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Abstract

Cannabis is an emerging agricultural frontier, but due to its quasi-legal status its environmental impacts are
poorly understood. Where cannabis is irrigated by groundwater, pumping can lead to streamflow
depletion in surrounding streams which may impair other water users or aquatic ecosystems. Here, we
investigate the impacts of groundwater pumping for cannabis irrigation at the scale of the watershed, the
individual well, and the stream segment, and contextualize by comparing with residential groundwater
use. Combining mapped cannabis cultivation and residential structure locations with grower reports of
irrigation water sources, we develop distributed estimates of groundwater pumping and associated
streamflow depletion caused by cannabis and residential users within the Navarro River Watershed in
Northern California (USA). An estimated 73% of cannabis cultivation sites and 92% of residential
structures in the watershed rely on groundwater, and groundwater abstraction leads to streamflow
depletion during late summer when groundwater is a critical source of baseflow to ecologically important
streams. However, streamflow depletion caused by cannabis cultivation is dwarfed by the impacts of
residential use, which causes >5 times as much streamflow depletion and is concentrated close to
ecologically important stream segments. Focusing on cannabis, a small number of wells (<25%) cause a
disproportionate amount of depletion (>50%), and significant predictors for impacts of a well are the
annual pumping rate, the distance to the closest stream, and the transmissivity between the well and the
stream. Streamflow depletion increases nonlinearly when pumping occurs within 1.2 km of streams, and
most cannabis and residential groundwater use is within this critical distance. Given the rapid increase in
cannabis cultivation, these results indicate that potential streamflow depletion from groundwater irrigation
of cannabis is a current and future concern, and will be superimposed on top of significant depletion
already occurring due to residential use in the region studied.

1. Introduction

Cannabis (Cannabis sativa L.) cultivation has expanded rapidly in recent years in California and elsewhere, and with
unknown impacts on water resources (Bauer et al 2015, Stoa 2015, Butsic et al 2018). While estimates of cannabis
water use are highly uncertain due to a lack of data, previous work has found that cannabis is often cultivated close to
sensitive aquatic habitats and irrigation requirements can exceed summer low flows in areas with substantial
cultivation (Bauer et al 2015, Butsic and Brenner 2016). Accordingly, quantifying the environmental impacts of
cannabis irrigation has been identified as a key research priority (Ashworth and Vizuete 2017).

©2019 The Author(s). Published by IOP Publishing Ltd
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Most previous work on cannabis cultivation has focused on surface water diversions (e.g. Bauer et al 2015).
However, recent work indicates that in some regions such as Northern California, groundwater is the primary water
source for most cultivators and therefore an underappreciated concern (Dillis et al 20192, 2019b, Wilson et al 2019).
One potential negative impact of groundwater pumping is reduced streamflow (‘streamflow depletion’) due to the
capture of groundwater which otherwise would have discharged into a stream (Barlow etal 2018). Since
groundwater provides a relatively stable and cool supply of water to streams, it is critical to the survival of aquatic
organisms such as rare and endangered anadromous fish (Larsen and Woelfle-Erskine 2018, Greer et al 2019).

Here, we ask, what are the potential impacts of ongoing groundwater pumping for cannabis cultivation in the
Navarro River Watershed (California, USA) on streamflow and aquatic ecosystems? We answer this question using
an analytical depletion function, a newly developed tool for estimating streamflow depletion with low data and
computational requirements (Zipper et al 2019a), to evaluate streamflow depletion caused by groundwater
pumping for cannabis cultivation and contextualize this depletion via comparison to pumping for residential
groundwater use. Specifically, we ask:

(1) At the watershed scale, how much streamflow depletion is potentially associated with groundwater
pumping for cannabis cultivation, and how does it compare with pumping for residential groundwater use?

(2) At the well scale, how does streamflow depletion vary among pumping wells and what are the most
important factors driving this variability?

(3) At the stream segment scale, what locations would pumping wells have the greatest negative impact on
ecologically important stream segments?

2. Methods

2.1. Study site: Navarro River Watershed, CA

The Navarro River Watershed (816 kmz) is in Mendocino County, California, USA. Streamflow in the Navarro
River is highly seasonal, and streamflow in late summer and early fall are dominated by baseflow (figure 1(a)).
These cool groundwater inflows are critical for aquatic ecosystems including anadromous fish (section 2.1.2;
Spence et al 2008, National Marine Fisheries Service 2016). However, there are significant long-term decreasing
baseflow trends in August (—0.11 mm decade '), September (—0.11 mm decade "), and October (—0.45 mm
decade™ ") based on the 1951-2018 water years, which coincide with the time of year when baseflow is
particularly critical for aquatic ecosystems.

Timberland is the primary (~70%) land use in the rural Navarro River Watershed, followed by rangeland (~20%),
agriculture (~5%), and limited residential areas (North Coast Regional Water Quality Control Board 2005). Irrigated
agriculture has expanded since the 1960s, and 97% of traditional crop areas (mostly vineyards) use surface water for
irrigation (McGourty et al 2013). The Navarro River Watershed is in the ‘Emerald Triangle’ region (Humboldt,
Mendocino, and Trinity Counties), an area well known for significant cannabis cultivation. There is growing concern
that cannabis cultivation is an expanding environmental stressor in the region (Carah et al 2015, Butsic et al 2018).
While historical cannabis cultivation data are not available for the watershed, widespread but small-scale cultivation in
the region began in the late 1960s, with further expansion in the 1980s due to rising prices (Raphael 1985, Corva 2014,
Polson 2018). Key statewide legal changes leading to additional expansion in the region occurred in 1996, when
Proposition 215 legalized medical cannabis, and 2016, when Proposition 64 legalized recreational cannabis. Recent
estimates have found that the area under cultivation in Mendocino and Humboldt counties nearly doubled between
2012 and 2016 (Butsic et al. 2018).

2.1.1. Water use

We estimated the spatiotemporal distribution of groundwater use for cannabis cultivation and residential use in
the Navarro River Watershed using a combination of existing datasets and new statistical models. These
methods are described in detail in the supplemental information is available online at stacks.iop.org/ERC/1/
125005/ mmedia. Only 3% of traditional agricultural acreage in the watershed is irrigated using groundwater
(McGourty et al 2013), so this water use was not considered in our analysis.

Cannabis cultivation locations were identified from high-resolution aerial imagery in a previously mapped
dataset (Butsic and Brenner 2016, Butsic et al 2018). Based on data from annual grower reports received through
the North Coast Regional Water Quality Control Board (NCRWQCB), we developed two statistical models to
predictlocations and amount of groundwater withdrawals for cannabis cultivation. These models (described in
detail in the supplemental information) include a random forest model using site physical, hydrological, and
infrastructure characteristics to determine which cultivation locations used groundwater for irrigation and a
multiple linear regression model using cultivated area and growing conditions to predict the monthly amount of
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Figure 1. (a) Daily discharge (gray lines), mean daily discharge (black line), and mean daily baseflow (blue line) for the Navarro River
(USGS gauge 11468000) for 1951-2018 water years, modified from Zipper et al (2018). (b) Mean monthly baseflow for 1951-2018
water years, with linear trend line in black. Linear trends are significant in starred months (** indicates p < 0.01; *** indicates

p < 0.001). Note that y-axes differ between panels. Baseflow separation using (Nathan and McMahon 1990) digital filter.

irrigation applied at each site. After applying these models to the 411 parcels containing mapped cultivation sites,
we predicted 302 parcels (73%) would use groundwater which is consistent with regional-scale estimates (Dillis
etal2019a). We used these pumping estimates as a representative monthly pumping schedule, which we then
repeated for the full 50-year period of analysis.

To contextualize cannabis impacts, we also estimated the amount and impacts of residential groundwater use (i.e.,
homes with wells) using mapped residential structure locations (The Nature Conservancy, unpublished data) as
described in the Supplemental Information. We screened out known points of surface water diversions from the
California electronic Water Rights Information Management System (CA State Water Resources Control Board 2019
a), and estimate 1314 of 1423 residential structures (92%) in the Navarro River Watershed are groundwater-supplied,
which is consistent with regional Resource Conservation District staff estimates that the overwhelming majority of
residences use groundwater (personal comm., Linda MacElwee, Mendocino County Resource Conservation District).
We estimated monthly water use for each property based on per capita water use data (CA State Water Resources
Control Board 2019b) and average household size estimates (Mendocino County Water Agency 2010). Reported per
capita water use spanned June 2014-February 2019, so we average monthly household water use across all years to
generate a representative monthly pumping schedule, which we then repeated for the full 50-year period of analysis.

2.1.2. Stream ecological value

To identify streams with high ecological value, we used intrinsic habitat potential estimates for coho salmon
(Oncorhynchus kisutch) in Northern California from Agrawal et al (2005). We selected coho salmon as the species
of interest due to their high sensitivity to stream temperature conditions during late summer low flows (Welsh
etal 2001), which are strongly dependent on groundwater inflow (Spence et al 2008, Gleeson and Richter 2018),
and their status as an endangered species at state and federal levels (National Marine Fisheries Service 2012). The
intrinsic habitat potential represents the likelihood (0-1) that a stream segment will have suitable habitat for a
given species based on the channel gradient, valley width, and discharge. Following regionally-developed
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(a) Stream Proximity Criteria: ~ (b) Depletion Apportionment Equation: (c) Analytical Model:
Adjacent + Expanding Web Squared Hunt (1999)

F

Any segment in catchment Divides stream segments into Analytical model for partially penetrating stream
adjacent to well, or within evenly spaced points, then Streambed conductance defined based on
distance r defined as maximum apportions based on square stream width (w), streambed hydraulic
distance with depletion potential of inverse distance from each conductivity (K;), and streambed thickness (b,)
greater than 0.01 at timestep point to well.

Figure 2. Diagram showing components of analytical depletion function: (a) stream proximity criteria, (b) depletion apportionment
equations, and (c) analytical model.

standards (National Marine Fisheries Service 2016), we used a threshold of >>0.7 to indicate high quality habitat
potential (figure 4). We aggregated the raw stream segment estimates of intrinsic habitat potential (NOAA; mean
segment length = 85-126 m depending on species) to match segments in the US National Hydrography Dataset
(NHD; mean segment length = 1560 m) with any NHD segment containing a high potential NOAA segment
classified as high potential.

2.2. Calculating streamflow depletion

2.2.1. Analytical depletion function overview

We used an analytical depletion function (figure 2) to estimate the quantity and timing of streamflow depletion
from cannabis and residential groundwater use. Analytical depletion functions, developed in Zipper et al 2019a,
combine: (i) stream proximity criteria, which determine the stream segments that may be affected by a well; (ii) a
depletion apportionment equation, which calculates the relative proportion of total streamflow depletion
occurring in each stream segment meeting the proximity criteria; and (iii) an analytical model, which estimates
the total streamflow depletion for each stream segment which is then scaled using the depletion apportionment
results. The output of an analytical depletion function is the streamflow depletion in each stream segment in
response to a given well.

Based on previous work comparing analytical depletion functions for the region (Zipper et al 2019a), we
used the ‘Adjacent + Expanding’ stream proximity criteria (figure 2(a)), the web squared depletion
apportionment equation (figure 2(b); equation S1; Zipper et al 2018), and the Hunt (1999) model (equation S2).
To simulate monthly pumping schedules developed in section 2.1, we used the superposition approach
described in Jenkins (1968). This analytical depletion function was tested against 49 other analytical depletion
functions and found to produce the most accurate estimates of depletion for the Navarro River Watershed across
anumber of performance criteria (Zipper et al 2019a). Analytical depletion functions were implemented using
the streamDepletr package (Zipper 2019) for R, and described in detail in the Supplemental Information and
Zipper et al 2019a.

2.2.2. Analytical depletion function inputs
Analytical depletion functions require input data describing stream network geometry , the well, and
hydrostratigraphic conditions. See the Supplemental Information for a detailed description of these inputs.

For inputs describing the stream network geometry, we used the National Hydrography Dataset to map
stream locations, and an empirical relationship between drainage area and stream width developed in Zipper
etal 2019a. The total extent of our domain included the Navarro River Watershed and adjacent watersheds
(figure S2) so that wells could have impacts beyond the watershed borders.

For inputs describing the well, we used the spatial locations and pumping schedules for cannabis cultivation
and residential structures described in section 2.1. Well screen depths were not reported in the NCRWQCB
reports used to model well locations and pumping rates, so we used the screened interval for the closest Well
Completion Report from the California Department of Water Resources (https://dwr.maps.arcgis.com/apps/
webappviewer/index.html). For the synthetic wells used to map the sensitivity of streams to pumping
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throughout the watershed (section 2.3; figure S2), we defined the screen length as the mean of production wells
in the well completion report database and set the top of the screen at the estimated water table elevation.

Though detailed measurements of inputs describing hydrostratigraphy are not available from within the
Navarro River Watershed, we synthesize data from nearby watersheds in the same regional geological setting to
inform our study. In the nearby Elder Creek watershed, Dralle et al (2018) describe thin soils overlying a
fractured and saturated bedrock system driving hillslope hydrology in the region, and in lowland portions of the
domain mapped unconsolidated sedimentary aquifers are present along the Navarro River and coastal areas (CA
Department of Water Resources (2016)). Accordingly, we adopt a two-layer conceptual model in which
fractured bedrock is overlain by unconsolidated sediment of variable thickness corresponding to the bedrock
depth (Hengl eral 2014, 2017; figure S2). In hillslopes, this top layer is thin and effectively ignored in our
streamflow depletion calculations because the top layer is above the water table and therefore not considered in
our calculations of effective transmissivity (see below). In low-lying areas along the Navarro River and coast, the
top layer is thicker (up to ~35 m) and represents the alluvial aquifer. We define the top layer’s hydraulic
conductivityas4.5 x 10> ms™ ' based on pumping tests from the alluvium around the Russian River (Su et al
2007), a value which is also consistent with surficial soil estimates of hydraulic conductivity from Dralle et al
(2018). Complete hydrostratigraphic properties for each of these layers are defined in table S2.

To calculate effective transmissivity and effective storativity, we averaged transmissivity and storativity
between each well location and the closest point to that well on each stream segment, meaning that these inputs
are unique for each well-stream combination (equations S5-S7). We followed Reeves et al (2009) to estimate
streambed conductance (equation S3) using the hydraulic properties of the aquifer at the location of each stream
segment. In this approach, streambed conductance is alumped empirical parameter accounting for various
aspects of the real world which are not addressed in analytical models including streambed properties,
anisotropy, and stream-aquifer geometry (Kollet and Zlotnik 2003, Glose et al 2019). Groundwater recharge is
not a necessary consideration for this study because recharge does not affect either the distribution or magnitude
of streamflow depletion unless the pumping itself leads to a change in recharge, which we assume is not the case
here (Bredehoeft et al 1982, Feinstein et al 2016).

2.3. Quantifying watershed-, well- and stream-scale impacts

For watershed-scale impacts, we used the analytical depletion function to estimate monthly cannabis and
residential streamflow depletion in the first, 10th, and 50th year after the onset of pumping in each of the
mapped groundwater withdrawal locations for cannabis cultivation and residential use. Streamflow depletion is
challenging to quantify (Barlow and Leake 2012) and no known measurements exist within the watershed for
validation. Furthermore, since we do not know the year at which pumping began for each withdrawal point, we
are not intending to reproduce historical or project future streamflow depletion patterns, but rather evaluate the
magnitude of streamflow depletion for different pumping timescales caused by current groundwater use. The
output of the analytical depletion function was the streamflow depletion caused by each well in each stream
segment within our domain, which we compared to average baseflow over the past 20 water years separated
using the Nathan and McMahon (1990) digital filter to evaluate impacts relative to current hydrologic
conditions.

For well-scale impacts, we evaluated whether some cannabis cultivation parcels contributed
disproportionately to depletion by ranking the total depletion caused by each well across all stream segments in
September after 1, 10, and 50 years of pumping. We then quantified the factors which drove impacts at the well-
scale using R? partitioning (Lindeman et al 1979) as implemented in the relaimpo package for R
(Gromping 2006). Specifically, for each year tested (1, 10, 50 years), we built a multiple linear regression model
predicting a well’s total capture fraction as a function of annual water use, distance to closest stream segment,
effective transmissivity between the well and the closest stream segment, streambed conductance of the closest
stream segment, and the depth to bedrock at the well. We then used ANOVA to identify significant predictors
(p < 0.05) of depletion at each timestep and evaluated the relative contribution of each significant predictor to
the total R*>. We used a 1000-sample bootstrapping approach to generate mean and confidence intervals for the
relative importance of each significant predictor variable.

For stream segment-scale impacts, we focused on streams with high ecological value (section 2.1.2).
Following Feinstein et al (2016), we designed a grid of synthetic pumping wells at 1 km spacing (n = 787; figure
S2) which we tested one-at-a-time using the mean monthly pumping schedule from all cannabis cultivation sites
to simulate the impacts of pumping for 1, 10, and 50 years. These synthetic wells are meant to test pumping
impacts on streamflow in a systematic manner throughout the entire domain and do not necessarily represent
locations where pumping is currently occurring. We then summed the impacts from each well on streams of
high ecological value and interpolated results to 150m resolution using inverse distance weighted interpolation
asimplemented in the gstat package for R (Griler et al 2016) to map the spatial distribution of potential impacts
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Figure 3. Estimated monthly cannabis and residential groundwater use, shown (a) as a volume and (b) as a percentage of mean
monthly baseflow (1999-2018 water years). Shaded ribbon show +/—1 standard deviation of estimated water use.

on high ecological value streams. To determine the distance from a stream at which effects are greatest, we
created buffers of 100-3000 m at an interval of 100 m around each high-value stream segment. Within each of
these buffers, we averaged the values within this distance of the stream from the interpolated rasters. To identify
the distance at which impacts of pumping begin to increase non-linearly, we identify the maximum of the
second derivative of a smoothed relationship between depletion from high potential streams and buffer distance
surrounding each high-potential stream.

3. Results and discussion

3.1. Cannabis and residential groundwater use

Both cannabis and residential properties use substantial amounts of groundwater with strong seasonality in
estimated groundwater abstraction. Groundwater use for cannabis production within the Navarro River
Watershed is minimal in the wet winter months and peaks in August at 572 m’ d ! (figure 3(a)), and estimated
annual abstractions total 92,945 m”. Residential groundwater use has a similar seasonal pattern but a much
greater magnitude, peaking in Julyat 1753 m’ d ' (figure 3(a)). The lowest residential water use month (January)
has greater groundwater withdrawals than the highest cannabis water use month, and total annual abstractions
for residential use (437,786 m’) are 4.7 times greater than abstractions for cannabis. As a percentage of baseflow,
both cannabis and residential groundwater use is highest in September at 5.5% and 17.5% of mean monthly
baseflow, respectively (figure 3(b)). This is the month where baseflow is lowest, affected by a significant
decreasing trend, and most important for salmon habitat (figure 1).

The larger groundwater use by residential properties is driven by two factors which vary seasonally. In the
summer, overall residential use is higher than cannabis use even though cannabis has a higher per-well
abstraction rate because there are more residential pumping locations in the watershed than groundwater-
irrigated cannabis cultivation sites (1314 residential structures compared to 302 cannabis parcels using
groundwater). If the number of cannabis parcels increased to match the number of residential structures,
groundwater abstraction for cannabis would exceed residential use for June-September. In the winter,
residential water use is greater than that of cannabis because cannabis water use is negligible outside of the
summer growing season, while residential properties have ongoing water use during the winter months due to
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watershed boundary have no estimated groundwater use. Habitat potential for steelhead salmon are shown in figures S3-S5.

climate-insensitive indoor water requirements such as cooking and cleaning (Gato et al 2007, Breyer et al 2012,
Zipper etal 2017).

Spatially, residential groundwater use is more clustered along the river than cannabis groundwater use,
including many streams with high salmonid habitat potential (figure 4). The spatial distribution of residential
use corresponds with the locations of most of the towns in the flatlands along the Navarro River (e.g., Boonville,
Philo, Navarro). Cannabis cultivation is much more diffuse within the watershed, primarily concentrated in the
middle reaches of the watershed (figure 4(a); Butsic et al 2017, Butsic et al 2018).

3.2. Watershed scale impacts

Streamflow depletion associated with both cannabis and residential groundwater use (figure 5) follows a similar
seasonal pattern to water withdrawals (figure 3), with a slight time lag due to the delay between groundwater
pumping and streamflow depletion. Streamflow depletion associated with cannabis production is largest in
September both volumetrically (figure 5(a); 93, 139, and 176 m>d !after 1, 10, and 50 years of pumping
respectively) and as a percentage of monthly baseflow (figure 5(b); 1.0%, 1.5%, and 1.9% after 1, 10, and 50 years
of pumping respectively) over our entire study period. This is offset from the month of peak water use, which is
August (figure 3(a)). Peak monthly streamflow depletion associated with residential groundwater use is
substantially larger than that of cannabis (figure 5(a)), at 485 m> d " after 1 year (5.2x greater than cannabis),
700 m> d ™" after 10 years (5.0 x greater), and 854 m> d ' after 50 years (4.9x greater). Like cannabis, the impacts
are largest relative to baseflow in September (5.3% after 1 year, 7.6% after 10 years, and 9.3% after 50 years)
which is when baseflow is lowest and the primary component of streamflow (figure 5(b)). These impacts
approach the presumptive standard of 10% of monthly baseflow which is suggested to sustain aquatic
ecosystems (Gleeson and Richter 2018).

The degree to which streamflow depletion caused by cannabis or residential pumping may affect aquatic
ecosystems is a function of the streamflow in a given year, which is driven by interannual weather variability. For
example, in a dry or average year, reductions in flow caused by groundwater pumping are occurring during a
time in which flow is already below the state aquatic baseflow standard (figures 6(a)—-(b)), which is defined by the
California Cannabis Cultivation Policy as median August flow over the period of record (CA State Water
Resources Control Board 2017). In contrast, during a wet year, streamflow remains greater than the aquatic
baseflow standard even when potential pumping impacts are considered (figure 6(c)). During the period of
record, there were five years (1951, 1996, 1997, 2003, and 2011) in which baseflow would have dropped below
the aquatic baseflow standard if additional pumping equal to the present rates occurred for one year prior,
indicating that managing the impacts of streamflow depletion may be most critical when flow is near aquatic
ecosystem thresholds.
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Figure 5. Streamflow depletion (within the Navarro River Watershed only) caused by groundwater pumping for cannabis cultivation
and residential use after 1, 10, and 50 years of pumping, expressed (a) volumetrically and (b) as a percentage of mean monthly baseflow
(1999-2018 water years).

Since historical data about the onset of pumping is not available, we are not able to attribute either long-term
trends in baseflow (figure 1) or specific exceedance events (figure 6) to historical cannabis cultivation activities,
residential development, or other factors such as climate change. However, our results show that a sizeable
portion of impacts occur shortly after the onset of pumping. For example, 52.8% and 56.8% of long-term
(50 year) depletion in September is already present the year pumping begins for cannabis and residential use,
respectively (figure 5). Since the recovery from depletion occurs as an inverse of the timescale of depletion
impacts (Jenkins 1968, Barlow and Leake 2012), this indicates that the hydrological system is highly sensitive to
potential new pumping impacts, but also may recover quickly if pumping is reduced or halted in certain areas.

3.3. Well scale impacts

Our well-scale assessment of cannabis impacts indicates that a relatively small number of wells have a
disproportionate impact on overall watershed-scale depletion. After 1 year of pumping, 50% of the depletion in
the Navarro River Watershed can be attributed to only 32 wells (10.6% of estimated groundwater pumping wells
in the Navarro; figure 7(a)). After 10 and 50 years, the number of wells causing 50% of depletion increases to 53
(17.5%) and 72 (23.8%), respectively (figure 7(a)). In year 1, only ~50% of well locations have any appreciable
depletion (figure 7(a)). These results lend support to targeted conservation measures and the importance of well
location, as removing or reducing pumping rates from a small subset of wells could have outsize environmental
benefits, particularly at short timescales (e.g., within a single year).

Water use, distance from the well to the closest stream, and the effective transmissivity between a well and
the closest stream are the primary predictors of the amount of depletion caused by a well, while streambed
conductance and depth to bedrock at the well were not significant predictors. The relative importance of
predictors changes through time, indicating shifting drivers of variability in capture fraction at different
timescales. The predictive skill of water use increases through time, which is partially counteracted by a decrease
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Figure 6. Measured streamflow (black line) and streamflow remaining after 1, 10, and 50 years of depletion (colored lines) from
combined cannabis and residential pumping, shown relative to monthly flow in (a) a dry year, 2012, (b) an average year, 1972,and (c) a
wet year, 1978. The gray horizontal lines shows the aquatic baseflow standard for the Navarro River from the California Cannabis
Cultivation Policy, which is defined as the median August flow over the period of record (CA State Water Resources Control
Board 2017). Note log-scale on y-axis.

in the predictive power of transmissivity. The decrease in the importance of transmissivity through time is
indicative of the system coming to a new dynamic equilibrium of the source of water to the wells, which is
relatively insensitive to hydrogeological properties (Zipper et al 2019a, Barlow and Leake 2012). While our
conceptual model assumed two homogeneous layers, the decreasing importance of transmissivity through time
would likely be true even with heterogeneous hydrostratigraphy because the decreasing predictive power of
transmissivity results from the transition from groundwater depletion to streamflow depletion as the primary
source of water to wells (Barlow and Leake 2012). In contrast, distance to the closest stream has relatively steady
predictive skill in all years, indicating that this may be a consistently useful predictor across all timescales.

3.4. Stream segment scale impacts

Due to the large importance of the well-stream distance (section 3.3), pumping close to stream segments with
high habitat potential has the largest potential negative environmental impacts. All else being equal, streamflow
depletion would have larger negative impacts in smaller stream segments with lower flow. Portions of the
landscape with strong effects on high potential stream segments include much of the middle reaches of the
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Figure 7. (a) Cumulative distribution functions of the total streamflow depletion accounted for as a function of the percentage of total
groundwater pumping wells in September of year 1, 10, and 50 of pumping scenarios. Dashed lines annotate the percent of wells
accounting for 50% of the total streamflow depletion at each time interval. (b) Relative importance of significant predictors for
predicting cumulative streamflow depletion caused by a well across all stream segments in September of year 1, 10, and 50. Water use
is annual estimated pumping rate for that well [m? yr~'] and transmissivity is the bulk transmissivity between the well and the closest
stream [m” d "~ ']. Bars show mean and errorbars show 95% confidence interval from 1000-sample bootstrap.

Navarro River (figures 8(a)—(c)) which is coincident with locations where significant groundwater use occurs for
residential structures (figure 4(b)) and, to a lesser degree, cannabis cultivation (figure 4(a)). While the portion of
the landscape where pumping harms high potential streams expands through time, across the entire study
period there is a nonlinear increase in depletion caused by wells within 1.2 km of a stream segment (figures 8(d)—
(f); S6), indicating that a distance of 1.2 km of high potential stream segments may be a critical threshold for
management for both short-term and long-term sustainability, especially near headwater streams. Wells which
are screened in alluvial materials tend to have the largest impact on high-potential streams (figures 8(d)—(f)),
indicating that the magnitude and timing of these impacts may be sensitive to estimates of alluvial
hydrostratigraphic properties. Since the alluvial sediment is thickest in low-lying areas along the stream valleys
(figure S2), this likely contributes to the nonlinear increase in streamflow depletion for wells within 1.2 km of the
stream.

3.5. Management implications

Our results show that there is likely significant streamflow depletion in streams with high habitat potential
caused by both cannabis and residential groundwater use in the Navarro River Watershed, with shifting drivers
of impacts and implications through time. Over half of the long-term streamflow depletion manifests within a
single year of the start of our pumping simulations (figure 5), and impacts at short timescales is most strongly
influenced by the proximity of a well to a stream (figure 7) with nonlinearly increasing impacts within a distance
of 1.2 km (figure 8). Over long timescales, the primary driver of impacts for a given well is the annual water use
(figure 7), though impacts still increase nonlinearly within 1.2 km regardless of pumping rate (figure S6). While
the exact timing and quantity of streamflow depletion may vary locally with refined estimates of
hydrostratigraphic properties or more precise pumping schedules, our results broadly show the relative
importance of cannabis and residential groundwater use within a year and across decades.

This suggests that the area within 1.2 km of the stream network is a critical management area (figure 9).
Opverall, 233 of the 302 parcels (77%) predicted to use groundwater for cannabis cultivation are within 1.2 km of
astream segment, and these parcels are more frequently close to stream segments with high habitat potential
than not (figure 9(b)). Residential groundwater use is also frequently close to streams, with 89% of residential
groundwater use within 1.2 km of any stream and 67% of residential groundwater use near a high habitat
potential stream (figure 9(c)). While our results focused primarily on cannabis, our approach could be used to
quantify impacts of groundwater withdrawals for other reasons. As cannabis cultivation expands in the region,
its impacts will be an additional stress on top of ongoing residential groundwater use and direct surface water
withdrawals for traditional agriculture. Total surface water withdrawals for traditional agriculture within the
Navarro River Watershed were estimated in 2009 as approximately 2 x 10°m?yr ' (McGourty et al 2013),
which exceeds combined cannabis and residential groundwater abstractions estimated here by a factor of 4.

More broadly, we find that analytical depletion functions are a useful tool for screening-level assessments of
groundwater pumping impacts on streams. The ongoing legalization of cannabis will require new and revised
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regulations to protect water and other environmental resources; in the USA, these protections will likely manifest at
the local level due to alack of federal regulation (Owley 2017, Short Gianotti et al 2017). Given the paucity of
subsurface data available in most watersheds, the rapidity with which cannabis production is expanding (Butsic et al
2018), and the local scope at which cannabis is likely to be managed (Owley 2017), it is essential to provide accurate
decision support resources with minimal time, data, and computational requirements. We show that analytical
depletion functions can identify areas of potential concern for groundwater pumping (e.g., figures 8, 9) which could
be used to flag groundwater withdrawal locations for further investigation or targeted conservation measures. Due to
the low computational requirements relative to numerical models, analytical approaches are well-suited for
integration into decision support tools (Reeves et al 2009, Huggins et al 2018, Colorado Alluvial Water Accounting
System), and analytical depletion functions help overcome many of the limitations identified previously for
standalone analytical models such as the inability to simulate multiple and/or sinuous streams.

4. Conclusions

In this study, we evaluate and contextualize the potential impacts of cannabis groundwater use at the watershed, well,
and stream segment scales in the Navarro River Watershed (California, USA). We find that cannabis pumping has an
important impact on streamflow during the dry season but is dwarfed by streamflow depletion caused by residential
groundwater use which is 5x greater. However, cannabis pumping can be considered a new and expanding source of
groundwater depletion which will further deplete summer baseflow already stressed by residential water use and
traditional agriculture. At the well scale, we find that a small number of wells contribute disproportionately to
streamflow depletion, particularly over short timescales; and that relatively easy-to-obtain input data (annual water
use and distance to stream) are the primary factors related to pumping impacts on streamflow, with increasing
importance of water use through time. Subsurface properties such as transmissivity are most important shortly after
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the onset of pumping and decrease in importance through time. We also show that pumping within a threshold of
1.2 km of sensitive stream segments has a disproportionately high impact, particularly at short (annual to decadal)
timescales. Overall, these results indicate that the emerging cannabis agricultural frontier is likely to increase stress on
both surface water and groundwater resources and groundwater-dependent ecosystems, particularly in areas already
stressed by other groundwater users.
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