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Sustainable groundwater management provides an opportunity for environmental

water needs to be considered and secured by establishing appropriate groundwater

thresholds. Ecosystems that require access to groundwater for some or all their

water requirements are referred to as groundwater dependent ecosystems (GDEs).

However, large data gaps often exist around the cause-and-effect relationships between

groundwater conditions and the impacts they have on GDEs. These data gaps are

largely attributed to a lack of shallow monitoring wells near GDEs, and a lack of practical

biological metrics to characterize ecosystem health. This transdisciplinary study explores

the use of geophysics (electrical resistivity tomography) to fill in our understanding of

shallow subsurface soil-hydrological conditions within GDEs. In addition, we develop an

approach to characterize ecosystem health within GDEs, using groundwater-dependent

vegetation (phreatophytes) as indicators. Ten vegetation variables were used to

characterize six biological indicators—growth, diversity, recruitment, structure, native

plant dominance, and survivorship—which were used to infer ecosystem health

conditions. Health indicators for groundwater-dependent vegetation were found to

directly correlate with subsurface conditions, where greater groundwater availability

(higher soil moisture content and shallower groundwater levels) was associated with

“healthier” vegetation. This study provides a new approach to integrate hydrological,

geophysical, and biological data to strengthen monitoring programs and inform water

resource management decisions.

Keywords: groundwater dependent ecosystem, electrical resistivity tomography, groundwater, riparian forest,

ecosystem health, sustainable groundwater management, biological response functions, vegetation surveys

INTRODUCTION

Sustainable groundwater management policies worldwide are increasingly incorporating
environmental considerations (Rohde et al., 2017), creating new opportunities to maintain
and preserve ecosystems. Groundwater-dependent ecosystems (GDEs), which are species and
ecosystems maintained by direct or indirect access to groundwater, offer a wide range of ecosystem
services that benefit our economy and society such as soil preservation, water purification, carbon
sequestration, flood control, pollination of crops, and recreational opportunities [Schuyt and
Brander, 2004; Blevins and Aldous, 2011; Water Land Ecosystems (WLE) and CRPO, 2015].
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The presence of groundwater and its interconnections with
surface water provide critical habitat conditions for a wide
range of species, including rare and endangered species, by
sustaining instream flows and providing access to groundwater
through the rooting network. However, as humans increasingly
depend upon groundwater for irrigation and drinking water
supplies (Wada et al., 2012), this reliable water source for
GDEs is threatened (Gleeson et al., 2015), especially during dry
summer months of Mediterranean climates and drought years.
As water managers work toward bringing groundwater basins
into balance under sustainable groundwater policies, there is a
need for practical approaches to monitor how ecosystems are
responding to changing groundwater conditions and determine
what groundwater thresholds protect GDEs.

GDEs can rely on groundwater occurring near, on, or within
the ground surface. Riparian vegetation within GDEs can access
groundwater by either: (1) hydraulically lifting groundwater from
the water table via capillary action to fill pore spaces in the
vadose zone; or (2) accessing soil water in the unsaturated zone
residual from seasonal water table fluctuations. Characterizing
groundwater reliance in GDEs can be challenging, especially
in river environments where groundwater and surface water
interactions occur around heterogeneous sedimentary units
that support perched groundwater, such as clay-rich aquitards
formed by fluvial deposits. Clay lenses in the subsurface that
support perched groundwater can contribute an important
groundwater supply for riparian ecosystems and wetlands that

FIGURE 1 | Conceptual model of how seasonal fluctuations in the water table and its interactions with surface water can support perched groundwater availability

near intermittent rivers for GDEs in (A) Wet season and (B) Dry season.

would otherwise be isolated from deeper aquifers by attenuating
recharge rates and flow pathways within unconfined aquifers
and thereby supporting gaining conditions in streams (Palkovics
et al., 1975; Fleckenstein et al., 2006; Rassam et al., 2006;
Niswonger and Fogg, 2008). This is the particular case for GDEs
in regions where large seasonal or interannual fluctuations occur
in the water table of unconfined regional aquifers. Figure 1
provides a conceptual model of how large seasonal fluctuations
in the position of the water table within an aquifer can support
perched groundwater near a seasonally intermittent river. While
perched groundwater itself cannot directly be managed due to its
position in the vadose zone, the water table position within the
aquifer, and its interactions with surface water can be managed
(via pumping rate restrictions, restricted pumping at certain
depths, restricted pumping around GDEs, well density rules,
managed aquifer recharge projects) to prevent adverse impacts to
ecosystems due to changes in groundwater quality and quantity.

Near-surface aquifer environments, especially at the interface
of groundwater and surface water are difficult to capture in
regional-scale groundwater numerical models typically used
by water managers for water balancing and management.
Alternatively, geophysics—specifically electrical resistivity
tomography (ERT)—provides the opportunity to investigate
subsurface conditions over small and large spatial scales that are
applicable to understanding subsurface conditions in shallow
portions of the aquifer. ERT is a well-established geophysical
technique and has been used to investigate subsurface lithology
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(Tabbagh et al., 2000; Samouëlian et al., 2005; Sudha et al., 2009)
and moisture state (Rhoades et al., 1976; Kean et al., 1987; Daily
et al., 2010). Only more recently has geophysics been used to
characterize and monitor the interaction between subsurface soil
moisture and plant roots (Binley and Kemna, 2005; Robinson
et al., 2008, 2012; Schwartz et al., 2008; Nijland et al., 2010;
Ma et al., 2014; Hübner et al., 2015; Cassiani et al., 2016). ERT
was more specifically used in this study to develop a subsurface
conceptual model beneath each GDE.

To sustainably manage groundwater for GDEs, baselines
and thresholds need to be established to prevent groundwater
conditions from having impacts on ecosystem conditions.
While numerous field-based studies have investigated the
short- and long-term impacts of groundwater pumping on
individual biological responses (i.e., growth, reproduction,
recruitment, ecosystem structure, ecosystem function, and
survivorship) for individual groundwater-dependent species,
there are fewer studies that examinemultiple biological responses
across multiple groundwater-dependent species (Costanza and
Mageau, 1999; Eamus et al., 2015). Integrating ecosystem-
scale biological indicators into water management monitoring
programs can provide water managers the ability to integrate
biological concerns into basin-wide hydrological monitoring
efforts. In combination with hydrological data, biological
data provides an opportunity for water managers to assess
the cause-and-effect relationships between the groundwater
conditions and ecosystem-scale biological responses. Since
it can be onerous to examine the biological response of
all organisms within an ecosystem, groundwater-dependent
vegetation is investigated in this study as a practical proxy
for monitoring ecosystem-scale changes in GDE health. This
is because changes in groundwater conditions impact not only
the health of plants themselves, but also subsequently impact
the food supply and habitat conditions for animals within
the ecosystem. However, if a GDE is a seep or spring with
little vegetation associated with it or there are particular focal
groundwater-dependent species, then other proxies may be
more appropriate.

This study explores the health of three groundwater-
dependent riparian forests along an interconnected surface
water body within groundwater basins with an unconfined
aquifer, which is not bounded on top by an aquitard and
the upper surface of the saturated zone is the water table.
By monitoring vegetative growth, species diversity, regenerative
capacity (sapling recruitment), native plant density, vegetative
structure (strata), and survivorship (canopy cover remaining
over time), we explore whether hydrological conditions in
the subsurface are correlated with the health of GDEs. The
objectives of this paper are to: (1) characterize shallow subsurface
hydrological conditions in each forest using ERT, (2) identify
practical biological indicators to assess the health of GDEs, and
(3) evaluate how differences in hydrological conditions correlate
to health indicators for groundwater-dependent riparian forests.
These objectives are intended to illustrate how discipline-specific
tools can be combined to solve a common problem in sustainable
groundwater management. The research presented in this paper
adopts this transdisciplinary approach to bridge the fields of

FIGURE 2 | Study Site Map: Cosumnes River Preserve, Sacramento

County, California.

hydrology, geophysics, and ecology to better understand how
subsurface conditions can influence GDE health.

MATERIALS AND METHODS

Study Site
The Cosumnes River drains ∼3,400 km2 and flows 129 km
westward from its headwaters at ∼2,200m in California’s Sierra
Nevada Mountains toward its outlet in the Sacramento-San
Joaquin Delta. Within the study reach (Figure 2), the river
follows the boundary between two administratively defined
groundwater basins: South American Basin (Sacramento River
Hydrologic Region) and Cosumnes Basin (San Joaquin River
Hydrologic Region). Human reliance on groundwater for
agricultural and domestic use in both basins has substantially
lowered regional groundwater levels, creating two cones of
depression in the groundwater basins adjacent to the Cosumnes
River. Both basins are subject to California’s Sustainable
Groundwater Management Act of 2014 (SGMA).

A soil and geological evaluation of the study sites along the
Cosumnes River was completed using USGS and CA Geological
Survey maps1 and the SoilWeb interactive soil maps2 The local

1ftp://ftp.consrv.ca.gov/pub/dmg/rgmp/Prelim_geo_pdf/Lodi_100K_prelim.pdf
2https://casoilresource.lawr.ucdavis.edu/soilweb-apps/

Frontiers in Environmental Science | www.frontiersin.org 3 November 2019 | Volume 7 | Article 175

ftp://ftp.consrv.ca.gov/pub/dmg/rgmp/Prelim_geo_pdf/Lodi_100K_prelim.pdf
https://casoilresource.lawr.ucdavis.edu/soilweb-apps/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Rohde et al. Hydrological Controls on Groundwater-Dependent Ecosystem Health

geology is dominated by Quaternary Period unconsolidated
clays, silts, and sands deposited during the Holocene Epoch. The
CA Geological Survey map shows that two deposits dominate
the study area, Qha and Qhb; both are alluvial. Qha is an
undivided deposit on fans, terraces, or in basins, and consists
of sand, gravel, and silts that are poorly to moderately sorted.
Qhb is a basin deposit consisting of fine-grained sediments from
the late Holocene that were generally deposited with horizontal
stratification in topographic lows. The study sites are underlain
by the Columbia, Cosumnes, and San Joaquin soil units. Both
the Cosumnes and San Joaquin typical pedons are silty loams
and loams, compared to a typical Columbia pedon that is a fine
sandy loam. All of these soil types are typical of 0–2% slopes,
moderately to poorly drained, and occur along the Cosumnes
River floodplain.

The Cosumnes River Preserve (Preserve) consists of over
20,000 ha of wildlife habitat that includes riparian forests,
seasonal wetlands, grasslands, and habitat for birds migrating
along the Pacific Flyway (Kleinschmidt Group, Inc., 2008).
Three riparian stands were included in this study: Castello
Forest (40 ha), Shaw Forest (60 ha), and Tall Forest (52 ha).
Each of these riparian forest stands have been identified in the
Natural Communities Commonly Associated with Groundwater
Dataset3 (NC Dataset), which is hosted by the California
Department of Water Resources (DWR). The NC dataset is a
compilation of 48 publicly available State and Federal agency
datasets that maps vegetation, wetlands, springs, and seeps
that are commonly associated with groundwater in California
(Klausmeyer et al., 2018). The overstory is dominated by valley
oak (Quercus lobata) in all three forest stands, but the understory
differs. The understory in Castello Forest is heavily dominated
by non-native winter annual grasses, with very few shrubs or
young trees. In contrast, the understory at Shaw and Tall Forests
is multi-layered, containing young trees, shrubs, vines, and
herbaceous plants.

Hydrologic Data
Six groundwater monitoring wells (Figure 2) were selected for
this study to corroborate groundwater levels and lithological data
with the ERT results. One well (MW2) is within Shaw Forest
and two wells (MW5 and MW9) are within the Oneto-Denier
site (open land within the Preserve). The remaining three wells
are historic groundwater monitoring wells from DWR’s Water
Data Library4 two near Castello Forest (06N06E28C002M and
06N06E29K001M) and one near Tall Forest (05N05E28L003M).
Precipitation data were accessed using the PRISM (Parameter-
elevation Regressions on Independent Slopes Model) Monthly
Spatial Climate Dataset5, produced by the PRISMClimate Group
at Oregon State University.

Electrical Resistivity Tomography
Electrical resistivity tomography is a geophysical technique
for imaging subsurface environments by transmitting electrical

3https://gis.water.ca.gov/app/NCDatasetViewer/
4http://wdl.water.ca.gov/waterdatalibrary/
5https://developers.google.com/earth-engine/datasets/catalog/

OREGONSTATE_PRISM_AN81m

current from the instrument into the ground through electrodes
(metal stakes inserted into the ground) along a profile. The
change in the potential voltage as the current travels through
the ground is measured at other adjacent electrode pairs along
the profile (for more detail see Reynolds, 2011). Alternating
combinations of the electrodes results in large resistivity datasets
(thousands of measurements) that are collected in a relatively
short time period. The resulting resistivity distributions are
inverted to get the true spatial distribution of resistivity within
the subsurface that describes the actual soil and moisture
distributions. This results in ERT images that map how resistive
the subsurface based on how quickly the electrical pulses return
to the sensors at the land surface. The flow of current through the
ground is controlled by the water content and soil type, and can
be influenced by rapid temperature change or salinity, if present.

Seven ERT profiles were collected in total: one in Tall Forest,
two in Shaw Forest, two in Castello Forest, and two at the
Oneto-Denier site (Figure 3). Four ERT profiles (one in Tall,
one in Shaw, and two at Castello) were collected in September
2016; and, two in Oneto-Denier and one in Shaw Forest in
October 2016. ERT data was collected at the end of the summer
dry season, in September 2016 and October 2016, to capture
subsurface conditions when the riparian forests are most reliant
on groundwater. This timing also circumvents any subsurface
moisture irregularities due to rewetting fronts, because (1) no
rain fell for the previous ∼5 months due to the strongly seasonal
Mediterranean climate, and (2) the relatively low elevation of
the headwaters precluded substantial snowmelt effects on river
flow. ERT data collected in September used a Multi-Phase
Technologies (MPT) eight-channel resistivity system with 128
electrodes and 1-m electrode spacing. ERT data collected in
October again used an MPT resistivity system, but with 112
electrodes and 1.5-m electrode spacing. The average time to
collect a full dataset was ∼2 h or less. A maximum current
of 2,000 milliamps (mA) and 400 volts (V) was set during
data acquisition, but the system automatically optimizes the
injected current if less is needed; on average 42mA and 140V
were injected during each measurement using a dipole-dipole
configuration with 100% reciprocals. The ERT data were inverted
using the BERT inversion code (Gunther and Rucker, 2006),
which is based on a finite-element model that discretizes the
subsurface as a tetrahedral mesh with a grid cell spacing equal
to ½ the electrode spacing. All ERT profiles were inverted using
a flat surface, since topographic changes along each profile were
<30 cm and the dense tree canopy prevented the use of a high-
accuracy Global Positioning System (GPS). ERT data of low
quality, defined as a measured potential <2mV, were removed
from each data set along with reciprocal errors >5%, which
resulted in <10% of data removal from each data set. Model
convergence resulted in a mean absolute difference (MAD)
error of <6% for all ERT profiles between the measured and
modeled data.

Vegetation Monitoring
Vegetation data were collected during the summer of 2016 as part
of a multi-year vegetation monitoring program. Crown dieback
calculations also relied on canopy cover data collected during
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FIGURE 3 | Location of ERT profiles, monitoring wells, and vegetation macroplots at the four study sites: (A) Shaw Forest and Oneto-Denier, (B) Castello Forest, (C)

Tall Forest.

the summer of 2013. Each forest stand was sampled with evenly
spaced, permanent 20× 20m macroplots. We visually estimated
absolute vascular plant cover by species within seven strata that
were based on a simplified version of the California Wildlife
Habitat Relationships protocol (CDFW, 1988) and categorized as:
(1) herb, (2) small shrub (0–2m tall), (3) tall shrub (>2m tall), (4)
tree seedling (<0.5m tall), (5) understory tree (0.5–<10m tall),
(6) overstory tree (≥10m tall), and (7) woody vine. For percent
cover calculations, the cover class values were first converted
to their midpoints (Table 1). Total canopy cover per macroplot
was the mean of four spherical densiometer measurements taken
at the center of the macroplot, one facing in each of the four
cardinal directions (according to the manufacturer protocol;

Model C, Robert E. Lemmon, Forest Densiometers). Diameter at
breast height (DBH) was recorded for all mature tree individuals
≥135 cm tall (Bernhardt and Swiecki, 1991). The number of trees
that were saplings (defined arbitrarily as those between 50 and
135 cm tall) and young trees (DBH of 0.1 to 10 cm) were also
recorded by species.

Health Indicators
Ecosystems are complex systems composed of living organisms
interacting with each other and their environment (e.g., soil,
water, and air). The health of an ecosystem is a measure of its
overall performance resulting from the biological responses of
individual species and their interactionwith each other. A healthy
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TABLE 1 | Classes used to record the visual estimation of percent cover for each

plant species as well as each stratum as a whole.

Percent cover (%) Midpoint (%)

<1 0.5

1 to <5 3

5 to <25 15

25 to <50 37.5

50 to <75 62.5

75 to <95 85

>95 97.5

The midpoint value was used to represent each cover class during quantitative analyses.

ecosystem can be characterized as one that is sustainable—
having the ability to “maintain its structure (organization) and
function (vigor) over time in face of external stress (resilience)”
(Costanza and Mageau, 1999). In general, stress to ecosystems
caused by changes in groundwater availability can influence
six key ecological processes: growth, reproduction, recruitment,
mortality, ecosystem structure, and ecosystem function (Eamus
et al., 2006b). In response to stress, the response functions
of native plants and aquatic ecosystems follow a reasonably
predictable and progressive series of events that cascade across
molecular, individual, landscape, and ecosystem scales (Davies
and Jackson, 2006; Eamus et al., 2006a; USEPA, 2016). For
vegetation, a natural progression in response to insufficient water
availability would begin with stomatal closure, resulting in a
reduction in transpiration and photosynthesis. If water stress
persists, xylem embolism can result in reductions in growth
rates and contribute to die-back. Reduced growth would then
subsequently result in a reduction in reproduction (seed set)
and recruitment (sapling growth) processes that are necessary
for forest succession to occur. In extreme cases of water stress,
the absence of growth and recruitment of younger plants may
reduce the biomass physically present in various elevations above
the ground surface. The absence may also create the opportunity
for new species with different growth forms (e.g., grasses instead
of shrubs) to populate the area, thus changing the ecosystem
structure (Eamus et al., 2006a). This could then result in the
alteration of ecosystem function, since changes in ecosystem
structure (the species composition and diversity) could change
the functional traits expressed by individual species where the
absence of key species could alter ecosystem processes, such as
nutrient cycling, predator-prey relationships, and competition
for resources (Chapin, 1997).

To characterize, infer, and spatially compare health conditions
between forest stands in this study, six indicators were
derived from the vegetation survey data: growth (species)
diversity, regeneration, structure, native plant dominance,
and survivorship. A brief description of the rationale and
assumptions used to define each health indicator, as well as how
vegetation survey data were used to quantify each indicator for
this study, is provided in the subsections below.

The health indicators determined for each forest were
statistically compared to the other forests in the study using

the open-source software R (R Development Core Team, 2008).
Mean values for each vegetation health indicator were compared
between forests using a one-way ANOVA followed by the Tukey
HSD statistical test. This post-hoc test was performed using the
glht() function in the multcomp package (Hothorn et al., 2017).
This parametric statistical test was applied using the argument
vcov=vcocHC for its robustness and ability to work with
unbalanced group sizes, non-normality, and heteroscedasticity
(Herberich et al., 2010).

Growth
The amount of vegetative canopy cover in the overstory was
used to characterize growth. Growth was quantified using a
spherical densiometer, which is a handheld instrument with a
spherical-shaped mirror on which small squares are engraved to
assist in determining the amount of tree canopy in the mirror’s
reflection (Strickler, 1959). Canopy cover represents the amount
of overstory tree biomass that exists at a given point in time. It
is a relative value and can range from 0 to 100%, where higher
percentages denote denser growth.

Diversity
The Shannon-Wiener Evenness Index, which incorporates both
species richness and the abundance of each species, was used
to characterize diversity. The index represents the relative
abundance of different species comprising the richness of an area.
The index for each forest stand was calculated using the following
Shannon-Wiener Evenness Index equation:

Hj = −

s
∑

i=1

piln
(

pi
)

where for each macroplot (j), H is the Shannon-Wiener Evenness
Index value, S is the total number of species (richness), and pi
is the proportional cover of each species (i) to the total cover
of all species in the macroplot. Each index value, which varies
between 0 and 1, was converted into a percentile value that ranges
between 0 and 100%, where higher percentages denote greater
species richness and abundance.

Regeneration
The number of saplings (defined in this study as tree individuals
either 50–135 cm tall or with DBH <10 cm) present was used
to characterize regeneration. The height and DBH of plants
were used to reflect age, where smaller trees are younger
than larger ones. At a given time, the presence of trees at
different sizes, particularly smaller ones (saplings), indicates that
recruitment is occurring. Regeneration was calculated using the
following equation:

Rj =
Sapj

Sapj + YTj +MTj

where for each macroplot (j), R is Regeneration, Sap is the
number of saplings, YT is the number of young trees (DBH
10–25 cm), and MT is the number of mature trees (DBH
>25 cm). Regeneration was converted into a percentile value that
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ranges between 0 and 100%, where higher percentages denote
greater recruitment.

Structure
Ecosystem structure is generally defined as the community
of living organisms coexisting in conjunction with abiotic
components (e.g., soil, air, and water). In most habitats,
vegetation provides the main structure of the environment
(Rutten et al., 2015). More vertical structure (or vertical
layering) creates habitat complexity that can support a greater
vertical distribution of birds (Pearson, 1971), mammals (Grelle,
2003), and insects (Schulze et al., 2001). Vertical stratification,
or the number of layers (strata) present, was used to
characterize ecosystem structure and was calculated using the
following equation:

ESj =
Strataj

Stratamax

where for each macroplot (j), ES is the ecosystem structure,
Strata is the number of strata, and Stratamax is the maximum
number of strata. In this case, Stratamax was seven based on the
chosen protocol to characterize vegetation. Ecosystem structure
was converted into a percentile value that ranges between 0 and
100%, where higher percentages denote greater vertical structure
in the forest.

Native Plant Dominance
Native plant dominance was used as a health indicator
because it can provide insight on whether the ecosystem’s
function is intact. Ecosystem function is generally defined as
an ecosystem’s ability to maintain multiple functions, such as
carbon storage, nutrient cycling, and the transfer of energy
via growth and decomposition. Functional responses to stress
induced by changes in groundwater have been reported to cause
changes in community composition such that native species
are outcompeted by non-native species (Keddy and Reznicek,
1986; Moore and Keddy, 1988; Sommer and Froend, 2014).
Numerous studies have also shown the ability of non-native
invasive species to alter the flow of energy and cycling ofmaterials
within an ecosystem, and thus its functioning (Vitousek et al.,
1987; D’Antonio, 1992; Vitousek, 1997; Gordon, 1998; Mack and
D’Antonio, 1998; Cicchetti and Diaz, 2002; Meyerson et al., 2002;
Ehrenfeld, 2003; Kourtev et al., 2003; Levine et al., 2003; Dukes
andMooney, 2004; USEPA, 2016). Although the presence of non-
native invasive species may not necessarily alter the functioning
of an ecosystem (Barney et al., 2013), the presence of native
species can at a minimum be indicative that ecosystem function
is more likely to be intact. In this study, we use native plant
dominance as a rough proxy for ecosystem function, which was
calculated by comparing the percent of native plant cover to total
plant cover:

Fj =
NPj

NPj + IPj

where for macroplot (j), F is the ecosystem function, NP is the
total cover of native plant species, and IP is the total cover of

introduced (non-native) plant species. Ecosystem function was
converted into a percentile value that ranges between 0 and 100%,
where higher values denote greater function.

Survivorship
The percentage of overstory vegetation cover remaining from
2013 to 2016 was used to characterize survivorship and was
quantified using spherical densiometer data. Survivorship was
calculated using the following equation:

Sj =
SDj (t)

SDj (t−1)

where for macroplot (j), S is survivorship, SD is the spherical
densiometer value, (t) represents data from 2016, and (t-1)
represents data from 2013. Survivorship was converted into a
percentile value, where higher percentages denote less crown
dieback. Percentages over 100% were possible if cover increased
during this time period.

RESULTS

Hydrologic Conditions
Figure 4 shows precipitation by month and groundwater levels
for three wells from the mid-1960s through August 2019.
Historical depth to groundwater (defined as the position of
the water table relative to the ground surface) near Castello
Forest has ranged between 9.0 and 25.2m at 06N06E28C002M
(Figure 4B) and 5.1 and 23.7m at 06N06E29K001M (Figure 4C),
and near Tall forest has ranged between 0.5 and 3.7m at
05N05E28L003M (Figure 4D). Depth to groundwater in the
unconfined aquifer at four of the ERT sites (ERT-P1, ERT-P2,
ERT-P5, and ERT-P6) fluctuated between 6.2 and 14.0m at
MW5, 1.5 and 12.0m at MW9, and 4.2 and 13.1m at MW2
(Figure 5), since groundwater data collection began in December
2012. At all three monitoring wells within the study area, depth
to groundwater was deepest after the dry summer season and
before the rainy winter season. Depth to groundwater gradually
increased between 2012 and 2016, which corresponds to the
historic drought conditions California experienced during this
period. At the time of ERT data collection, depth to groundwater
was 11.6m at ERT-P1, 10.0m at ERT-P2, and 12.5m at ERT-P6.

Electrical Resistivity Tomography
The following subsections outline the ERT results from the
Oneto-Denier area and each forest block (Castello, Shaw, and
Tall). At the time of the survey no rainfall had been recorded in
the area for 5+ months, leaving the water table at the bottom
extents of the ERT images. Data acquisition was completed in
<2 h per profile and temperatures remained constant throughout
the survey. The study area is known to have low salinity.
Therefore, ERT responses are interpreted as a function of soil
texture and water content. Well logs indicate the lower resistivity
values (20 �m or less) to be associated with clay-dominated
sediments, and higher resistivity values (40�m and greater) with
sand-dominated sediments.
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FIGURE 4 | Long-term hydrologic time series. (A) Monthly precipitation (mm), and depth to groundwater in the unconfined aquifer (meters below ground surface) near

(B) Castello forest, (C) Castello forest, and (D) Tall forest. The vertical red line denotes when ERT data collection occurred nearby.

Oneto-Denier
ERT-P1 results (Figure 6) show some lateral and vertical soil
heterogeneity. The MW5 lithologic log (Figure 6B) is dominated
by silts and clays with some sand that result in low (cool colors)
resistivity values throughout the profile, with the exception
of a slightly more resistive zone at 6–12m depth from 60
to 120m along the profile, which we interpret is associated
with sandier material below the more laterally extensive silt
and clay observed in the lithologic log. Near the river bank
at the beginning of ERT-P1 (0–50m along the profile) we
observed a shallow highresistivity zone that corresponds to
coarser alluvial substrate that has been deposited in an eroded
elevated part of the channel (like an over-flow channel) when
stream flows exceed capacity. The deposition of these coarse

sediments is expected to be the cause of this shallow high-
resistive zone. The ERT results correlated well with local
geologic maps1 and lithologic data from the MW5 well log
(Figure 6B). At the time of ERT-P1 data acquisition, the
groundwater table (pink triangle, Figure 6B) at MW5 was 11.6m
below ground and was obscured by the clay content of the
local soil.

The results for ERT-P2 (Figure 6C) show strong heterogeneity
both laterally and vertically, where more resistive soils at 40–
60m (depth of 6–10m) and 100–130m (depth of 6–12m)
indicate sandy soil zones that are consistent with the MW9
lithological log data. At the time of ERT-P2 data acquisition,
the groundwater table at MW9 was 10.0m below ground (pink
triangle, Figure 6C) and again was obscured by the soil texture.
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FIGURE 5 | Recent hydrologic time series. (A) Monthly precipitation (mm), and depth to groundwater in the unconfined aquifer (meters below ground surface) at (B)

MW5 in Oneto-Denier, (C) MW9 in Oneto-Denier, and (D) MW2 in Shaw forest. The vertical red line denotes when ERT data collection occurred at each site.

Both ERT-P1 and ERT-P2 exhibit a more resistive layer near
the ground surface (<2m depth), which likely corresponds to
and is affected by the vegetative root zone. Differences in the
duration of plant water uptake between ERT-P1 (dead winter
annual grass) and ERT-P2 (live perennial grass) likely contributed
to the more resistive topsoil in ERT-P2.

Overall, results from ERT-P2 and lithologic logs indicate the
west side of the river at Oneto-Denier has slightly more sandy
soils than ERT-P1 on the east side of the river. The observed
differences in soil type at depth between ERT-P1 and ERT-P2 are
supported by the geologic and land history record. The geologic
map (how to cite?) shows the very clay-dominated Riverbank
Formation underlying soils on the east side of the river at
this latitude. Recent compilation and interpretation of historical

documents indicates that in the mid-1800s, the Cosumnes River
ran west of its current course, breaking into distributaries just
south of present-day Shaw Forest and creating a mosaic of
seasonal and perennial wetlands (Whipple et al., 2012).

Castello Forest
Profiles ERT-P3 and ERT-P4 were collected at Castello Forest
(Figure 7A) adjacent to macroplots (MP) MP-6 and MP-13,
respectively. ERT-P3 was enclosed within the canopy of mature
trees except for a gap at ∼70m, and ERT-P4 was positioned
across a boundary between mature canopy and a more open
area dominated by annual grasses with few scattered shrubs.
Both ERT-P3 and ERT-P4 (Figures 7B,C) show a more resistive
subsurface with greater vertical heterogeneity than any of the
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FIGURE 6 | Oneto-Denier (A) ERT study site, (B) ERT-P1 inversion results, and (C) ERT-P2 inversion results. ERT data were collected in October 2016 after significant

rainfall (∼5 cm). The water table at the time of data collection is denoted by the pink inverted triangle.

other ERT profiles (see Figures 6B,C, 8B,C, 9B,C). In ERT-P3,
a zone of higher resistivity in the near surface (∼2m depth)
extends along the entire profile except where it thins to ∼1m
depth around 70m (red box, Figure 7B). This variation in
the near-surface resistive zone is consistent with the greater
water demands and water lifting capabilities of mature trees
as compared to shallowly rooted grasses. Likewise, from 0
to 40m in ERT-P4, the near-surface resistive zone is thinner
than after the transition from the grass to the tree coverage

(red box, Figure 7C), again showing a potential influence of
plant life form (grass vs. tree) on soil moisture. Beyond 40m
in ERT-P4 within the tree coverage, the near-surface resistive
zone extends even slightly deeper than observed in ERT-
P3. Given the overall higher subsurface resistivity values at
Castello Forest, along with the observed sandier surface soils
and their similarity to the higher resistivity values in the
sandy soil zones in ERT-P2 (MW9), these soils are interpreted
as sandy.
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FIGURE 7 | Castello Forest (A) ERT study site, (B) ERT inversion results for ERT-P3, and (C) ERT inversion results for ERT-P4. Red boxes denote sections along the

ERT transect with less woody vegetation and resulting wetter soils (low resistivity) compared to remainder of the vegetated transect line.

Shaw Forest
Perpendicular profiles ERT-P5 and ERT-P6 were collected
at Shaw Forest (Figure 8A) adjacent to MP-18 and MW-2,
respectively. ERT-P5 results (Figure 8B) indicate silt/clay soils,
much like those at ERT-P1 (Oneto-Denier), with both vertical
and lateral soil heterogeneity. Nearby lithologic data from the
MW-2 well log indicate pervasive silts and clays from 0 to 12m
depth. Resistivity values along ERT-P5 show agreement with this
well log, except at 80m where there is an isolated zone of low

resistivity that is interpreted as sandier soils (based on interpreted
resistivity values at ERT-P2, ERT-P3, and ERT-P4). The near-
surface soils (<2m depth) are more resistive from 60 to 128m
along ERT-P5, which correlates to denser understory vegetation
(red box, Figure 8B). A lower density of understory vegetation
along the first half of ERT-P5 correlates with less resistive
near-surface soils. The ERT-P6 profile correlates well with
MW2 (Figure 8C) and the low-density understory vegetation
matches with less resistive near-surface soils (<2m depth). The
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FIGURE 8 | Shaw forest (A) ERT study site, (B) ERT inversion results for ERT-P5, and (C) ERT inversion results for ERT-P6. Dashed yellow lines in (B,C) denote the

intersection point between these two ERT profiles. The red box in (B) denotes the section of the ERT profile that is more vegetated by thick blackberry bushes,

resulting in higher resistivity.

vegetation along ERT-P6 and the beginning (0–60m) of ERT-P5
comprised the same dominant plant species compared to the end
of ERT-P5.

Tall Forest
One ERT profile (ERT-P7) was collected at Tall Forest (Figure 9)
adjacent to a dirt access road just inside the edge of the
forest due to the density of the forest undergrowth. ERT-P7
resistivity results (Figure 9B) show low resistivity conditions

with mild lateral and vertical heterogeneity. Although there are
no monitoring wells nor lithological logs in Tall Forest, ERT-
P7 resistivity values were compared to the range of values in
Shaw Forest and Oneto-Denier, where monitoring wells exist.
The subsurface soils at ERT-P7 are interpreted as silt and
clay deposits from 0 to 60m along the profile. Conversely,
beyond 60m the soils show slightly higher resistivity, which
based on results observed at ERT-P2 were interpreted as
slightly sandier.
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FIGURE 9 | Tall Forest (A) ERT study site and (B) ERT inversion results for ERT-P7.

Vegetation Health Indicators
For each forest stand, summary statistics were calculated for:
(1) the 2013 and 2016 vegetation survey data (Table 2) used to
calculate each health indicator, and (2) the six health indicators
for each forest (Table 3; Figure 10). Castello Forest was found to
be statistically different (p< 0.05) from both Shaw Forest and Tall
Forest for all six health indicators. Shaw Forest and Tall Forest
were statistically similar (Table 3) for four of the health indicators
(growth, diversity, structure, and survivorship), and statistically
different (p < 0.05) for two of the health indicators (regeneration

and native plant dominance). Castello Forest scored lower than

both Shaw Forest and Tall Forest on every health indicator, and
Tall Forest scored higher than Shaw Forest for the regeneration

and native plant dominance indicators. Relative differences in

health indicators between forests resulted in Castello Forest

having the least healthy conditions due to lower growth, species

diversity, regeneration, vertical structure, and survivorship of

canopy from between 2013 and 2016. Health conditions of Tall

and Shaw Forests were more similar to each other in comparison
to Castello Forest, but slightly higher scores for regeneration

and native plant dominance resulted in Tall Forest having the
healthiest conditions.

DISCUSSION

Lithological and Hydrological Conditions
Subsurface lithological conditions in each forest were
characterized using ERT and lithological logs from available
monitoring wells. These independent data sources corroborated
each other and indicated broad qualitative differences across the
forest stands studied. Castello Forest showed sandier soils than
Shaw and Tall Forests, which both showed high clay/silt content.

Strong precedence exists to link soil texture as imaged by
ERT with the hydrological factor of soil moisture. It is broadly
accepted that clays and silts have much greater water retention
capacity than sands. Development of the ERT method identified
soil moisture as a separate factor influencing resistivity, and when
present with clay, the two are highly correlated. These principles
developed from empirical testing were applied in a similar study
by Robinson et al. (2008), where soil electrical conductivity
(inverse of resistivity) was used to map soil spatial distributions
across a large landscape with diverse plant communities. After
testing soil samples for clay content and volumetric water
content, they found soil resistivity to be controlled by both
factors, which were also positively correlated with each other and
soil water retention. These results are very similar to findings
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TABLE 2 | Summary statistics for vegetation data included in analyses.

n Mean SD Min Max

Castello forest

Total species count 19 14.1 2.5 11 18

Total # of native species 19 6.7 1.3 5 9

Total # of invasive species 19 7.3 1.9 4 11

Spherical Densiometer (2013) 19 66.1 25.9 18.2 98.7

Spherical Densiometer (2016) 19 35.0 14.7 12.2 59.1

Total cover of native plants 19 30.5 17.7 6.0 80.5

Total cover of introduced plants 19 95.0 19.8 17.0 114.5

Shannon-Wiener Evenness index 19 0.4 0.1 0.2 0.6

Total # of saplings 19 0.8 1.2 0 4

Total # of young trees 19 2.1 1.3 0 4

Total # of mature trees 19 1.7 1.1 0 4

Number of strata 19 3.6 1.4 2 6

Shaw forest

Total species count 20 16.1 5.5 10 32

Total # of native species 20 9.8 3.0 5 18

Total # of invasive species 20 6.2 2.8 3 13

Spherical Densiometer (2013) 19 90.9 8.7 61.7 98.4

Spherical Densiometer (2016) 20 69.1 13.8 27.6 92.4

Total cover of native plants 20 90.5 39.2 32.0 182.0

Total cover of introduced plants 20 34.0 31.0 2.0 124.0

Shannon-Wiener Evenness index 20 0.6 0.1 0.3 0.7

Total # of saplings 20 12.1 10.7 0 43

Total # of young trees 20 5.8 3.2 0 15

Total # of mature trees 20 3.3 2.1 0 9

Number of strata 20 6.4 0.7 5 7

Tall forest

Total species count 17 14.0 8.4 5 37

Total # of native species 17 10.8 5.3 5 24

Total # of invasive species 17 2.9 3.2 0 13

Spherical Densiometer (2013) 17 88.1 14.6 46.1 99.2

Spherical Densiometer (2016) 14 71.1 18.7 22.9 93.2

Total cover of native plants 17 117.6 35.7 64.5 170.5

Total cover of introduced plants 17 4.8 8.8 0.0 35.5

Shannon-Wiener Evenness index 17 0.6 0.1 0.5 0.8

Total # of saplings 17 35.5 22.6 2 78

Total # of young trees 17 9.2 4.9 1 20

Total # of mature trees 17 3.6 2.8 0 10

Number of strata 17 5.9 0.9 4 7

All forests

Total species count 56 14.8 5.8 5 37

Total # of native species 56 9.1 3.8 5 24

Total # of invasive species 56 5.6 3.2 0 13

Spherical Densiometer (2013) 55 81.4 21.0 18.2 99.2

Spherical Densiometer (2016) 53 57.4 22.8 12.2 93.2

Total cover of native plants 56 78.4 48.2 6.0 182.0

Total cover of introduced plants 56 45.8 43.5 0.0 124.0

Shannon-Wiener Evenness index 56 0.5 0.1 0.2 0.8

Total # of saplings 56 15.4 19.8 0 78

Total # of young trees 56 5.6 4.4 0 20

Total # of mature trees 56 2.9 2.2 0 10

Number of strata 56 5.3 1.6 2 7

from this study, where low resistivity values were associated with
soils of high clay content as observed in well logs. We therefore
adopt the fundamental concept that water retention was higher
in our clay-rich soils compared to the sandier soils.

Hydrologic evidence from the lower Cosumnes study
system also strongly supports the connection between ERT
measurements and soil moisture. Figures 4, 5 show that the
predominance of silt and clay that was observed in Tall Forest was
also coincident with the shallowest groundwater levels observed
through the historical record over nearly 50 years (Figure 4C),
with groundwater levels ranging between 0.5 and 3.7m. In
contrast, Castello forest had predominantly sandy soils and the
deepest groundwater levels observed (5.1–25.2m; Figures 4A,B).
Four years of data over a prolonged drought show that Shaw
Forest had groundwater levels intermediate between these two
(4.2–13.5m; Figure 5C). Therefore, groundwater availability
(higher soil moisture content and shallower groundwater levels)
increased progressively downstream from Castello Forest to
Shaw Forest to Tall Forest. Increasing groundwater availability
along the Cosumnes River is likely a combination of groundwater
flow gradients and soil type differences between forests. The
spatial distribution of riparian forests along this groundwater
gradient provides an opportunity to observe which groundwater
levels are supportive of healthy conditions within a GDE.

GDE Health
In this study, we developed an approach to quantify ecosystem
health within GDEs, using metrics of groundwater-dependent
vegetation as indicators, so that health conditions could be
statistically compared across the landscape. Vegetation indicators
used to infer GDE health conditions demonstrated that Shaw
and Tall Forests have statistically similar and greater health
conditions than Castello Forest. One of the major biological
differences between the forests was that Shaw and Tall Forests
both had a lush understory, whereas Castello Forest did
not. This difference was captured in the vegetative growth,
regeneration, and structure indicators, such that both Shaw and
Tall Forests exhibited higher vegetative growth (canopy cover),
regeneration (sapling recruitment), and structure (number of
strata present, including young trees) than Castello Forest. A lack
of regeneration at Castello Forest indicates that health conditions
may be in an unsustainable state in comparison to Shaw and
Tall Forests.

Greater vertical structure at Tall and Shaw Forests compared
to Castello Forest was also correlated to the diversity and native
plant dominance indicators. Greater species diversity in Tall
and Shaw Forests in comparison to Castello Forest was also
accompanied by a greater proportion of native plant cover. These
observations are consistent with previous research studies, which
found changes in groundwater availability to cause a functional
shift in the ecosystem away from native habitat toward more
favorable conditions for invasive species (Keddy and Reznicek,
1986; Moore and Keddy, 1988; Sommer and Froend, 2014).

Hydrological Controls on GDE Health
On the larger scale of the river reach studied, comparisons among
ERT profiles and groundwater monitoring well data showed
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TABLE 3 | Statistical results for each ecological health indicator.

Growth Diversity Regeneration Ecosystem structure Native plant dominance Survivorship

Castello n 19 19 18 19 19 19

Mean 35.0 0.4 20.2 51.9 24.4 56.8

SD 14.7 0.1 32.5 19.8 15.2 19.3

Min 12.2 0.2 0 28.6 6.4 14.1

Max 59.1 0.6 100 85.7 74.4 86.9

Shaw n 20 20 20 20 20 19

Mean 69.1 0.6 50.5 91.4 73.1 77.4

SD 13.8 0.1 24.2 9.7 20.5 14

Min 27.6 0.3 0 71.4 32.8 32.5

Max 92.4 0.7 100 100 98.4 101.7

Tall n 17 17 17 17 17 15

Mean 73.8 0.6 68.6 84.9 96.7 80.5

SD 18.0 0.1 16.9 12.8 5.3 18.6

Min 22.9 0.5 18.2 57.1 79.2 30.4

Max 93.2 0.8 95.8 100 100 113.4

ANOVA (Herberich et al., 2010) Castello: shaw p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05

Castello: tall p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05

Shaw: tall p = 0.68 p = 0.26 p < 0.05 p = 0.22 p < 0.05 p = 0.87

that clay-dominated sites (Shaw and Tall Forests) had shallower
depth to groundwater, retainedmore soil moisture, and sustained
healthier vegetation than the sandier site (Castello Forest),
with its greater depth to groundwater, reduced soil moisture,
and less healthy vegetation. This shows the strong influence
of groundwater availability and soil type on groundwater-
dependent riparian vegetation. Further studies may elucidate
more detailed mechanisms shaping groundwater availability,
such as hydraulic effects of root networks and surface flood
regimes. Further work may also refine the spatial scale at
which within-forest differences could be affected by small-scale
variations in underlying sediments. Our study, however, operated
at the scale of entire forest stands underlain by a sequence
of substantially different groundwater and soil conditions that
together influenced subsurface water retention and availability of
that water to a broad suite of plant species.

Therefore, differences in groundwater availability are most
likely the cause for the observed differences in ecosystem health
at our study sites, due to the spatial differences in groundwater
availability influenced by soil type and the groundwater level
gradient along the Cosumnes River. Our results support our
hypothesis that differences in ecosystem health correlate to
hydrological conditions, such that access to greater subsurface
moisture from shallower groundwater levels results in the
healthier conditions that were observed in Shaw and Tall Forests
in comparison to Castello Forest.

Some groundwater-dependent plants may have the adaptive
capacity to cope with absolute and relative changes to
groundwater availability depending on the rate, magnitude, and
duration of groundwater changes. However, previous research
demonstrates that if absolute and relative groundwater changes
are too drastic for rooting networks to adapt, groundwater
changes can result in a spectrum of biological responses, which

can range in severity from declines in productivity to increased
mortality (Scott et al., 1999; Shafroth et al., 2000; Canham et al.,
2012, 2015). Even in cases where some individual groundwater-
dependent plants have the capacity to adapt to gradual increases
in water stress due to groundwater decline, changes in the
ecosystem structure and community composition can still result
(Froend and Sommer, 2010). This phenomenon is consistent
with the decrease in number of strata and greater presence of
non-native species in Castello Forest in contrast to Shaw and Tall
Forests, thereby suggesting that long-term trends in groundwater
conditions may be contributing to the poorer health conditions
observed in Castello Forest.

The absence of understory trees at Castello Forest sends a
strong biological signal that regeneration is lacking and that the
current groundwater regime may not be accessible to younger
plants with shallower root systems. This is problematic because
if the groundwater regime is not restored to conditions where
sapling recruitment can occur, there will be no younger trees
present to replace mature trees once they inevitably reach
mortality. Groundwater depths near Castello Forest were also
deeper than the water depth value of ∼10m that is often
used to indicate the likelihood that plant rooting depths are
capable of accessing groundwater (Canadell et al., 1996; Eamus
et al., 2015; Rohde et al., 2018). Routine monitoring of health
indicators within each of the forest blocks, in conjunction with
groundwater level data from monitoring wells over time, would
help identify the groundwater level thresholds necessary to enable
regeneration and support GDE health in this area. However,
healthy conditions in Shaw Forest provide a preliminary insight
into what groundwater levels (observed at MW2) may be
necessary to support nearby riparian forests. With only 5
years of groundwater level data available at MW2, continuous
monitoring of groundwater levels and biological responses over
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FIGURE 10 | Box plots for each vegetation health indicator by forest stand. Dots represent data points outside the 25th and 75th percentiles (represented as the

vertical, thin black line).

time would help elucidate cause-and-effect relationships between
groundwater and the riparian forest, so adaptive management
can occur as more information becomes available.

CONCLUSION

This transdisciplinary study exemplifies the utility of combining
geophysical, geological, hydrological, and biological data
to explore potential groundwater impacts on GDEs in
an unconfined aquifer system. Hydrologic data gaps in
interconnected surface water systems are common due to
heterogeneous subsurface conditions, but are important to
understand since the interconnections between surface water
and groundwater can support perched groundwater, which can
offer an accessible source of groundwater to riparian vegetation
when unconfined aquifers are too deep. While it may be difficult
to accurately represent subsurface conditions in these aquifer
settings using sparse monitoring well networks and numerical
groundwater models, geophysics offers a complementary

approach for deducing the subsurface structure and soil
moisture distribution within ecosystems. Transdisciplinary
approaches such as these can elucidate insights on how these
systems functionally respond to changes or spatial differences in
groundwater availability.

This study also demonstrated the value of using vegetation
survey data to deduce GDE health. Vegetation survey data
offers the ability to determine a wide variety of biological
responses in an ecosystem ranging from growth to survivorship,
which can be used to investigate groundwater impacts to
ecosystems. It is highly advised that groundwater sustainability
managers interpret biological information in conjunction with
hydrologic data so that only those changes to ecosystem health
due to groundwater are addressed (Rohde et al., 2018). It is
important to note that although using vegetation data to deduce
ecosystem health is best used as a surveillance indicator in
routine monitoring, that it may overlook some critical biological
responses of rare, threatened, and endangered species. In these
circumstances, it is highly advised that water managers consider
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additional biological investigations that can better characterize
the condition of these valuable environmental assets.

Successful implementation of sustainable groundwater
legislation relies on practical biological and hydrologic metrics
that can be incorporated into monitoring regimes. For practical
reasons, monitoring regimes should at a minimum provide some
basic surveillance of the hydrologic conditions supporting GDEs
and the biological conditions within the GDE, so that cause-
and-effect relationships can be deduced. Practical biological
indicators that can integrate ecosystem-scale biological data
into water management monitoring programs and be used to
assess the health of GDEs in relation to hydrological conditions
are necessary but often missing in groundwater management
and monitoring programs. This study provides an approach for
water managers to integrate practical biological indicators that
can characterize GDE health into monitoring programs, so that
groundwater thresholds can be locally determined and adverse
impacts to ecosystems can be avoided. Bymonitoring GDE health
over time, water practitioners can determine if a correlation
exists between GDE health metrics and hydrologic datasets that
signal that potential groundwater impacts to the ecosystem are
occurring. This would help water managers identify groundwater
thresholds that can sustain GDEs and prioritize limited funds
and management efforts so that adaptive management of GDEs
under sustainable groundwater management can ensue.
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