budget.documnie
26 355

28 356 Limitation of analysis
! ';cations. First, while we believe our method

30 357 As with any analysis ours is

sites is the

33 358  of detecting cannabis cultivati accurate currently available, there was

35 359  undoubtedly some measurement . omission and /or commission of polygons). Also,

37 360  our remote sensing method tify outdoor cultivation sites under closed forest

361 roductive). When estimating greenhouse production, we

42 362  made assumptions about ensity and other production practices within greenhouses. For

44 363 example, we ass ne crop is grown per year in greenhouses; and, while there is no

46 364  scientific liter nhouse production methods, personal communications with

49 365 industry lead us to believe that many farms with greenhouses are

51 366 le crops per year. Given this assumption, we believe our estimate of number

53 367 ofp (quite conservative.

17
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Results

Expanding cannabis production between 2012 and 2016

From 2012 to 2016 our study area exg

sites (7,847 to 14,163), a 183 % increas

plants resulted from an increa

plants per site (intensification).

tion*per farm increased from 549 m?2 in 2012 to 668 m? in 2016.

18
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1

2

i 392 Relationship between frontier expansion and environmental indicators

Z 393 The rapid recent expansion of the cannabis frontier has taken place to a signi
7

8 394  degree in ecologically sensitive areas (Table 2). By 2016, 20% of all cultivation site

9

10 395  counties were located on the 12% of land that exists within 500m of public
12 396  There was a 102% increase (1,376 to 2,780) in number of cultivation sit
15 397  Development also occurred in close proximity to endangered and
17 398  with a116% increase in number of cultivation sites within 500

19 399 increase near habitat for Chinook salmon, and an 80% incr

;; 400  Cultivation sites continued to be established on steep s
23

24 401  sites (3,784 to 6,649) on slopes between 15-30 degre

25

26 402  greater than 30 degrees (83 to 117). Finally
28 403  remote natural areas, with a 44% increase in ore than 1km away from paved roads.
404

33 405 Relationship between cultivation site gbandonment and envirommental sensitivity

35 406 Our regression analysis at the expansion of the cannabis agriculture frontier
37 407  continued in areas of envir

40 408 environmental sensitivi

42 409

abandonment, but f
4 410
4 amn
a9 412
51 413 from paved roads indicting that enforcement did not deter farming far from

53 414 ikewise, farms close to streams were less likely to be abandoned than those farm

41 eams. Farms on prime agricultural lands were no more likely to be abandoned than

19
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farms on non-agricultural lands. The number of plants per farm was a very strong indi

whether production would cease over the 2012-2016 period (Figure 3B). Small farm

more likely to be abandoned than large farms. For example, a farm with 50 plants w

likely to cease production as a farm with 200 plants (Figure 3B).

State of California budget allocations to cannabis

During the study period, resources allocated by the State o

1d by fiscal year 2015-2016, when cannabis
growers would have planted th: ops. But 2015-2016 expenditures remained modest in

relation to other regulator

I cannabis production in the Emerald Triangle alone is worth at

cewan et al. 2017) and timber production was only $1.5 billion for
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3 440
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5 . L ]
6 441 Discussion
7

8 442
9

10
;M3
12

13 444
14

15 445
16

17 446
18

19

o 447
21

29 448
23

24 449  or groundwater, or pollution from agricultural che; ay negatively impact habitat

;? 450  availability; and in remote areas where natt and habitat is removed to start farms.
28

29 451 For example, we found that nearly 90% of the areas developed for cannabis cultivation were

30

31 452 formally covered in natural vegetation as:late as 2006. While all of these measures are indirect in

33 453 the sense that they do not mea ecific on‘the-ground environmental impacts at individual

454  farms, that kind of comprehensive, site-level data is not available in our study area beyond a

38 455  handful of cultivation sites where law enforcement activities have taken place. In order to

40 456  characterize potentia he watershed or County scale, the use of metrics based on

42 457 remotely sensed dats

45 458
459
5o 460
52 461  the

edical cannabis market in California was virtually unregulated in any fashion until 2016

(Stoa 2017), with no state-wide systematic collection of information on cultivation locations or

21
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modest allocations made to state agencies t ecting the environment. Thus, we

interpret the emergence of the cannabis agricultural frontier in northern California during the

study period in a context in which there nearly no investment in cannabis-specific

environmental protections, an d enforcement of existing environmental and land use

laws.

own to challenge institutional development, regulation, and

widespread environmental damage in frontier regions
uss et al. 2007; Nolte et al. 2017). Our results highlight an additional

mental governance —that a pre-existing framework for regulation is
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i 486  anywhere institutions fail to prevent it. Given the globally interconnected nature of d
5

6 487

7

8 488

9

10 489

11

12

13 490

14

15 491

16

17 492  point to an urgent need for the development and enforcement
18

;3 493  environmental policy specifically designed to address this sp
21

22 494

23

24 495

25

26

57 496

28

29 497

30

31 498  and federal authorities have also incen d secrecy in production, driving cultivation into
32

gi 499  clandestine spaces in remote nattiral areas of high conservation value (Carah et al. 2015; Short
35

36 000  Gianotti et al. 2017). Federal po fted to some degree in recent years (Ogden 2009; Cole

38 501  2013), but federal intervent mited local regulatory efforts during this period (Butsic &

40 502

43 503
45 504

48 005  deepensi

50 506 liberaliz
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protections. Academic and industry research seeks ways to make production as efficie

driven by the success or failure of cannabis-specific regulatory efforts;.as well as consistency or

lack thereof in policy at the country and local level.
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Table 1. Number and changes of cultivation sites, num

s, and area of cultivation across counties and years.
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County

Number
of
cultivation
sites

Percent
increase in
number of
cultivation
sites

Mean
Number
of plants

o
152012

Humboldt

3783

Percent
increase
in total
plants

Greenhouse
area (km?)

Outdoor area (km?)

Total area
(km?)

Percent
increase
in total

area

Average
cultivation
area per
farm (m?)

320905

0.21

0.79

1.00

654

172016

Humboldt

6656

40%

795057

147%

0.6

1.09

1.70

69%

721

182012

Mendocino

4064

217270

0.11

0.93

1.05

476

)
152016

Mendocino

7507

84%

79%

718842

230%

0.54

1.70

2.24

112%

633

212012

Total

7847

534832

0.33

1.72

2.05

549

222016

Total

14163

73
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

56%

1515425

183%

1.15

2.79

3.94

91%

668

30




Page 31 of 39 AUTHOR SUBMITTED MANUSCRIPT - ERL-105879.R1

1

2

3 674

4

6 675  Table 2. Number of cultivation sites in 2012 and 2016 at specific distances

7 676  salmon, Chinook salmon, and steelhead trout habitat, and paved roads an

8 677  lands.

9

10 Coho Salmon

11 Number of Number of Percent ercent of total
12 Distance to cultivation sites | cultivation sites | increasein cultivation sites
} i habitat in 2012 in 2016 cultivation sites in 2016

15 0-500m 1,171 2,533 116% 17.88%
16 500m-1km 905 1,889 13.34%
17 >1km 5,771 9,741 68.78%
B Chinook Salmon

20 0-500m 961 1,896 13.39%
21 500m-1km 880 1,651 11.66%
Z >1km 6,006 10,616 76.54% 74.96%
24 Steelhead Trout

25 0-500m 2,455 " 31.29% 31.15%
26 500m-1km 2,376 30.28% 28.96%
;; >1km 3,016 38.44% 39.89%
29

30 0-500m 89.62% 74.79% 78.58%
g; 500m-1km 62.82% 12.27% 11.07%
33 >1km 44.43% 12.93% 10.35%
34

gz On public land 61 98.36% 0.78% 0.85%
37 0-500m 1,376 2,780 102.03% 17.54% 19.63%
38 500-1000m 1,911 73.25% 14.06% 13.49%
39 greater than

40 1km 9,351 76.20% 67.63% 66.02%
41 Slope

g 0-5 degree 4,135 134.81% 22.44% 29.20%
44 5-15 degree 3,262 47.00% 28.28% 23.03%
45 15-30 degree 6,649 75.71% 48.22% 46.95%
j? greater than 3 117 40.96% 1.06% 0.83%
48 678

49

50 679

51

52

53

54

55

56

57

58 31

59
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680 Table 3: Logit Regression Results. Standard errors in parenthesis. Model one
681  includes all farms. Model 2 includes only farms with at least 25 plants in 20
682  Pseudo R?is 0.089 for model one and 0.93 for model two

W NOY U B WN =

683

684

685

(1)
VARIABLES all obs
Number of plants -0.00592%**
(0.000636)
Acres of farm -0.00301%*

Slope

-6.23e-05

Distance to roads
(0.000103)
Distance to salmon -6.59¢-06
habitat
(3.05e-05)
Distance to public lag -9.35e-05%**
_ (3.23e-05)
Distance to streams 000562%* 0.000406
(0.000227) (0.000283)
Prime Agriculturg -0.0233 -0.493*
(0.189) (0.273)
Constant -0.625%%* -0.426**
(0.126) (0.167)
3,749 2,761
32
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Table 4: State of California budget allocations to cannabi cal year, by agency.

:b flse*&‘.-wﬂyear (U.S. Dollars)
2014-2015  2015-2016

Cannabis allocati
2011-2012 2012-2013 20

2016-2017

W NOY VT DW=

Dept. of Public Health 461,000 482,000 138,000 574,000

10 Dept. of Fish and
11 WiIdIife

12 State Water Resources
13 Control Board

500,000 503,000

1,800,000

15 Dept. of Pesticide
16 Regulation

17 California Dept. of
18 Food and Agriculture

20 Dept. of Consumer
21 Affairs, Bureau of
22 Medical Marijuana

23 Regulation 1,600,000

3,639,000

7,655,000

5,685,000

700,000

5,355,000

3,781,000

Total by fiscal year 482,000 208,000 2,438,000 2,677,000

26,815,000
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List of figures

Figure 1: Study area map, outdoor and green house production in 2012 an:
Selected watersheds are the ones included in the study.

Figure 2: Identification of cannabis cultivation sites and greenhouses,
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W NOY VT WN =
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calculated, and a number of estimated plants is assigned as 1.115 plants per sq
per Bauer et al. (2015).
Figure 3: Predicted probability for abandonment of cultivation sites

the logit model including cultivation sites of all sizes. The probabili abandonment

ment for distance from public
lands, habitat and paved roads. B. Proba abandonment based on number of

plants per farm. C. Probability of
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