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Abstract

As permitted cannabis farming in California continues to expand statewide, including in ecologically
sensitive watersheds, an improved understanding of water-use practices is needed. Existing evidence
suggests widespread reliance on groundwater wells for cannabis irrigation may result in streamflow
depletion, yet our understanding of where and why well use for cannabis is most prevalent is currently
limited. Here, we use California state cannabis permitting data to address four important information
gaps regarding well use by cannabis farming: (1) the prevalence of groundwater wells as an irrigation
source for regulated cannabis farms statewide, (2) the extent to which groundwater use occurs outside
of regulated groundwater basins, (3) the most useful predictors of whether a farm will rely on
groundwater for irrigation, and (4) the potential well use from cannabis farms that are currently
unpermitted. Well use by cannabis farms is common statewide, with percentages in excess of 75%
among permitted farms in nine of the 11 top cannabis producing counties. In eight of these 11
counties, more than one quarter of farms using wells are located outside of groundwater basins subject
to state groundwater use regulations. We found that cultivation area size was a positive predictor of
well use, while annual precipitation and on-farm stream network density were negative predictors,
highlighting the influences of water demand and surface water availability. The output of a machine
learning model trained with data from permitted farms in Northern California suggests that the
majority (60%) of unpermitted farms are likely to use groundwater wells if they follow the same
patterns as the regulated industry. Our results suggest that proactive steps be taken to address
groundwater use in cannabis regulations in California and call for further research into the effects of
groundwater use on streamflow, especially outside of large groundwater basins.

Introduction

Irrigated agriculture is the largest consumer of freshwater globally, using up to 70% of all water withdrawals
worldwide (Gruere et al 2020). Reliance on irrigation has allowed agriculture and food production to develop in
regions that would otherwise be challenging for farming, such as arid regions of the Western United States.
However, water withdrawals to satisfy irrigation demands can have negative environmental impacts by depleting
groundwater (Konikow 2015, Ojha et al 2018), altering streamflow (Foglia et al 2013, de Graaf et al 2019), and
harming fish and wildlife (Perkin e al 2017, Gleeson and Richter 2017). Limiting environmental impacts from
irrigated agriculture while providing food, fiber, and other crop commodities for 8 billion people remains one of
the greatest challenges for the 21st century.

This challenge is exemplified in California, which supports a $50 billion (USD) agricultural economy that
heavily relies on irrigation water supplied by federal and state surface water storage and conveyance projects and
by extraction from large groundwater aquifers (Johnson and Cody 2015). Cannabis, however, is unique in
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California because it generally occurs outside of valley and low-land areas typical of other agricultural crops and
often does not have access to centralized water conveyance systems or regulated groundwater basins upon which
the state’s traditional agricultural sector relies (Butsic and Brenner 2016, Dillis et al in press). This pattern is a
result of a history of enforcement-avoidance leading to the development of cannabis farms in remote areas,
especially in Northern California (Corva 2014, Butsic and Brenner 2016). Although this industry is currently
transitioning from an unpermitted to formalized statewide economy following implementation of a statewide
regulatory framework in 2018, the geographic distribution of cannabis farms in California remains linked to a
legacy of prohibition and exclusion from traditional agricultural lands (Dillis et al 2021).

The high density of farms in remote Northern California watersheds has raised concerns over the
environmental impacts of cannabis cultivation (Carah et al 2015). In particular, previous work has
demonstrated the potential for cannabis surface water diversions to reduce flows or dewater streams that
support salmon and other threatened and endangered species (Bauer et al 2015). However, there is also growing
evidence that cannabis farms in the regulated industry may rely predominantly on groundwater wells, rather
than direct surface water diversions, to meet their irrigation needs (Dillis et al 2019). Compared to impacts of
direct surface water diversions, the impacts from groundwater wells in the remote locations typical of many
California cannabis farms are understudied and largely unregulated (Zipper et al 2019b). In these locations, well
extraction by cannabis farms in upland areas may stress surface water resources and associated aquatic
ecosystems by capturing groundwater that otherwise would have flowed into streams (Zipper et al 2019b), viaa
process known as streamflow depletion (Barlow and Leake 2012, Barlow et al 2018). Although the
environmental impacts of groundwater use within large groundwater basins in California are addressed in the
Sustainable Groundwater Management Act (SGMA, State of California 2014), these regulations do not extend to
groundwater wells outside of these basins.

State cannabis cultivation policy and water use regulations, in particular, have been responsive to potential
environmental threats (State of California 2019a, Bodwitch ef al 2019), yet so far they have been focused largely
on the diversion of surface water. For example, permitted cannabis farms are prohibited from extracting water
from springs or streams for the duration of the outdoor growing season (April-October), necessitating that
farms relying on these water sources have the storage capacity to collect and store all irrigation water in offseason
months to sufficiently meet crop demands during California’s dry season (State of California 2019a). Initial data
from permitted farms in Northern California suggest there are challenges associated with developing the
capacity to store this amount of water (often in excess of 400,000 liters for the typical farm size) in irrigation
ponds or above ground storage tanks (Dillis et al 2020). While irrigation ponds typically provide sufficient
storage, roughly only 10% of farms use ponds, as they are subject to many restrictions on siting and use (State of
California 2019a, Dillis et al 2020). Thus, many growers may seek to access groundwater, which is not subject to
the same seasonal use restrictions as surface water sources. There is also evidence that well use among cannabis
farms is more common in drier regions, suggesting that farmers may be more likely to dig wells where the
availability of surface water is less reliable (Dillis e al 2019). As a consequence, the geographic expansion of
cannabis production to drier parts of the state (Dillis et al 2021), coupled with transition of cannabis farms to the
regulated market, suggest that groundwater may be the primary source of water for cannabis irrigation
throughout California, although no formal analysis of these trends have been conducted to date.

In Northern California, up to 80% of cannabis farms in the region have not received permits and remain in
the illicit market (Butsic et al 2018). These unpermitted farms represent a large pool of prospective entrants to
the regulated industry and regulatory agencies are actively engaging unpermitted farmers to incentivize their
participation through enforcement actions, civil penalties, and targeted outreach (Bodwitch et al 2021). While
data on farming practices of unpermitted farms in California remains limited (but see Wilson et al 2019), farms
that have already become permitted may serve as a model for prospective new entrants to the regulated cannabis
industry and provide insights into operations on currently unpermitted farms and how the growth of the
regulated industry may influence water use practices and the environment.

In this study, we analyze cannabis cultivation permit data from 2018 and 2019 to understand well use among
permitted cannabis farms in California. We explore drivers of well use and apply our findings to both the
development of new permitted cannabis farms statewide, as well as the potential transition of a multitude of
farms currently operating without permits. The overall goal of the study was to document the statewide
prevalence of well use by cannabis farms and assess trends in well use by the regulated industry that warrant
attention by local and state policymakers. Specifically, we addressed the following questions:

How prevalent is well use among permitted cannabis farms statewide?
How commonly does well use occur outside of regulated groundwater basins?

What are the most important predictors of well use among permitted cannabis farms?
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Figure 1. Study Area Map. The full extent of California is displayed for context, along with mapped groundwater basins statewide. The
11 cannabis producing counties included in this study represent those comprising at least 2% of CWB permits statewide with
Humboldt and Mendocino counties containing the most permits (26.4% and 25.6%, respectively).

What proportion of farms that are currently operating outside of the regulatory framework are expected to
use wells if they follow the same patterns as farms in the regulated industry?

Methods

Data

Cannabis cultivation permit data were obtained via a Public Records Act request to the California Water Boards
(CWB). We focused on enrollments from 11 counties, referred to hereafter as cannabis producing counties
(figure 1), which collectively account for 98% of all CWB permits in California. Permit data included both
enrollment forms and annual monitoring reports for the 2018 and 2019 cultivation seasons, each of which
indicated the water sources used for irrigation. Enrollment data included geospatial coordinates of farms, which
were overlaid on parcel data obtained from the National Parcelmap Data Portal (Boundary Solutions 2020).
Data for location and size of unpermitted cannabis farms was collected through digitization of 2018 imagery
from the National Agricultural Imagery Program (NAIP; Butsic and Brenner 2016). The data for unpermitted
cannabis farms was collected for a representative sample (50%) of the watersheds (HUC12) in Humboldt and
Mendocino Counties (Butsic et al 2018). Spatial data for statewide SGMA groundwater basins were downloaded
from the California State Geoportal (State of California 2019b). GIS data used to quantify farm characteristics for
model parameterization included Digital Elevation Models (DEMs) from the National Elevation Dataset

(USGS 2018), vector watershed boundary and stream network data from the National Hydrography Dataset
(USGS 2019), and land cover raster layers from the National Land Cover Dataset (Dewitz 2019). Finally,
precipitation data (30-year annual averages) were downloaded from the PRISM Climate Group (PRISM Climate
Group 2018).




10P Publishing

Environ. Res. Commun. 3 (2021) 075005 CDillisetal

Predictors of well use in Humboldt and Mendocino Counties
Our analysis of factors predicting the likelihood of wells as an irrigation water source employed a multilevel
logistic regression model, fit using the Ime4 package in R Statistical Computing Software (Bates et al 2014, R
Core Development Team 2018). This analysis was restricted to two of the 11 cannabis producing counties,
Humboldt and Mendocino (figure 1), which comprised the majority of permitted cannabis farms statewide
(55%) and are the only counties where accessible, reliable maps of non-permitted cannabis farms exist (Butsic
etal 2018). We calculated several continuous and categorical predictor variables for each permitted farm in these
counties (Table S1 (available online at stacks.iop.org/ERC/3/075005/mmedia)) using the spatialEco package
within R Statistical Computing Software (Evans 2020, R Core Development Team (2018)). Continuous
predictors included: the density of stream networks on the farmed parcel (Stream Density; d), the average annual
precipitation (Watershed Precipitation; t), catchment size of streams on parcel (Watershed Size; z) in which they
were located, and the square footage of cultivation area (Cultivation Area; c) obtained from annual reports.
Because cannabis is grown almost exclusively via irrigation from natural sources, Stream Density and Watershed
Precipitation were intended to capture the amount of available surface water on a given parcel. Cultivation Area
was used as a measure of water demand. All continuous variables were scaled (to Z-score) to improve model fit.
Categorical predictors included: whether a USGS-mapped spring was located on the parcel (Onsite Spring; o),
whether there were any streams on the parcel (Stream Present; s), whether there was a mapped groundwater basin
underlying the parcel (Groundwater Basin; g), and whether the farm used an irrigation pond for water storage
(Pond; p). As alternative water sources, Onsite Spring and Stream Present were hypothesized to decrease the
likelihood a farm would need to use a well, while the presence of an underlying Groundwater Basin was expected
to increase this likelihood, given that groundwater should be reliably accessible on these parcels. Previous work
has found that the presence of an irrigation Pond significantly increased the likelihood a cannabis farm would
have sufficient storage capacity to meet regulatory requirements (Dillis et al 2020), and thus herein, would
reduce the likelihood a farm would use a well.

The generalized linear model (GLM) used a logit link function, predicting the likelihood of well as an
irrigation source (P;) using the following equation:

logit(P) = a + a, + ay + Bgd + Bit + B,z
+6CC+/BPP+/BOO+/355+ 5gg+ € (1)

Fixed-effects terms for Stream Density (3,7), Watershed Precipitation (/3,), Watershed Size (3,), Cultivation Area
(B2), Onsite Spring (3,), Stream Present (3;), Groundwater Basin (3,), and Pond (/3,) were accompanied by
random intercepts for County (c,) and Watershed (HUC12; cv,,) and added to the overall intercept (). All slope
and intercept terms were summed to produce an estimate of log-odds, which was then converted to likelihood
values (L) for purposes of plotting model predictions:

1

L= -
1+ e?

@)

Model predictors were considered reliable if 95% confidence intervals, constructed from the standard
errors, did not overlap zero.

Prospective well use and scenario modeling

Enrollment data was used to distinguish permitted cannabis farms (n = 1,237) from those operating without
permits (n = 6,010), as of December 2019, for all mapped farms in Humboldt and Mendocino County (Butsic
etal 2018). Predictions (well/no well) for unpermitted farms were generated using training data from current
CWB permit holders and the same set of spatial variables (Table S1). Initial performance evaluation of the
logistic regression model (based on k-fold cross validation) demonstrated an unacceptable level of bias (48.74%
toward predicting wells), thus motivating the use of machine learning models with more flexibility in structure
and optimization.

The classification algorithm used for prediction (well/no well) employed an ensemble of random forest and
gradient boosting models (Table S2), using the randomForest and xgboost packages (respectively) within R
Statistical Computing Software (Liaw and Wiener 2002, Chen and Guestrin 2016, R Core Development Team
(2018)). This ensemble model was evaluated using 1,000 iterations of k-fold cross validation sets (Figure S1) and
the top performing model yielded a mean predictive accuracy of 72.13% (std dev = 1.73) and mean bias of
—0.01% (std dev = 3.70).

The trained classifier was applied to mapped unpermitted farms and summarized at the HUC12
subwatershed scale to depict the potential extent and location of well use among unpermitted farms.
Additionally, we made adjustments to farm characteristics to simulate three industry growth and regulatory
scenarios. The first (Minimum Farm Size Scenario) is a scenario in which all unpermitted farms in the region
increase their cultivation area to match the median size (929 m?) of those farms currently operating in the
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Figure 2. Summary of Well Use Statewide. The proportion of farms in each county reporting well use is displayed (white), as is the
proportion of farms both using wells and located outside of a groundwater basin (grey).
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Figure 3. Predictors of Well Use. Statistically reliable continuous fixed-effects are displayed: Cultivation Area, Stream Density, and
Watershed Precipitation. Raw binary data for each corresponding variable are plotted at 1 and 0, with the maximum likelihood
estimates depicted over the range of observed values with a solid line. Dashed lines depict the 95% confidence interval for the
maximum likelihood estimates.

regulated cannabis industry. The second scenario (Restricted Pond Use Scenario) considers how the use of
irrigation ponds may be restricted as unpermitted farms enter the regulated industry. We identified all
unpermitted farms with ponds located on steep terrain and/or near streams that would be prohibited under
current regulations and assigned them to the ‘no pond’ class for model simulations. The suitability threshold was
determined using values of average slope and stream network density from data on permitted farms with ponds.
The third scenario (Combination Scenario) combined the first two scenarios, including an increase in minimum
farm size and restrictions on pond use. Outputs of the three scenario simulations were summarized at the
HUCI12 watershed scale.

Results

Statewide patterns of well use

Well use was common, with an overall reported percentage of 76% among all permitted cannabis farms and
percentages universally above 50% (figure 2) in all cannabis producing counties. Only two counties had reported
percentages below 75% (Humboldt: 53%; Mendocino: 73%), while four counties were above 95% (Monterey:
98%; Nevada: 96%; San Luis Obispo: 100%; Yolo: 97%). There was more variation between counties in the
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Table 1. Model coefficients. Results of logistic
regression model predicting well presence. Rows in
bold indicate coefficients for which 95% ClIs did not

overlap zero.

Coefficient Estimate Std. error
Intercept 0.54 0.34
Pond —2.75 0.29
Onsite Spring 0.40 0.36
Stream Present 0.10 0.20
Groundwater Basin 0.48 0.25
Cultivation Area 0.40 0.08
Watershed Precipitation —0.27 0.12
Watershed Size —0.05 0.07
Stream Density —0.28 0.09

percentage of farms using wells that were outside of SGMA groundwater basins. In three counties, fewer than
25% of the farms using wells were located outside of groundwater basins (Monterey: 0%; Santa Barbara: 24%;
Yolo: 3%), whereas four counties recorded more than half of all farms using wells outside of groundwater basins
(Lake: 63%; Mendocino: 52%; Nevada: 96%; Trinity: 86%; figure 2).

Predictors of well use in Humboldt and Mendocino County

The logistic regression model indicated that the most influential predictor of well use was the presence of an
irrigation Pond, which had a reliable negative effect on the likelihood of well use (MLE = —2.75,SE = 0.29).
This Maximum Likelihood Estimate translates to a reduction from a 63.18% baseline likelihood of well use to
just 9.85% for farms with irrigation ponds (table 1). Three of the four continuous predictors had reliable effects
on the likelihood of well use (figure 3). The effect of Cultivation Area was reliably positive (MLE = 0.40,

SE = 0.08), whereas Watershed Precipitation (MLE = —0.27, SE = 0.12) and Stream Density (MLE = —0.28,
SE = 0.09) had reliably negative effects on the likelihood of well use. The random intercept estimates for
Humboldt (MLE = —0.39) and Mendocino (MLE = 0.32) counties diverged in opposite directions from the
overall intercept, following the pattern of observed well use (figure 2), indicating a higher likelihood of well use
in Mendocino compared to Humboldt County, all else equal.

Prospective well use and scenario modeling

Based on the characteristics of permitted farms that influenced well use in our model, we estimated that over half
of unpermitted farms (60%) in Humboldt and Mendocino counties are likely to use wells if they follow patterns
of farms in the regulated industry. The majority of farms predicted to use wells in these counties (73% in
Mendocino County; 77% in Humboldt County) were located outside of a SGMA groundwater basin, and thus
not subject to SGMA regulations. The results of the scenario modeling showed dramatic increases in well use
overall relative to the baseline predictions, but there appear to be divergent causes of predicted increases in either
county (figure 4, table 2). In Humboldt County there was a proportional increase in predicted well use of 23%
for the Minimum Farm Size Scenario relative to the baseline prediction, while in Mendocino this increase was
6%. In contrast, the increase for Pond Restriction Scenario relative to baseline was only 3% for Humboldt, but
11% for Mendocino.

The distribution of potential baseline well use among unpermitted farms, summarized at the subwatershed
level demonstrated a slight tendency for clustering at high and low values (figure 5(A)). Median values of well use
in each watershed increased relative to the baseline (56%) under the Minimum Farm Size Scenario (69%) and
Pond Restriction Scenario (70%) and were highest in the Combination Scenario (86%; figure 5(B)—(D)).

Discussion

We found that groundwater wells appear to be the primary water source for cannabis irrigation across the state,
but that many wells occur outside of SGMA-regulated groundwater basins. This suggests that many cannabis
farms rely on wells that are subject to limited regulatory oversight and highlights a potentially significant gap in
cannabis cultivation policy. In particular, current water-use regulations are designed to avoid impacts to
sensitive stream habitats from surface water diversions via a summer forbearance period prohibiting surface
diversions for the length of the dry season (contemporary with the growing season) (State of California 2019a).
However, the use of wells, especially outside of SGMA basins, is not subject to the same restrictions, despite the
potential for groundwater withdrawals to deplete streamflow.
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Figure 4. Geospatial Well Use and Scenario Outcomes. (A) Predicted well use among unpermitted farms is displayed at the sub
watershed scale (HUC12). Watersheds containing less than five observations are omitted in this and all other subplots. (B) Predicted
proportional increases in well use by watershed under the Minimum Farm Size Scenario. (C) Predicted proportional increases in well
use by watershed under the Restricted Pond Use Scenario. (D) Predicted proportional increases in well use by watershed under the

Combination Scenario.
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Scenario, and (D) Combination Scenario. Solid red lines depict the median value, while dashed redlines depict the interquartile range
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Table 2. Ensemble model predictions. Predicted proportions of well use, overall, and summarized by county.

Baseline well use Minimum farm size sce- Pond restriction scenario Combination scenario
prediction nario prediction prediction prediction
Overall 0.60 0.72 0.67 0.82
Humboldt County 0.38 0.61 0.41 0.66
Mendocino County 0.71 0.77 0.82 0.90

We also found that well use was not uniform across the landscape and that environmental factors can play an
important role in influencing farmer decisions to use groundwater wells. Based on our analysis of well use in
Humboldt and Mendocino Counties, we found that farms with less access to streams and lower annual
precipitation increased the likelihood of groundwater wells. Model results also indicated that farm size had a
positive effect on well use. These findings are consistent with patterns observed in the rest of the state, where high
rates of well use correspond to regions of lower annual precipitation and larger farm sizes (Dillis et al 2021). In
Humboldt and Mendocino Counties, farms with ponds had a significantly lower likelihood of well use,
consistent with findings reported by Dillis et al (2020), who found that irrigation ponds in the region were
consistently large enough to meet dry season irrigation demands, thereby precluding the need for using
groundwater. However, similar to those findings, only a small fraction (14%) of farms in the current dataset
actually had irrigation ponds, while the majority of farms used wells.

As the cannabis industry in California continues to transition from unpermitted production to a regulated
agricultural sector, groundwater is likely to remain the primary water source for cannabis irrigation. Although
the current use of wells by unpermitted farms is unknown, the proportion of farms is likely similar to permitted
farms if it is assumed that the environmental factors that lead permitted farms to use wells - such as the lack of
surface water and low rainfall - have the same effect on unpermitted farms. The well use models for Humboldt
and Mendocino Counties further suggest that the transition of unpermitted farms to the regulated market will
increase the prevalence of well use, especially if unpermitted farms increase in size and change water use
practices to avoid surface water diversion and storage requirements. In particular, unpermitted farms currently
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using wells may face fewer obstacles in obtaining permits than those currently relying on surface sources that are
either unable or unwilling to build water storage infrastructure.

A central question and major source of uncertainty related to reliance on groundwater by cannabis farms in
California is the extent to which well use threatens streamflow and sensitive species. While most studies of
streamflow depletion have focused on heavily-extracted aquifers with substantial row-crop agriculture (i.e.,
Fogliaetal 2013, Tolley et al 2019, Zipper et al 2021), pumping in upland settings more characteristic of cannabis
cultivation has also been shown to cause potentially significant streamflow depletion (Zipper et al 2019a, 2019b).
In areas such as California with a seasonally dry climate, groundwater sustains summer baseflow in streams and
provides crucial cold water habitat for aquatic species, including salmon and steelhead protected under the
federal Endangered Species Act (Burns et al 2017, Larsen and Woelfle-Erskine 2018, Lovill eral 2018). Naturally
low dry-season flows are highly vulnerable to surface water diversions, when even small water withdrawals can
cause stream drying (Gasith and Resh 1999). Groundwater withdrawals can have similar effects as surface water
diversions, but unlike direct surface water withdrawals, streamflow depletion is typically lagged and dampened
relative to the time at which pumping occurred due to the slow movement of water through the subsurface,
making it difficult to predict impacts (Reeves et al 2009, Barlow and Leake 2012, Konikow and Leake 2014,
Zipper et al 2018). The lagged and damping effects will typically be greatest when wells are far from streams or in
materials with lower hydraulic conductivity, and lags between pumping and streamflow depletion range widely,
from hours to years (Barlow and Leake 2012). Generally, however, depletion will be greater for wells with larger
pumping rates, located closer to streams, and situated in hydrogeological substrates with greater hydraulic
conductivity (Bredehoeft 2011). Although well location data are exceptionally sparse, limited records from
Northern California indicate that wells are preferentially located close to streams (Table S3). The tendency for
wells to be drilled near streams, where they have the potential to cause rapid streamflow depletion similar to
direct surface water diversions, warrants greater attention and should be addressed in policies that regulate both
cannabis and non-cannabis water users.

The difficulty of addressing streamflow impacts from wells is exacerbated by a legacy of California water
policy that has limited the state’s authority to regulate groundwater use compared to the regulation of surface
water resources (Owen et al 2019). Furthermore, given the context dependency of groundwater pumping
impacts, a universal standard for streamflow protection remains elusive, making it more difficult to craft
reasonable and effective statewide policy (Gleeson and Richter 2017). It is important to acknowledge that within
groundwater basins, especially large basins regulated under SGMA, the relative demand (and potential impact)
from cannabis farms is and will remain small relative to other agricultural sectors, given the much smaller
footprint of cannabis farms (Butsic et al 2018). However, the use of unregulated groundwater wells for cannabis
cultivation outside of groundwater basins, especially where wells are located near streams (Zipper et al 2019a),
and where farms are clustered (Butsic et al 2017), distinguish this form of groundwater use as a potential concern
for streamflow depletion, particularly for streams that harbor sensitive species.

Concerns over streamflow depletion are exacerbated by projections of future climate change in California.
The prospect of reduced precipitation or changes in precipitation seasonality and variability may have
foreseeable consequences for irrigation sources used by cannabis farms. California experienced record drought
from 2012-2016 and is currently entering another historically severe drought event (Lukovi¢ et al 2021). Climate
projections for California indicate that annual precipitation extremes are likely to become more common
(Swain et al 2018). While the occurrence of wet years would be welcomed by farms relying on surface water, the
potential for increased frequency of drought years raises the threat of annual water insecurity. In other
agricultural sectors, drought is known to significantly increase the frequency of well installations in subsequent
years (Zipper et al 2017). Among cannabis agriculture in California, new evidence suggests that the likelihood of
cannabis farms receiving enough precipitation to fill their allotted water rights will decline in the future (Morgan
etal2021), further incentivizing wells as a more consistently reliable water source.

The results presented herein could benefit from additional sources of data that are currently unavailable.
First, the lack of data on unpermitted cannabis farms precludes our ability to directly evaluate their water use
practices. Therefore, we are unable to determine the current extent to which unpermitted farms are using
groundwater. Second, given the nascency of California’s cannabis water policy, there is only a brief period of
permitting record with which to examine how drought and projected increases in climate variability may affect
irrigation practices by cannabis farms, as has been explored in other crops (e.g., Ajaz et al 2019, Saddique et al
2020). However, as the collection of water use data on cannabis farms continues, such analyses should be
possible in the future.
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Conclusions

Reliable access to irrigation water for cannabis is critical for farms participating in the regulated cannabis
industry in California. Yet, methods to obtain water should also seek to avoid streamflow depletion and
associated negative effects on aquatic ecosystems, particularly in remote natural areas that harbor sensitive
species. While the prospect of regulating groundwater wells in upland areas outside of basins is fraught with legal
and technical challenges, researchers and policymakers must engage what is likely to be an emerging issue in the
regulated cannabis industry in California. In particular, more research is needed to understand where wells are
located relative to streams and the contexts in which groundwater withdrawals cause streamflow depletion.
Policies that address groundwater use should also be sensitive to regional variation in water availability and
wherever possible, incentivize and facilitate water storage instead of or in conjunction with well use, as even
modest storage capacity has the potential to reduce surface water diversions by almost 50% in the dry season
(Dillis et al 2020). Finally, it should be recognized that, for some farms, wells may be the only viable water source
available and therefore approaches to regulate groundwater use must balance concerns of streamflow impacts
with the potential benefits of transitioning unpermitted farms to the regulated industry. Cannabis farming will
continue to be challenged by water scarcity in California for the foreseeable future and it is important that steps
be taken now to guide the development of a viable and environmentally sustainable legal cannabis industry.
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