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Increased groundwater demand is causing aquifer declines that impact viability
of groundwater-dependent ecosystems (GDEs) like springs and phreatophyte
communities. To understand which springs and phreatophyte communities
may be stressed by groundwater level declines in Oregon and Nevada, we
assessed groundwater level trends in nearby monitoring wells. Very few springs
and phreatophyte communities were near monitoring wells with adequate data.
Less than 1% of >50,000 springs in Nevada and Oregon were within 800 m of
analyzed wells, and only 52 springs were near a shallow (<30 m below ground
surface) well. Among springs near analyzed wells, 56% in Nevada and 29% in
Oregon were near wells with declining groundwater level trends, and
percentages were similar among springs that were within 800 m of analyzed
shallow wells. Less than 22% of all phreatophyte communities in Nevada and
Oregon were near analyzed wells, and only 9.6% were within 800 m of a shallow
well. Of phreatophyte communities near analyzed wells, 48% and 57% were
near wells with declining trends in Nevada and Oregon, respectively.
Differences among GDE types could reflect more groundwater development
where phreatophytes exist. Differences between states in proportion of springs
near wells with declining trends could be due to more surface water capture in
Oregon or increased pressure for groundwater development in Nevada. State-
specific policies and administration of groundwater rights and monitoring affect
data availability and trends observed in the two states. More groundwater level
data are essential for understanding impacts of groundwater withdrawals
to GDEs.

KEYWORDS

groundwater level trends, groundwater-dependent ecosystems, stressors,
groundwater pumping, springs, phreatophytes

1 Introduction

Groundwater is increasingly relied upon by humans as surface water supplies become
more limited due to overuse and climate change (Grantham and Viers 2014; de Graaf
et al,, 2019). These limitations are especially evident in semi-arid and arid regions where
39% of total global groundwater withdrawals occur, but only 2% of total global
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groundwater recharge occurs (Wada et al., 2010). Groundwater
overuse has led to groundwater depletion and water table
declines in the United States and across the world (Konikow
2015; Perrone and Jasechko 2017). Water table declines can
reduce the ability of plants and wildlife to access groundwater,
affecting their long-term ecosystem viability and the important
services they provide to human communities such as drinking
water, agriculture, water quality improvements, and recreation
(Brown et al, 2011). Groundwater-dependent ecosystems
(GDEs) like springs and phreatophyte communities rely on
groundwater for their structure, composition, and function
(Klove et al, 2011) and can act as ecological refugia due to
their climate-buffering capacity (Cartwright et al., 2020). Despite
their climate resilience, aquifers can be threatened by
groundwater overuse (Taylor et al, 2013). The impact of
reduced groundwater availability can be especially profound
for nature in arid regions, where groundwater is essential as
an often-perennial source of water for wildlife for large distances
around desert springs, rivers and streams (Hjort et al., 2015), and
rare and sensitive species adapted to these isolated water bodies
may not be able to persist elsewhere (Wolaver et al., 2020).
An indicator of reduced access to groundwater for both
people and nature is declining groundwater levels in
monitoring wells. Perrone and Jasechko (2017) found that
3.3% of the wells they analyzed in 2013-2015 in the western
US were dry, and well depths have been deepened over time
across much of the United States (Perrone and Jasechko 2019),
implying that declining groundwater levels are affecting human
access to water. Studies have also shown that floodplain and
riparian vegetation are increasingly stressed as groundwater
levels fall (Stromberg et al., 1992; Gonzélez et al., 2012; Kath
et al,, 2014), and very small declines in groundwater levels can
2019). Phreatophyte
communities have been directly affected by groundwater level

alter streamflow (de Graaf et al,
declines due to groundwater abstraction (e.g., Cooper et al., 20065
Patten et al.,, 2008) if the shallow groundwater table declines
below the root zone more quickly than plant growth can respond
(Naumburg et al.,, 2005). Groundwater levels may decline as a
response to short- or long-term climate changes, increased
groundwater extraction due to land use changes, increases to
consumptive use, cumulative and chronic effects of pumping,
and other reasons. Regardless of the cause of declines, hydrologic
alteration associated with groundwater decline can affect GDEs
(Kath et al., 2018). However, the distribution and abundance of
GDE:s like springs and phreatophytes that are potentially affected
by groundwater declines is poorly understood.

In this article, we present an assessment of groundwater level
trends over the past 2 decades (2002-2021) in Oregon and
Nevada, two states in the western United States that have
increasing pressures on limited water supplies. We relate
groundwater level declines to the presence and abundance of
springs and phreatophyte communities near monitoring wells to
better understand how many of these GDEs may be threatened
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by hydrologic alteration. The two states combined have more
than 50,000 springs and millions of hectares of phreatophyte
communities that are dependent on groundwater. We examine
the relation between declining groundwater trends and these
GDEs that are essential to people, plants and wildlife.

2 Methods

Oregon and Nevada are climatologically and geologically
diverse. Precipitation is highly seasonal in Oregon, with less than
10% occurring during summer months (Western Regional
Climate Center 2013). Annual precipitation in Oregon ranges
from less than 20 cm (8 inches) per year in the arid eastern side of
the state to almost 500 cm (200 inches) per year in the western
side (30-year normal; Oregon State University 2014). Aquifers in
Oregon are primarily unconsolidated deposits or basalt rock
ranging from Miocene to Pliocene and younger (Whitehead
1994). Undifferentiated and consolidated sedimentary aquifers
can be found in coastal Oregon (Whitechead 1994). Nevada
averages about 23 cm (9 inches) of precipitation across the
state. Aquifers in the state are basin-fill, carbonate-rock,
volcanic-rock, and volcanic- and sedimentary-rock aquifers,
with most major groundwater development in basin-fill
aquifers (Nevada Division of Water Planning 1999).

For this work, we used mapped data on GDEs in each state
(Figure 1) as well as available groundwater level data from federal
and state databases. Indicators of GDEs in Nevada were mapped
in 2019 and included springs as point data and phreatophyte
communities as polygons (Saito et al., 2020). As described in
Saito et al. (2020), springs data for Nevada were obtained from
the Springs Stewardship Institute. Nevada phreatophyte data
were obtained from remotely sensed coverages provided by
The Nature Conservancy for over 1.6 million ha (over four
million ac) in Nevada; LANDFIRE (2014); and phreatophyte
boundary polygons mapped by Minor et al. (2019). Spring
locations in Oregon were mapped as a compilation of the
National Hydrography Dataset (U.S. Geological Survey, 2019),
the GTILO-2 dataset (Department of Geology and Mineral
Industries (DOGAMI)), and two field surveys (Freed et al,
2019; Freed 2021), while phreatophyte communities in
Oregon were mapped using field observations, landform
classification, compound topographic index, and soil drainage
data (Garcia et al., 2021a).

Groundwater data recorded between 2002 and 2021 were
obtained from the US Geological Survey’s (USGS) National
Water Information System (NWIS; https://waterdata.usgs.gov/
nwis), the Nevada Division of Water Resources’s WellNet
database (http://water.nv.gov/WaterLevelData.aspx), and the
Water
Information System (GWIS) database (https://apps.wrd.state.
the
same data were in more than one database, data from the

Oregon Resources  Department  Groundwater

or.us/apps/gw/gw_info/gw_info_report/Default.aspx). If

frontiersin.org


https://waterdata.usgs.gov/nwis
https://waterdata.usgs.gov/nwis
http://water.nv.gov/WaterLevelData.aspx
https://apps.wrd.state.or.us/apps/gw/gw_info/gw_info_report/Default.aspx
https://apps.wrd.state.or.us/apps/gw/gw_info/gw_info_report/Default.aspx
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1007114

Saito et al.

10.3389/fenvs.2022.1007114

@ Springs
‘1 Phreatophyte Communities

0 50

100 Miles

FIGURE 1

Statewide distribution of groundwater-dependent ecosystems assessed in this study in (A) Oregon (n = 29,379 springs and n = 682,136 ha
phreatophyte communities) and (B) Nevada (n = 25,194 springs and n = 2,171,800 ha phreatophyte communities).

database with the most recent data were used. USGS data were
used when the same data were present in both USGS and state
databases. Attribute data collected for all wells included water
level measurements, dates of measurement, well depth, and
monitoring well location. Monitoring well depths in Oregon
range from 0.51 m (1.7 feet) below ground surface to more than
610 m (2000 feet) below ground surface. In Nevada well depths
range from 1.77 m (5.8 feet) below ground surface to more than
2,130 m (7,000 feet) below ground surface.

Monitoring wells with pre-irrigation (February 1 to April 1)
water level measurements among at least 5years between
2002 and 2021 were included for analysis. When wells had
multiple pre-irrigation water level measurements in the same
year, the shallowest water level was used. Water level data were
restricted to measurements between February and April to
identify annual high groundwater levels while limiting the
effects of pumping, which should result in near-static
conditions for most wells. The irrigation season commonly
begins by April in Oregon (Zach Freed, unpublished data)
and Nevada (Wyatt Fereday, personal communication).

We analyzed trends for groundwater levels in wells that had at
least 5 years of data with the Modified Mann-Kendall approach using
the ‘modifiedmK’ package in R (Patakamuri and O'Brien 2021).
Positive groundwater level trends that were significantly different
than zero at p < 0.05 indicated net recharge and increasing ecological
groundwater availability, whereas negative trends that were
significantly different than zero at p < 005 indicated net
groundwater loss and decreasing ecological groundwater availability.
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Monitoring well data were considered to be representative of
GDE aquifer conditions if the well was within 800 m (0.5 miles)
of the spring or phreatophyte. The 800 m (0.5 mile) threshold
was chosen based on prior publications (e.g., Garcia et al., 2021b)
but does not necessarily mean that a monitoring well is
representative of groundwater conditions for a given GDE. A
total of 5,675 wells met criteria for analysis. We further
distinguished shallow (within 30 m of ground surface; Rohde
etal., 2021) monitoring wells that were more likely to be drawing
water from shallow unconfined aquifers. Thus, two sets of
monitoring wells were analyzed: all monitoring wells (n =
5,675) and shallow monitoring wells only (n = 464). Mapped
spring and phreatophyte communities were associated with
nearby monitoring wells and their trends using a spatial join
(ESRI 2022). The number of springs and area (ha) of
phreatophyte communities associated with monitoring wells
that had declining groundwater level trends were summed.

3 Results

Combined among both Nevada and Oregon, there were
54,573 mapped springs of which 434 (0.8%) were within
800 m (0.5 mile) of analyzed wells. There are 2,853,936 ha of
mapped phreatophytes total, and 627,724 ha (22%) were within
800 m (0.5 mile) of analyzed wells.

In Nevada, 33.0% of wells (620 out of 1,879) analyzed across
the state had significantly falling trends in groundwater level,
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FIGURE 2

Map of statistically-significant groundwater trends among (A) 3,796 state and federal monitoring wells in Oregon and (B) 1,879 state and federal
monitoring wells in Nevada. Statistical significance of Sen'’s slope trends is assessed using a Modified Mann-Kendall test with p < 0.05. Springs and

phreatophyte communities are shown for context.

TABLE 1 Statistics for phreatophyte communities and springs in Nevada and Oregon.

GDE type Description NV OR Combined

Springs Total Springs (count) 25,194 29,379 54,573
Springs within 800 m of analyzed well (count) 197 237 434
Springs within 800 m of declining well (count) 111 69 180
Springs within 800 m of analyzed shallow well (count) 28 24 52
Springs within 800 m of declining shallow well (count) 16 8 24

Phreatophytes Total phreatophyte area (ha) 2,171,800 682,136 2,853,936
Phreatophyte area within 800 m of analyzed well (ha) 518,793 108,931 627,724
Phreatophyte area within 800 m of declining well (ha) 247,191 62,136 309,327
Phreatophyte area within 800 m of analyzed shallow well (ha) 250,334 23,761 274,095
Phreatophyte area within 800 m of declining shallow well (ha) 64,427 3,667 68,084

14.4% had significantly rising trends, and the remainder did not
have significant trends between 2002 and 2021 (Figure 2). Only
197 of 25,194 springs in Nevada were within 800 m (0.5 mile) of
analyzed wells (Table 1). Of those 197 springs, 56.3% were near
More than 518,000 ha of
phreatophyte communities in Nevada were within 800 m
(0.5 mile) of analyzed wells (Table 1), and 47.6% of that area
was near wells with significantly declining trends.

wells with declining trends.

Frontiers in Environmental Science 04

In Oregon, 27.2% of wells (1,032 out of 3,796) analyzed
across the state had significantly falling trends in groundwater
level, 9.2% were significantly rising, and 63.6% did not have
significant trends between 2002 and 2021 (Figure 2). Only 237 of
29,379 springs in Oregon were within 800 m (0.5 mile) of
analyzed wells (Table 1). Of those 237 springs, 29.1% were
near wells with a declining trend. About 109,000 ha of
phreatophyte communities in Oregon were within 800 m
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(0.5 mile) of analyzed wells (Table 1), and 57.0% of that area was
near wells with significantly declining trends.

Nevada had 175 shallow monitoring wells, and 38 (27.7%)
had significantly falling trends, 13 (7.4%) had significantly rising
trends, and 124 (70.9%) did not have a significant trend. There
were 28 springs in Nevada within 800 m (0.5 mile) of analyzed
shallow wells, of which 57% (16 springs) were near shallow wells
with a declining trend (Table 1). There were 250,334 ha of
phreatophyte communities near analyzed shallow wells in
Nevada, and 26% of them (64,427 ha) were near shallow wells
with a declining trend. Among the 289 shallow monitoring wells
in Oregon, 40 (13.8%) had significantly falling groundwater level
trends, 29 (10.0%) had significantly rising trends, and the
remaining 220 (76.1%) did not have a significant trend. In
Oregon, eight of 24 springs (33%) within 800 m (0.5 mile) of
analyzed shallow wells were near shallow wells with a declining
trend. Only 23,761 ha of phreatophytes in Oregon were near
analyzed shallow wells, and of those, 3,667 ha (15%) were near
shallow wells with a declining trend. Nevada had more springs
and phreatophyte community areas near shallow wells than
Oregon, as well as slightly higher percentages of those GDEs
near shallow wells with significantly falling trends, but there were
relatively few shallow monitoring wells near springs or
phreatophyte communities.

4 Discussion

Groundwater-dependent ecosystems are key components of
ecological resilience to climate change but they are vulnerable to
local and regional groundwater withdrawal. This analysis
that large proportions of springs
phreatophytes are in close proximity to groundwater declines

demonstrates and
and may be at risk of hydrologic alteration. Combined for both
Oregon and Nevada, our results show that 42% of springs (n =
180 springs) and 49% of phreatophyte community area (n =
309,327 ha) within 800 m of a monitoring well were near wells
with a declining groundwater level trend between 2002 and 2021.

Because it is possible in both states that wells may be present
in shallow unconfined aquifers and deeper confined aquifers, we
also considered only shallow wells in Oregon and Nevada and
24 springs) and 25% of
68,094 ha) that were
within 800m of a shallow well were near wells with a

found that 46% of springs (n =
phreatophyte community area (n =
declining groundwater level trend. Groundwater level
responses to pumping in confined aquifers is different than
for unconfined aquifers (Alley et al., 1999), and springs can be
fed from shallow aquifers or deeper confined aquifers (Cantonati
etal,, 2020). For springs near wells analyzed for our assessment, a
much higher proportion of springs in Nevada (56%; n = 111)
were near wells with groundwater decline than in Oregon (29%;
n = 69). This pattern was consistent when considering only

shallow wells: 57% (n = 16) of Nevada springs and 33% (1 = 8) of
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Oregon springs were near shallow wells with groundwater
decline. Oregon’s greater abundance of surface water sources
and wetter climate may allow groundwater development near
springs to be offset by surface water capture, keeping
groundwater tables at higher levels near springs (Bredehoeft
2002). Additionally, Nevada’s drier climate could result in
increased pressure for groundwater development compared to
Oregon, leading to more widespread impacts to GDEs like
springs.

In both states, the proportion of phreatophyte communities
near analyzed shallow wells that were near wells with declining
trends was less (26%, n = 64,427 ha for Nevada; 15%, n = 3,667 ha
for Oregon) than when considering all analyzed wells with
declining trends (48%, n = 247,191ha for Nevada; 57%,
62,136 ha for Oregon). Phreatophyte viability can be affected
when groundwater levels drop below the root zone (Naumberg
et al,, 2005) regardless of the groundwater source, so the higher
percentages for all analyzed wells are concerning. Eamus et al.
(2015) suggest that ecosystem structure and function of
groundwater-dependent ecosystems can be affected when
groundwater levels fall beyond about 7-10 m depth.

These results are broadly consistent with the 44% of all GDEs
in California that were associated with significant groundwater
declines between 1985 and 2019 (Rohde et al, 2021). That
assessment used a random forest model to estimate
groundwater levels wherever GDEs were located, whereas our
assessment was dependent on only considering areas where
adequate well data were available. Additionally, Rohde et al.
(2021) used average annual measurements rather than pre-
irrigation annual maximum groundwater levels. The use of
pre-irrigation annual maximum groundwater levels allows the
construction of interannual trends between consistent local
maxima (following Garcia et al., 2021b), reducing the impact
of seasonal drawdowns due to irrigation which vary based on the
amount and timing of pumping and the hydrogeologic
characteristics of the aquifer.

Groundwater level declines stress all GDEs, but the specific
impacts vary by GDE type. With loss of groundwater discharge,
spring flow may transition from perennial to intermittent before
entirely drying, causing them to act as ecological traps rather than
safe climate refugia (Cartwright et al, 2020). As shallow
groundwater levels decline, groundwater that could have
otherwise discharged to a spring may instead remain in the
aquifer, offsetting rates of aquifer decline by up to the full amount
of (Bredehoeft  2002).  Phreatophyte
communities experience plant stress and mortality when the

spring  discharge

water table decreases (Naumberg et al., 2005). Loss of access to
lead to
communities to ones with less ecological value. For example,
the
ecosystem by area in Nevada and is a good indicator of the

groundwater can transitions of phreatophyte

black greasewood is largest groundwater-dependent

presence of shallow groundwater (Lopes et al., 2006), and this
phreatophyte is naturally fire-resistant but can transition to
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weedy, fire-prone vegetation if access to groundwater is lost
(Provencher et al., 2020).

In Oregon and Nevada, 1,652 (29%) of the 5,675 analyzed
monitoring wells were experiencing groundwater level declines
from 2002 to 2021 (Figure 2), suggesting aquifer declines
among both states. Long-term groundwater level trends are
an indicator of sustainability and reflect changes in aquifer
storage, which can occur as a result of decreased recharge and
increased extraction, or both (Currell 2016). Groundwater is
over-appropriated compared to available groundwater in
aquifers of both states (e.g., Garcia et al., 2022; Saito et al,
2022), and pressure to develop groundwater will increase as
crop evapotranspiration rates require more water to sustain
current yields (Huntington et al., 2015; Albano et al., 2022).
Projected increases to frequency and extent of drought
(Ahmadalipour et al., 2016; Saito et al., 2022) could lead to
more groundwater development as surface water availability
becomes unreliable. As demand for groundwater withdrawal
affect
groundwater recharge. Climate warming in the western

intensifies, future climate conditions will also
United States is anticipated to shift winter precipitation from
snow to rain, reducing the volume and persistence of snowpack
(Knowles et al., 2006). This shift is expected to reduce high-
elevation groundwater recharge (Meixner et al.,, 2016), creating
further discrepancy between groundwater availability and
with

shallower flow systems, such as those in low-permeability

demand. Springs and phreatophytes shorter or
terranes, are likely more vulnerable to changes in recharge
(Freed et al., 2019) because they lack the buffering capacity of
greater aquifer storage in longer flow systems (Waibel et al,
2013).

More than a quarter of all analyzed monitoring wells in
Oregon and Nevada were significantly declining between
2002 and 2021, indicating that more effective management
is needed to ensure long-term sustainability in both states to
conserve GDEs and protect groundwater resources for human
uses. The management of groundwater is different in each
state. Under Oregon water law, state agencies are required to
maintain “reasonably stable” groundwater levels and aquifers
must be protected from overdraft leading to “excessively
declining” groundwater levels (Young 1991). Although
“reasonably stable” is not well-defined, “excessive declines”
are defined in rule § OAR 690-008-0001. One definition of
“excessive declines” is any aquifer with an average downward
trend of three feet (0.91 m) or more per year for at least
10 years, a criterion met by 108 monitoring wells assessed over
20 years in this study (Supplementary Table S1). Groundwater
in Nevada is administered in 256 hydrographic areas with
assigned “perennial yields” that indicate the amount of usable
water that can be withdrawn and consumed without depleting
the source (Nevada Division of Water Planning 1999). Most of
these perennial yields were estimated in the 1950s-1970s and
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many were based on groundwater discharge using estimates of
evapotranspiration of
2002). Thus, if
groundwater use was at the perennial yield, GDEs could be

evaporation from playas and

phreatophytic vegetation (Bredehoeft
progressively eliminated as water stored in the aquifer reaches
a new equilibrium. Currently, about 50% of hydrographic
areas in Nevada are over-appropriated, and almost 20% have
more water withdrawn than the perennial yield (Sullivan
2022). In 2017, the Nevada Legislature declared that it is
the policy of the state to administer groundwater and
surface water together (SNRS 533.024) which should enable
more consideration of groundwater withdrawals and GDE
impacts, but a recent ruling on the Lower White River Flow
System indicates the Nevada State Engineer may not have
adequate authority to apply conjunctive management
(LVVWD and SNWA v. Wilson 2022).

We found that existing monitoring wells are not equally
present among GDE types: wells with a 20-year period of
record were rarely co-located within 800 m of springs but were
found within 800 m of a relatively large proportion of
with
adequate data near springs and phreatophyte communities

phreatophyte communities, and very few wells
were shallow (less than 30 m deep). Monitoring wells in
Oregon and Nevada are much more abundant in valley-
bottom areas where both groundwater extraction (Aldous
and Gannett 2021) and phreatophyte communities (Garcia
et al, 2021a) tend to be more common. It is likely that
groundwater development is more prevalent where surface
water resources like spring flow are unavailable. This disparity
in available monitoring data between GDE types in extant
wells emphasizes the need for additional investment from
local, state and federal agencies to more effectively monitor
groundwater levels near springs to understand groundwater
availability and GDE sustainability.

Groundwater can provide ecological stability to
groundwater dependent ecosystems under climate variability
by providing fairly constant aquatic environments, enabling the
evolution of assemblages of endemic taxa (Cantonati et al,
2020), but excessive groundwater withdrawals can dry springs
and lead to the elimination of springs-dependent taxa
(Williams 2021).

temporal and spatial scales can provide early warning for

and Sada Monitoring at appropriate
impacts and can help resource managers make appropriate
decisions to maintain sustainable yield, learn from management
actions, and mitigate risk to GDEs (Saito et al., 2021). This
study demonstrates that groundwater levels between 2002 and
2021 were frequently declining in Oregon and Nevada, and
substantial proportions of springs and phreatophytes near
monitoring wells could be impacted by the declines. Long-
term continuous monitoring of spring discharge and
phreatophyte condition needed to

community are

understand how their condition and ecosystem function is
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affected by groundwater level declines. Future research is
needed to assess the impacts of groundwater level declines
on springs, phreatophyte communities, and other GDE types
such as groundwater-dependent rivers, lakes, and wetlands.
Meanwhile, state agencies and resource managers must
manage groundwater sustainably in a changing climate by
reducing long-term overextraction of groundwater.
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