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T
he 2018 Universities Council on Water 

Resources (UCOWR) Annual Meeting 

(Pittsburgh, PA) session on “Springs and 

Seeps: Hydrology, Ecosystem Functions, and 

Management” covered a wide range of spring and 

seep research and management issues. The general 

theme was that seeps and springs are valuable 

windows to better understand groundwater systems 

and their influence on streams and groundwater-
dependent ecosystems. The session called for more 

seep and spring research to improve understanding 

of the links between groundwater inputs and stream 

water quality/ecology. This work is needed to 

support the evolving legal/regulatory environment. 

In the current study, a review of seep water 

quality literature was supplemented with select 

case studies of seep behavior across a range of 

watershed disturbance. This approach was used 

to answer the question: Why do seeps act as 

contaminant sinks in some cases and contaminant 

sources in others? A review of recent legal opinions 

and seep literature provided a basis for the framing 

of scientific questions to support the legal and 
regulatory aspects of contaminated seeps. This 

work highlights areas of seep water quality and 

hydrological research that can apprise the legal and 

policy discussion on the role of the Clean Water 

Act (CWA) to address groundwater contamination 

that is conveyed to streams.

Surface seeps are locations where upwelling 

groundwater saturates the surface. The groundwater 

may be transported to nearby surface waters along 

surface and shallow subsurface flowpaths. Seeps 
are generally considered to be springs with lower 
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discharge magnitudes (Springer and Stevens 

2009). Seeps also may be submerged. Although 

there is extensive literature on spring occurrence 

(Alfaro and Wallace 1994; Stevens and Meretsky 

2008; Springer and Stevens 2009), less research 

has focused on seeps (Williams 2016). Seeps 

may differ from springs in that they often emerge 
over a diffuse area and generally have low flows 
that do not form channels. Groundwater seeps 

often flow diffusely through soils and vegetation 
(Williams 2016), therefore seep discharge may be 

more difficult to measure relative to larger springs. 
However, from a water quality perspective, diffuse 
seeps may receive more filtration and greater 
potential for biological interaction and treatment. 

There is generally a flow-based continuum 
between seeps and springs (Springer and Stevens 

2009); seeps may have a range of conditions from 

diffuse flow to rivulet-pipe flow (Shabaga and 
Hill 2010). Those conditions may vary seasonally 

based on the magnitude of seep discharge and 

evapotranspiration. Seeps may occur due to an 

abrupt change in topographic slope (Stein et 

al. 2004), also referred to as groundwater slope 

wetlands (Brinson 1993). Seeps may also occur 

due to a lateral or vertical change in subsurface 

sediment (Vidon and Hill 2004), soil and/or 

bedrock hydraulic properties, bedrock contacts, 

joints, fractures, and fault zones (West et al. 2001) 

(Figure 1).

There is limited work on groundwater seep 

classification systems. However, a framework 
exists for classifying springs based on spring 

hydrogeology and ecology (Springer and Stevens 

2009). This spring characterization work can serve 

as guidance for further seep characterization efforts. 
Williams (2016) provided a classification of seeps 
into three general classes: helocrene (emerges from 

wetlands/marshy substrate); limnocrene (discharge 

into a pool); and rheocrene (flowing spring that 
emerges into channels) (Figure 1). Seeps and 

springs can also be categorized based on their 

magnitude of flow and flow permanence. However, 
since flow permanence assessment requires 
monitoring, many studies may not have enough 

data for accurate flow characterization. Williams 
(2016) recommended a flow characterization 
system for low flow: <0.01 m3/s; medium flow: 
0.01-0.5 m3/s; and high flow: >0.5 m3/s. Flow is 

an important variable for characterizing seeps and 

springs because of its influence on temperature 
and habitat. Seep discharge can influence the local 
ecology due to its controls on primary productivity, 

food supply (leaves and detritus), and influence 
on spring or seep-bed substrates (Williams 2016). 
Seep flow magnitude and timing can influence the 
extent of the seep habitat, disturbances, availability 

of food, temperature, moisture, and water quality. 

The invertebrate community that lives in and 

around the seeps is generally adapted to the range 

of common flow conditions (Williams 2016). 
From an ecological perspective, seeps may 

have less diverse fauna than springs, but there may 

be genera found only in seeps (seep specialists) 

(Williams 2016). In addition to habitat for seep 

and spring specialists, seeps are important to 

groundwater-dependent ecosystems due to 
the groundwater inputs they provide and their 

influences on temperature, water chemistry, 
riverine biota, and in-stream processes (Boulton 
and Hancock 2006). Seeps can provide a wide 

range of ecosystem services (Figure 2) (Griebler 

and Avramov 2015). Seeps can serve as a linkage 
between the groundwater and surface water system 

and during summer base flows, may provide the 
dominant source of streamflow in some headwater 
catchments (Burns et al. 1998; West et al. 2001; 

O’Driscoll and DeWalle 2010; Morley et al. 2011). 

Seeps and other groundwater inputs are important 

to sustaining streamflows, as groundwater is the 
primary source of streamflow in many catchments 
across the globe (Winter 2007; Santhi et al. 2008; 

Beck et al. 2013; Miller et al. 2016).

Seeps can bestow water quality services by 

contributing to food webs (Williams 2016) and 

by attenuation of contaminants (O’Driscoll and 

DeWalle 2010). However, seeps can also act as 

net contaminant sources (Williams et al. 2014, 

2015; Humphrey et al. 2018). From a water quality 
perspective, seeps can provide portholes to observe 

groundwater quality. When groundwater flowpaths 
transport contaminants to seeps, the discharge 

water quality can provide important insights into 

subsurface contaminant attenuation. 

Although seeps may make up a relatively 

small extent of a catchment, they are important 

components of the watershed ecosystem because 

of their capability to translate groundwater 
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Figure 1. Variables that influence seep flow and their influence on downstream water quality (modified from Hill 
1996; Shabaga and Hill 2010; Williams 2016).

Figure 2. The variety of ecosystem services that seeps can provide including contributions to water quality, water 

quantity, and biodiversity (modified from Griebler and Avramov 2015).



60

UCOWRJournal of Contemporary Water Research & Education

Groundwater Seeps: Portholes to Evaluate Groundwater’s Influence on Stream Water Quality

contaminants to streams and wetlands (Williams et 

al. 2014; Humphrey et al. 2018) and act as nutrient 

cycling (McClain et al. 2003) and ecological 

diversity hotpots (Stevens and Meretsky 2008; 

Griebler and Avramov 2015; Williams 2016). 
Springs and seeps are key aquatic habitats because 

they exert a broad influence on regional ecosystem 
structure, function, and evolutionary processes 

(Stevens and Meretsky 2008). The next section 

will focus on seep water quality behavior across a 

gradient of watershed disturbance.

Seeps across a Gradient of 

Disturbance

In this study, examples of a range of seep water 

quality responses are provided from a series of seep 

water quality studies conducted across contrasting 

land-uses. The examples include a relatively 
undisturbed forested catchment in the Appalachian 

Plateau (PA), a rural Coastal Plain seep (NC), two 

suburban seeps in the Piedmont (NC), and an urban 

Coastal Plain seep (NC) (Figure 3). The seeps were 

sampled across several different studies, therefore 
the seep sampling timeframes did not overlap.

At the forested seep site at Baldwin Creek, PA, 

this Appalachian Plateau watershed was relatively 

undisturbed. Twenty-three seeps were identified 
and monitored monthly for a year (O’Driscoll and 

DeWalle 2010). Fifteen seeps flowed regularly 
and of these, thirteen were nitrate sinks on an 

annual basis (Figure 4). The results suggested that 

temperature (positively) and discharge (inversely) 

influenced the degree of seep nitrate attenuation. 
On an annual basis, seep nitrate concentrations 

declined by 31% along the seep surface flowpath 
(between the seep emergence point and where 

the seep flowed into the stream; seep flowpaths 
ranged from 20 - 400 m, with a median value of 
150 m), suggesting that seeps generally acted as 
nitrate sinks. However, during winter and cooler 

periods, when discharge was elevated and water 

temperatures declined, the likelihood for seep 

nitrate bypass increased (O’Driscoll and DeWalle 

2010) (Figure 4).

At a rural seep site in the Coastal Plain of NC 

(Craven County), surface seep versus subsurface 

flowpaths were compared for nitrogen attenuation. 
At this site there was a wastewater plume that was 

upwelling via a seep that drained to an adjacent 

Figure 3. Maps and location information for the four seep water quality sites that occurred across a gradient of 

watershed disturbance. The sites include a relatively undisturbed forested catchment in the Appalachian Plateau 

(Baldwin Creek, PA), a rural Coastal Plain seep (Craven Co., NC), two suburban seeps in the Piedmont (Lick Creek, 

NC), and an urban Coastal Plain seep (Town Creek, NC).
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Figure 4. Seep water quality data for 15 seeps at Baldwin Creek, PA that were sampled monthly for a year. (Top) The 
seep nitrate concentrations typically declined from the seep emergence point to the location where the seep flowed 
into the stream, suggesting the seeps typically behaved as nitrate sinks. (Bottom) Water temperature and discharge data 

collected concurrently revealed a direct relationship between seep nitrate attenuation and temperature and an inverse 

relationship between seep nitrate attenuation and discharge.
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stream. The wastewater plume at the site was 

delineated using electrical resistivity mapping, 

specific conductance, groundwater nitrogen 
concentrations, and groundwater chloride data 

(Humphrey et al. 2013). The seep downgradient of 

the plume was sampled periodically during 2012-
2018 (16 seep sampling events) for comparison 

with groundwater quality data collected from 

piezometers. A comparison was made between the 

groundwater nutrient and chloride concentrations 

in the riparian buffer and the seep water. The 
piezometers located in the riparian buffer area 
had groundwater nitrogen and chloride data that 

indicated that the wastewater plume was upwelling 

in the riparian area, but at most riparian piezometers 

(except for piezometer 18, adjacent to the seep), 

the nitrogen attenuation in the surficial aquifer and 

riparian zone sediments was adequate to reduce 

groundwater total dissolved nitrogen (TDN) 

concentrations to background levels. However, the 

groundwater that upwelled at the seep contained 

elevated nitrogen concentrations associated with 

the wastewater inputs (Figure 5). A summary of all 
sampling dates revealed that median TDN declined 

by 93% (57.3 mg/l to 3.9 mg/l) from the wastewater 
tank to the riparian buffer wells. However, for the 
portion of the wastewater plume that upwelled at 

the seep and flowed into the channel, the decline 
in groundwater TDN from the tank to the seep 

was 79% (57.3 mg/l to 12.3 mg/l), suggesting 
lower nutrient attenuation due to the groundwater 

flowpath upwelling prior to flowing through the 
forested riparian buffer. In this case the seep was 
behaving as a nutrient source to the stream. This 

Figure 5. At an elementary school site in Craven Co., NC a seep that drained to a stream was found to be affected by a 
local wastewater plume. (a.) The wastewater plume at the site was delineated using electrical resistivity mapping and 

water quality data (Humphrey et al. 2013). (b.) Groundwater TDN and Cl concentrations in the riparian buffer and the 
seep water revealed that nitrogen attenuation was enhanced when groundwater flowpaths went through the riparian 
sediments, in contrast to the seep. (c.) Declines in nitrogen concentration between the tank, the adjacent riparian buffer 
well (MW-17), and the seep suggested enhanced nitrate attenuation in the riparian buffer sediments. (d.) Seep nitrate 
concentrations were elevated relative to background conditions, indicating wastewater-related nitrogen was being 
delivered to the seep.
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example showed that the flowpath that groundwater 
takes to the stream can have a large influence on 
nitrogen delivery to the channel and seeps may act 

as nutrient (or other contaminant) sources.

At suburban seep sites in Durham County, NC, 

several seeps were identified at residential sites 
that drain to a tributary to Falls Lake. Falls Lake 

is a manmade reservoir that serves as a water 

supply for the City of Raleigh, NC. It also provides 

flood control and recreational opportunities. This 
reservoir has been classified as nutrient-sensitive 
since the early 1980s and was classified as eutrophic 
in the early 2000s. Recent nutrient management 

efforts have been implemented to improve water 
quality and use attainment (City of Durham 2012). 

Sampling was conducted to evaluate if the seeps 

were potentially transporting nutrients from onsite 

wastewater treatment systems to nearby creeks 

(Iverson et al. 2019). 

Two intermittently flowing seeps were monitored 
from March 2017-June 2018 (seep 1, n=8; seep 2, 
n=5; the difference in n values occurred because 
seeps were not always flowing simultaneously) 
(Iverson et al. 2019). In an earlier study (Iverson 

et al. 2018) the median annual stream base flow 
TDN concentration was 0.97 mg/l for a nearby 

forested reference stream. Relative to these 

reference conditions, both seeps contained elevated 

concentrations of nutrients, but seep 1 had much 

greater concentrations (Figure 6). The elevated 

ammonium and TDN from seep 1 may be indicative 

of a septic system malfunction as raw wastewater 

generally contains elevated TDN, mostly in the form 

of ammonium or organic nitrogen (US EPA 2002). 

Septic system malfunctions can lead to transport 

of ammonium and/or organic nitrogen (O’Driscoll 

et al. 2014). It is possible that other sources could 

contribute elevated TDN and ammonium (e.g., 

fertilizers, pet and wildlife waste); however, based 

on other data collected, septic systems appear to be 

a likely source. Median chloride concentrations in 

seep 1 and seep 2 were 36.1 mg/l and 28.3 mg/l, 

respectively. A recent study showed wastewater 

chloride concentrations sampled from tanks in 

the study area were between 43.3 mg/l and 50.7 
mg/l (Humphrey et al. 2016). The seep chloride 

concentrations were more similar to wastewater 

than background stream chloride concentrations in 

a nearby forested watershed (9.69 mg/l). Similarly, 

median specific conductance measured at seep 1 
and 2 was 520 µs and 242 µs, respectively, and 

elevated relative to median background levels in 

a nearby forested stream (108 µs) (Iverson et al. 

2018). 

δ15N-nitrate and δ18O-nitrate samples were collected 

from seep 1 and seep 2. For seep 2, values for 

δ15N-nitrate and δ18O-nitrate were 23.6‰ and 11.7‰, 

respectively, which falls within the manure and 

septic effluent range of 8 to 23‰ and 0 to 14‰ for 
δ15N-nitrate and δ18O-nitrate, respectively (Kendall and 

McDonnell 1998; Silva et al. 2002). However, seep 1 

values were lower at 5.5‰ and 1.9‰ for δ15N-nitrate and 

Figure 6. Nutrient concentration data for two residential seep sites along Lick Creek, Falls Lake watershed, NC. 

Boxplots of nitrogen [ammonium (NH
4
-N), nitrate (NO

3
-N), total dissolved nitrogen (TDN)] and phosphate (PO

4
-P) 

concentrations for groundwater seep 1 (a.) and seep 2 (b.) Filled circles (•) denote mean values, while pluses (+) 
denote outliers.
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δ18O-nitrate, respectively, which fell slightly outside 

the wastewater range for δ15N-nitrate (Kendall and 

McDonnell 1998; Silva et al. 2002). That sample 

was collected during storm conditions and it is 

possible that organic, fertilizer, and/or wastewater 

sources of nitrate were mixed during storm events. 

These values are only based on one isotopic sample 

and more sampling would help confirm results. 
These watersheds contain mostly (> 90%) forest 
and residential land uses (Iverson et al. 2018), 

thus agricultural fertilizer is not a likely source 

of nitrogen. This example showed that seeps may 

act as conveyances for nutrients from wastewater, 

lawn fertilizer, and other anthropogenic sources in 

residential settings.

Seeps may also be affected by legacies 

of industrial chemical disposal and leaking 

underground petroleum tanks. Leaking petroleum 

can lead to BTEX (benzene, toluene, ethylbenzene, 

and xylene) compound transport to streams via 

groundwater. At an urban Coastal Plain site, a seep 

was monitored that was highly impacted by two 

or more leaking underground storage tanks. The 

tanks were leaking petroleum prior to the 1980s 

(Blackmon 2017; Humphrey et al. 2018). Benzene 

was upwelling with groundwater at the seep and 

influencing water and soil/air quality (S&ME, 
Inc. 2011) along Town Creek (Greenville, NC). 

Soil samples collected away from the seep had 

lower emissions of benzene in comparison to at 

the seep and when compared to an unimpaired 

seep draining the other side of the stream. The 

Figure 7. At an urban Coastal Plain site (Town Creek, Greenville, NC), a seep was monitored downgradient of at 

least two leaking underground petroleum storage tanks. (a.) the plume extent was approximated from an earlier study 

(NCDENR 1990). (b.) Stream and seep data from earlier studies indicated that benzene from the seep was affecting 
stream water quality (data source: S and ME 2011 and Humphrey et al. 2018). (c.) The impaired seep showed elevated 

soil benzene concentrations in contrast to a seep on the opposite side of the stream (sampled on four dates from 4/5/16 
to 6/29/16, Blackmon 2017). (d.) Upstream and downstream of the impaired seep the soil benzene concentrations 

declined (longitudinal survey on 5/25/15).
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petroleum-impaired seep was a pathway for 
benzene exposure via water and air (Figure 7). 

These data also showed that seep disturbances may 

originate at long distances from the actual seep, the 

leaking gas tanks that were the likely contaminant 

source were approximately 0.4 km or 0.25 miles 
upgradient of the seep (NCDENR 1990).

Overall, these examples showed that seeps 

can integrate the effects of upstream land-use 
disturbances and human activities on groundwater. 

When undisturbed and surrounded by forest 

canopy, seeps may be more likely to behave as 

contaminant sinks (particularly for nutrients), 

whereas when seep catchments or seeps are 

disturbed by a variety of human activities, seeps 

can serve as a conveyance to deliver a range of 

contaminants to the stream. The seeps that received 

elevated nutrient concentrations were associated 

with recent wastewater management activities and 

best management practices might reduce those 

inputs. In contrast, the urban seep contamination 

was associated with a legacy of leaking petroleum 

tanks; resolving that situation would require a 

more intensive groundwater remediation effort 
in the upgradient surficial aquifer. Understanding 
the nature of the groundwater flowpaths to seeps 
and associated contaminant sources can improve 

remedial efforts. In the peer-reviewed literature, 
there is a wide range of seep behavior documented. 

Next, the discussion will focus on previous studies 

on the topic of seep water quality and the factors 

that lead to seeps behaving as contaminant sinks 

or sources.

Seeps as Contaminant Sinks 

Numerous studies suggest that seeps in forested 

catchments can act as nutrient sinks (Fisher and 

Acreman 2004; O’Driscoll and DeWalle 2010; 

Kaur et al. 2016), but seasonal variability in 

discharge and reduced biological activity during 

cooler months can lead to seeps behaving as 

nitrogen sources during cooler or wetter periods 

(O’Driscoll and DeWalle 2010; Shabaga and Hill 

2010). Surface water – groundwater interactions, 

discharge, soil type, organic matter, moisture 

conditions, and vegetation all vary along seeps 

and their variability can influence the dominant 
mechanisms of nitrogen transformation and 

retention along seeps. Additionally, the seasonal 

and event variability of runoff, temperature, and 
soil moisture can lead to temporal variability in 

nitrogen attenuation. It has also been shown that 

the availability of phosphorus can influence the 
degree of nitrogen attenuation (Gibson et al. 2015).

In two forested catchments in VT, Kaur et al. 

(2016) found that seeps had gross nitrification 
rates approximately three times higher than those 

for upland soils and nitrate consumption was 

eight times higher in seep soils vs. upland soils. 

Overall, their work showed that seep soils can 

be hotspots for nitrification and denitrification, 
and the balance can determine if seeps behave as 

nitrogen sources or sinks. In Baldwin Creek, PA 

(as previously mentioned), nitrate concentrations 

in groundwater along a series of seeps declined 

suggesting that the forested seeps generally acted 

as nitrate sinks (O’Driscoll and DeWalle 2010). 

In a tracer study in New Zealand, Rutherford and 

Nguyen (2004) injected nitrate along seeps (also 

referred to as riparian swales) to quantify seep 

nitrate attenuation. They observed a 24% decline 

in nitrate concentration along a 1.5 m flowpath, 
indicating that seeps could act as nitrate sinks. Their 

work suggested that significant nitrate reductions 
downseep could be achieved when subsurface 

residence times were a day or longer. However, 

downseep nitrate concentration bypasses (or 

increases) likely occur when the surface flowpath 
dominates the seep discharge (Rutherford and 

Nguyen 2004). These seep bypasses can play an 

important role in influencing whether a seep is a 
nutrient source or sink over time. 

Seep bypass can be defined as an occurrence 
when nitrogen concentrations of upwelling seep 

water remain constant or increase downseep 

(Gold et al. 2001; Rosenblatt et al. 2001). There 

is a portion of seep flow, predominantly surface, 
that is quickly transported downgradient. This 

rapid surface flow may not undergo substantial 
biotic uptake or denitrification (Gold et al. 2001). 
The mechanisms that can lead to reduced nitrogen 

attenuation during elevated seep discharge periods 

include a reduction in: particle settling, sediment–

water contact times, nitrogen retention in sediment 

and/or vegetation (Seitzinger et al. 2002; Shabaga 

and Hill 2010), and increased flushing of nitrate 
from soils (Ocampo et al. 2006). 
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Seeps as Contaminant Sources 

A wide variety of studies have documented 

seeps acting as contaminant sources to rivers. 

Seeps and/or springs have been documented to 

transport nutrients (Williams et al. 2015), pesticides 
(Van Stempvoort et al. 2016), wastewater and 

pharmaceuticals (Humphrey et al. 2013; Spoelstra 

et al. 2017), coal combustion products (Harkness 

et al. 2016), petroleum-related compounds 
(Humphrey et al. 2018), trichloroethylene (TCE) 

(Chapman et al. 2007), road salts (Foos 2003), 

landfill leachate (Atekwana and Krishnamurthy 
2004), bacteria (Fisher et al. 2000; Baker et al. 

2011), Giardia (Rose et al. 1991), and acid mine 

drainage (Brake et al. 2001; Johnston et al. 2017) 
to nearby streams and wetlands. Generally, these 

elevated seep contaminant inputs are related to 

land-use and human activities within the seep 
catchment that are associated with fertilizer and 

manure, pesticide, coal, oil, and gas activities, 

waste management, wastewater, and livestock, 

pet, and wildlife waste. However, in some cases 

forested catchments have also shown elevated 

nutrient and solute concentrations at seeps 

(Likens and Buso 2006; Zimmer et al. 2013). 

One potential explanation is that due to lag times 

between groundwater recharge and seep or spring 

discharge, summer base flow can originate from 
previous dormant seasons when nitrate in recharge 

is generally elevated (Burns et al. 1998).

Studies revealing seeps as nutrient sources 

have mainly been conducted in agricultural 

watersheds (Shabaga and Hill 2010; Williams 

et al. 2014, 2015, 2016) and are associated with 
upgradient fertilizer and manure applications. The 

most detailed work on seeps as nitrogen sources 

in agricultural watersheds has been performed at 

Mahantango Creek watershed in central PA by 

the USDA-ARS. In this agricultural watershed, 
Williams et al. (2014, 2015, 2016) performed a 
series of seep studies focused on improving the 

understanding of agricultural nitrogen transport to 

streams. In general their work showed that seeps 

can provide preferential flowpaths that convey 
nutrients from agricultural fields to streams 
and can lead to elevated nutrient transport to 

streams (Williams et al. 2014, 2015, 2016). They 
recommended to prioritize seep areas for enhanced 

management in agricultural catchments because 

they can be nutrient hotspots (Williams et al. 2014). 

In addition, their work indicated the importance 

of time-varying stream-groundwater interactions 
and the influence of seep presence on agricultural 
nutrient delivery to streams (Williams et al. 2016). 

In related work, a USGS study across a range 

of five agricultural watersheds (Tesoriero et al. 
2009) looked at base flow and nutrient pathways 
to streams. They concluded nitrate transport has 

a high degree of spatiotemporal variability, and 

preferential flowpaths such as seeps can play a 
large role in nitrate transport to streams. These 

studies indicate the importance of detailed riparian 

groundwater and seep measurements to understand 

nitrogen delivery to streams.

The type of seep flow can also influence nutrient 
transport in agricultural watersheds. In Ontario, 

Canada, Shabaga and Hill (2010) found that the 

seep flow to the channel played a large role in 
nitrogen attenuation. They developed a conceptual 

model of the seep end-members of rivulet-pipe 
flow and diffuse surface flow. Overall, they found 
that nitrate removal along rivulet-pipe networks 
was inefficient, but when waters flowed diffusely 
through the riparian zone large nitrate declines 

could occur, particularly in the summer months. 

Seeps in agricultural watersheds can also 

transport pesticides to streams. In a study in the 

Nottawasaga River Basin, ON, Canada, Van 

Stempvoort et al. (2016) studied glyphosate, a 

widely used pesticide that is expected to sorb to soil 

particles (Borggaard and Gimsing 2008). However, 

leaching may occur in settings where preferential 

flowpaths exist, such as groundwater seeps. They 
collected 153 samples of seep groundwater along 
the Nottawasaga River and found that 7.8% of 

those seep samples had detectable concentrations 

of glyphosate, with most detections occurring in 

the spring and summer. Shorter term seeps were 

more likely to have glyphosate since it is more 

likely to be transported along shorter residence 

time flowpaths where attenuation is minimal, and 
those ephemeral seeps may only be active during 

wetter periods. Overall, the results suggested 

that glyphosate could be transported from field 
application sites via groundwater flowpaths to 
seeps, and seeps that flow less regularly may drain 
shallower groundwater that is more likely to be 
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contaminated by surface activities. Tang et al. 

(2012) looked more broadly at general pesticide 

transport mechanisms from agricultural fields and 
found that saturation excess runoff generation 
mechanisms could transport pesticides from field 
to stream. Upwelling groundwater at seeps flowing 
to the stream can serve as a transport mechanism. 

Saturated areas related to toe slopes where seeps 

may occur are generally more vulnerable to 

pesticide loss via overland flow than the rest of the 
catchment because of greater runoff generation in 
these areas (Tang et al. 2012).

In addition to nutrients and pesticides, 

agricultural watersheds have also been shown 

to transport bacteria to seeps. Livestock 

agriculture can be one of the major causes of 

bacterial contamination of surface and ground 

waters (Jamieson et al. 2002). In their review of 
fecal bacteria transport in agricultural soils and 

subsurface drainage, they documented the main 

factors influencing fecal bacteria survival, such 
as: soil type and moisture conditions, temperature, 

pH, rate of manure inputs, nutrient status, and 

microbial competition. Bacterial survival and 

transport is enhanced in cool conditions and when 

macropore flows occur, since the physical filtration 
through micropores is the main factor controlling 

bacteria mobility. Their work suggests that seep 

transport of bacteria from livestock operations 

may occur if seep flow is fed through macropores. 
Because livestock are generally drawn to water and 

shade during warmer months, they can often graze 

in riparian areas where seeps are more common 

and impacts can include soil compaction/erosion, 

devegetation, and water quality degradation 

(Agouridis et al. 2005). Approaches to protect 
riparian seep areas include riparian fencing, off-
stream water sources, stream crossings, riparian 

buffers, and grazing management (Agouridis et al. 
2005; Swanson et al. 2015). Although relationships 
with riparian pasture cover and increased E. coli 

have been documented (Scott et al. 2017), limited 

studies have evaluated seep E. coli transport in 

pasture lands (Collins and Rutherford 2004). 

Collins and Rutherford (2004) developed a model 

to simulate E. coli and used field measurements 
to illustrate elevated E. coli inputs from seepage 

areas accessed by cattle (104 to 108 MPN) during 

base flow and rain events. Although there are 

a range of studies on domesticated livestock 

impacts to riparian areas (Agouridis et al. 2005), 
less information is available on impacts by feral 

livestock. However, studies have shown impacts 

by feral hogs to seeps (FL) (Engeman et al. 2007) 

and feral horses to riparian areas (NV) (Beever and 

Brussard 2000). 

In addition to bacteria, protozoa 

(Cryptosporidium) have been found to discharge 

at springs (Rose et al. 1991) and the authors 

suggested based on their results that upwelling 

groundwater that contains Cryptosporidium can 

present a risk of transmission of infections if the 

water is not treated. This and other studies suggest 

there is the possibility of spreading infections by 

groundwater seeps. For example, in Townsville, 

Australia, researchers found that groundwater 

seeps contained a bacterium linked to a fatal type of 

pneumonia (melioidosis) (Baker et al. 2011). They 

concluded that groundwater seeps may facilitate 

exposure to the bacterium and this may have 

contributed to the clustering of melioidosis in the 

area. This study revealed that seep exposure data 

may provide public health officials with guidance 
to implement management actions. 

Another common source of contaminants to 

streams is wastewater (Humphrey et al. 2015), 
which can contain elevated concentrations of 

nutrients, bacteria, and pharmaceuticals. In 

rural settings where decentralized wastewater 

treatment results in wastewater inputs to the 

surficial aquifer, wastewater plumes that intersect 
and upwell at groundwater seeps may serve as a 

source of contaminants to seeps (Figures 5 and 
6). Wastewater-impacted groundwater and its 
transport to seeps can deliver pharmaceutical and 

personal care products to adjacent surface waters. 

In a recent study in the Nottawasaga River Basin, 

ON, Canada, Spoelstra et al. (2017) evaluated 

groundwater wells and seeps along the banks of 

the river to evaluate if wastewater from local septic 

systems was discharging at the seeps or present in 

well water. They utilized four common artificial 
sweeteners as tracers and found those tracers in 

approximately 30% of the samples. For the seeps 

studied, 2 - 4.7% of the seeps had a septic effluent 
contribution of at least 1%. This study showed 

that pharmaceutical and personal care products 

associated with onsite wastewater effluent can be 
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transported to surface waters via groundwater seeps 

(Spoelstra et al. 2017). In a similar effort in the 
Puget Sound watershed in WA, James et al. (2016) 
sampled approximately 20 seeps draining to the 

sound. They sampled seeps for a suite of emerging 

contaminants (including caffeine, ibuprofen, 
sucralose, atrazine, and others) and fecal bacteria. 

They found that the presence of sucralose in seep 

water could indicate a contribution of wastewater 

to the seep. At sites with known or presumed 

impacts by septic systems they found high 

detection frequencies of sucralose, acetaminophen, 

caffeine, ensulizole, and ibuprofen and indicated 
that these compounds could serve as indicators of 

wastewater and potential bacterial contamination. 

It was suggested to use more than one tracer due to 

the variability of septic inputs (James et al. 2016).
In urban and industrial areas, a range of organic 

chemicals have been found to discharge from 

seeps, particularly petroleum-related compounds 
(Humphrey et al. 2018), TCE (Chapman et al. 2007), 

and landfill leachate (Atekwana and Krishnamurthy 
2004). Leaking underground petroleum tanks have 

led to BTEX compounds being transported to 

streams via seeps (Humphrey et al. 2018) (Figure 

7). In addition, industrial solvent plumes have been 

shown to contaminate seeps. A detailed field study 
of a TCE plume at a former industrial facility in 

CT showed that TCE was discharging to the surface 

via seeps. TCE at seeps and in shallow groundwater 

may experience volatile organic carbon mass 

loss to the atmosphere, a mechanism that might 

also contribute to plume attenuation. TCE plume 

attenuation was enhanced prior to discharge to 

the river downgradient because of groundwater 

discharge to a pond and smaller streams, where 

some attenuation could be attributed to water-air 
exchange (Chapman et al. 2007).

Landfills have also been shown to contribute 
contaminants to seeps. Atekwana and 

Krishnamurthy (2004) investigated groundwater 

seepage to a stream adjacent to a landfill in 
Kalamazoo, MI. They used stable carbon isotopes 

(13C) as a tracer for landfill leachate. Groundwater 
from the stream bank adjacent to the landfill and 
groundwater seepage into the stream showed 

evidence of dissolved inorganic carbon that 

was enriched in 13C, associated with landfill 
leachate. This study suggested that the stream 

was likely affected by landfill leachate delivered 
via groundwater flowpaths. In another study in 
North Sea Harbor, NY, Gobler and Boneillo (2003) 

found groundwater seepage chemistry indicative 

of landfill leachate downgradient from an unlined 
municipal landfill. Groundwater seepage had 
elevated concentrations of ammonium, dissolved 

organic carbon, and low dissolved oxygen. The 

N-rich groundwater contributed approximately 
80% of the inorganic nitrogen to the embayment. 

They concluded that landfill leachate upwelling 
at groundwater seepage areas could contribute to 

eutrophication (Gobler and Boneillo 2003). 

Oil, gas, and coal production and use have 

led to seep contamination. Although naturally 

occurring petroleum and natural gas seeps occur 

in a variety of sedimentary basins (Donovan 1974; 

Philp and Crisp 1982; Schimmelman et al. 2018), 

in some cases the development activity can lead 

to groundwater contamination. Recent work by 

Woda et al. (2018) revealed that in Lycoming 

County, PA, leaking gas wells associated with 

shale gas development led to elevated methane 

concentrations in groundwater seeps, and they 

suggested that methane influx to the aquifer could 
lead to mobilization of groundwater contaminants 

such as arsenic. These and other studies suggest 

that greater monitoring of groundwater wells 

and seeps in areas of unconventional natural gas 

extraction may be called for (Jackson et al. 2013). 
A recent study by Harkness et al. (2016) focused 

on evaluating the leakage from coal ash ponds in 

the southeastern U.S. They evaluated nine seeps 

adjacent to coal ash lagoons and found elevated 

concentrations of boron, strontium, and isotopic 

tracers indicative of coal combustion residuals. 

Overall, the seep data collected indicated that 

leaking coal ash ponds were impacting surface 

water quality. In a recent study, Brake et al. (2001) 

studied West Little Sugar Creek (IN) and the 

effects of acid mine reclamation associated with a 
coal mine. They found acidic seeps formed in the 

acid mine drainage reclamation area. The acidic 

effluent had low pH and several contaminants that 
exceeded state/or national water quality standards. 

They concluded that even after reclamation, the 

seeps and other inputs of acid mine drainage 

resulted in impaired aquatic ecology. Johnston et 
al. (2017) studied acid mine drainage from a gold 
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and silver mine to a headwater stream in Empire, 

CO. They found that pH was inversely related to 

seep specific conductivity. Electrical resistivity 
imaging helped to identify seepage areas that were 

contributing acid mine drainage to the stream and 

these approaches may help to target remediation 

efforts. Another study in SC showed that seeps 
from a reject coal pile were responsible for creating 

high salinity, low pH conditions in adjacent soils. 

The low pH and high salinity resulted in vegetation 

dieback and limited the revegetation of the seep 

area (Carlson and Carlson 1994). 

Other occurrences of saline seeps have been 

found to be naturally occurring as a result of 

groundwater upwelling from buried salt deposits 

(e.g., Manitoba, Canada; Grasby and Londry 

2007) or caused by anthropogenic activities. 

Anthropogenic activities that can lead to elevated 

salinity at seeps include oil and gas activity, 

agricultural irrigation in arid regions, and road salt. 

In a study of 37 springs and seeps in Cuyahoga Falls, 

OH, it was found that road salt was the primary 

contributor to increased total dissolved solids at 

the springs and seeps (Foos 2003). In arid regions, 

salinity can be concentrated at seeps. For example, 

in Australia, sandplain seeps occur where salts 

from groundwater discharge are concentrated at 

the surface due to evaporation (George 1991). The 

salinity can affect agricultural use and vegetation 
growth in seep areas and a range of reclamation 

efforts have been attempted to reduce associated 
soil salinization, including interception drains and 

eucalyptus trees (George 1991). Overall, a wide 

range of studies have shown that groundwater seeps 

can be contaminated by a variety of agricultural, 

industrial, and urban contaminant sources. Recent 

legal cases have focused on water quality of seeps, 

springs, and seepage zones along navigable rivers 

because of their ability to transport contaminants 

to navigable surface waters regulated under 

jurisdiction of the CWA.

Emerging Legal and Policy Issues – 

Seeps, Groundwater, and the Clean 

Water Act

Since the turn of the century, numerous court 

cases (Table 1) have suggested that seeps with 

measureable impacts on adjacent surface water 

quality may fall under CWA jurisdiction if the 

contaminated groundwater that discharges at a 

spring or seep or through stream channel sediments 

is hydrologically connected to navigable waters. 

Numerous recent articles on the legal aspects of 

contaminated groundwater inputs to navigable 

streams have focused on recent case law and 

the applicability of the CWA to contaminated 

groundwater that is transported to navigable waters 

(Kvien 2015; Juilfs 2016; Smith 2016; William 
and Endres 2017). Although the CWA primarily 

regulates surface water quality (specifically 
point source contaminant inputs to navigable 

waters), courts have not ruled consistently on 

how to characterize the CWA’s role in protecting 

water quality of groundwater and the relationship 

between groundwater and surface water (Kvien 

2015; William and Endres 2017). There is an 
important legal question as to whether the CWA 

covers discharges of pollutants to groundwater that 

is hydrologically connected to navigable waters 

(Kvien 2015). 
From the CWA perspective, the Environmental 

Protection Agency (EPA) defines a point source as 
“any discernible, confined and discrete conveyance, 
including but not limited to any pipe, ditch, 

channel, tunnel, conduit, well, discrete fissure, 
container, rolling stock, concentrated animal 

feeding operation, or vessel or other floating craft, 
from which pollutants are or may be discharged” 

(US EPA 2018a). The distinction between point 

source inputs from discrete conveyances and the 

more diffuse subsurface transport of contaminant 
inputs via groundwater flowpaths becomes 
important in cases of contaminated groundwater 

seeps and springs and their function of discharging 

contaminants to navigable waterways. 

Kvien (2015) and William and Endres (2017) 
provided reviews of some recent legal cases that 

have considered how contaminated groundwater 

has recently been addressed under the CWA, and 

the range of opinions. Notable recent cases include 

the Northern California River Watch v. City of 

Healdsburg; the Yadkin Riverkeeper v. Duke 

Energy Carolinas LLC, and the Hawai’i Wildlife 

Fund v. County of Maui (Kvien 2015; William and 
Endres 2017) (Table 1). These cases showed that 

wastewater and coal ash contaminants that were 

stored or injected and had hydrologic connections 
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Table 1. Examples of recent legal cases that considered contaminated groundwater with hydrological connections 

to navigable surface waters to fall under Clean Water Act (CWA) jurisdiction (modified from Kvien 2015; William 
and Endres 2017).

Case (Year) Basis

Idaho Rural Council v. Bosma (2001) Unlined wastewater ponds leached contaminants into 

groundwater (GW) hydrologically connected to springs that 

were hydrologically connected to Clover Creek.

Northern California River Watch v. City of 

Healdsburg (2004)

Sewage from the city was discharged into a pond which was 

hydrologically connected to the Russian River.

Waterkeeper Alliance, Inc. v. US EPA (2005) Challenged that EPA's Concentrated Animal Feeding Operations 

(CAFO) rule was unjustified because EPA does not have 
jurisdiction over GW. EPA agreed it can have jurisdiction when 

GW connects to navigable waters.

Hernandez v. Esso Standard Oil Co. (2009) Leaky USTs leached gasoline to GW seeps hydrologically 

connected to a nearby stream.

Association Concerned Over Resources 

and Nature, Inc. v. Tennessee Aluminum 

Processors, Inc.(2011)

A dump polluted GW with Al, ammonium, Cl, Pb, and Mn. 

Contaminated GW eventually drained to a tributary of Quality 

Creek.

Raritan Baykeeper, Inc. v. NL Industries, Inc. 

(2013)

GW discharging into the Raritan River was found to contain 

elevated As, Cu, Pb, Ni, and Zn.

Hawaii Wildlife Fund v. County of Maui 

(2014)

Wastewater injection wells were shown to be connected to 

coastal waters via GW transport established by tracer dye study.

Yadkin Riverkeeper, Inc. v. Duke Energy 

Carolinas, LLC (2015)
Coal ash storage in unlined lagoons that were hydrologically 

connected to the nearby Yadkin River were considered point 

sources under the CWA.

to the nearby surface water should be considered 

as point source inputs under the CWA. In these 

cases, when groundwater flowpaths functioned 
similarly to discrete conveyances of point source 

pollutants, numerous courts ruled that those 

contaminated groundwater inputs should fall under 

the CWA (William and Endres 2017). Although 

numerous recent cases have shown that the CWA 

can cover groundwater contaminant inputs to 

navigable streams (Table 1), other cases have 

revealed differing opinions as to CWA coverage 
of groundwater contaminant transport to streams 

(Kvien 2015; William and Endres 2017). Most 
recently, in February 2019 the U.S. Supreme Court 

agreed to hear an appeal of the Hawai’i Wildlife 

Fund v. County of Maui case (Savage 2019).

In the future, related cases will come forward 

and the US EPA (US EPA 2018b) will likely clarify 

their position on how groundwater-transported 

pollution inputs may be subject to CWA regulation. 

An improved scientific understanding of seep-
stream interactions can help provide guidance for 

legal and regulatory purposes. There are a range 

of hydrological questions that can help to better 

characterize the legal aspects of seeps and their 

influence on stream water quality (Kvien 2015). 
The questions can generally be grouped into two 

focus areas: the nature of the hydrologic connection 

between groundwater and navigable streams, and 

the nature of the contaminant transport and water 

quality effects (Figure 8).

Conclusions and Management 

Implications

A growing number of scientific and legal 
studies have focused on seep water quality and 

seep effects on stream water quality. In minimally 
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disturbed forest catchments, seep attenuation of 

nutrients may improve downstream water quality. 

A wide range of studies were found that showed 

when human activities occur in the drainage area 

to the seep, seeps may act as conveyances for a 

number of inorganic, organic, and microbial 

contaminants associated with urban, wastewater, 

fossil fuel, and agricultural practices. In the worst-
case scenarios, seeps can act as vectors for water-
borne diseases and carcinogens. Although seep 

water quality was documented in a wide range of 

studies, less information was available on whether 

contaminated seeps measurably affected stream 
water quality downstream. Numerous upstream 

and near-seep activities may pose threats to seep 
flows and seep water quality including: upstream or 
near-seep water withdrawals, contaminant plumes, 
flow diversion or drainage of seep areas, and land 
disturbance of seep areas. Depending on the nature 

of groundwater flowpaths feeding the seeps, seep 
disturbances can be caused by land-use activities 
that occur far away from the immediate seep 

area, therefore delineating and understanding the 

temporal and spatial variability of the hydrological 

catchment area of the seep can be an important 

first step towards protecting the seep. Since seeps 
can deliver contaminants to streams, management 

efforts to protect water quality should consider 
seep setbacks to protect the upstream area draining 

to seeps (seep catchments) and near-seep zones.
As it has been shown that greater contaminant 

attenuation can occur for diffuse flow versus 
rivulet-pipe flow conditions, it may be possible 
in some settings to reduce the seep contaminant 

transport to the stream by using level spreaders 

(Winston et al. 2011) or other approaches to reduce 

rivulet-pipe flow conditions and enhance diffuse 
flow through riparian soils and vegetation. In cases 
where the groundwater contamination is fairly 

shallow, phytoremediation (Nichols et al. 2014) 

and forested riparian buffers (Mayer et al. 2007) 
may also protect the seep area and help to reduce 

the contaminants surfacing at the seep and flowing 
to adjacent streams.

More seep focused studies are needed and it is 

important to collect data on some of their basic 

properties, including the nature of their source 

(helocrene, limnocrene, rheocrene); discharge 

magnitude; water temperature; total dissolved 

solids; and persistence (Springer and Stevens 2009; 

Figure 8. Hydrological questions that can help provide guidance for contaminated seeps and Clean Water Act 

jurisdiction. The questions can generally be grouped into two focus areas: the nature of the hydrologic connection 

between groundwater and navigable streams, and the nature of the contaminant transport and water quality (water 

quality figures modified from Heath 1983 and Puckett 2004).

Nature of the hydrologic connection
Strong                               Seasonal                              Weak/None

Diffuse-Surface                     Discrete-Surface                  Discrete-Subsurface         

Diffuse-Subsurface

sand

• How strong is the hydrologic connection between the groundwater and navigable water?
• How is the surface water-groundwater interaction zone defined?
• Is the groundwater input discrete or diffuse?
• Is there a “significant nexus” between the groundwater and navigable stream waters?

• Are the groundwater contaminant inputs confined and discrete (point source) or diffuse? 
• What is the water quality at the point or zone of discharge? 
• Does the surface water quality measurably change as a result of the groundwater input?
• How and where does the contaminated groundwater discharge? 
• How long does it take the contaminant to travel via groundwater flowpath to the stream?
• Is the contaminant input active or a legacy of past activities?

Nature of the contaminant transport and water quality effects

mixing 
zone

Hydrologic connection

Water quality aspects
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Williams 2016). The frequency and duration of 

seep flow and the diurnal and seasonal variability 
of seep water temperature may help distinguish 

seeps that have deeper, longer-term groundwater 
flowpaths from ephemeral seeps fed by shorter-
term groundwater flowpaths. Those with shallower 
flowpaths may be more sensitive to local activities 
and climate change. An improved understanding 

of the nature of groundwater flowpaths to the seep 
may help characterize those that are vulnerable to 

impairment.

Although groundwater inputs often have a large 

influence on base flow water quality, groundwater 
data are not frequently included in surface water 

quality studies. Groundwater seeps provide 

an alternate low-cost method of monitoring 
groundwater quality when drilling monitoring 

wells is not practical (e.g., in mountainous terrain 

or wetlands) or within the budgetary constraints of 

a project (Soulsby et al. 2007). Additionally, seeps 

can serve as valuable educational tools as these are 

sites where groundwater is visible. Comprehensive 

seep and spring location information is available 

in a limited number of studies (e.g., Junghans 
et al. 2016), but in most regions seeps are not 

thoroughly mapped. Without watershed seep 

maps and baseline seep water quality and flow 
data, it will be challenging to understand changing 

conditions. Seep inventory, discharge, and water 

quality projects can provide a basis to evaluate 

shifting water quality and flow conditions over 
time. Several states such as Minnesota (Minnesota 

Spring Inventory 2019) and Kentucky (KGDR 

2019) have spring mapping programs; similar 

efforts for seeps (including citizen science efforts) 
could be fruitful. The Springs Stewardship 

Institute has recently begun developing an online 

database and Springs Online program to help 

users locate and document springs and seeps 

(http://springstewardshipinstitute.org/). Because 

many seeps occur as wetlands, in some cases 

they may be mapped in the National Wetlands 

Inventory or other databases, such as the National 

Hydrography Database Plus (USEPA/USGS 

2005). Field mapping might be improved using 
recent technologies; for example, thermal imaging 

may help to detect seeps (Roper et al. 2014). 

From a legal and regulatory perspective, there 

are potentially a large number of contaminated 

seep sites where more research is needed to 

determine the hydrologic connection between 

the contaminated groundwater and the navigable 

surface water and evaluate if the groundwater 

inputs affect the surface water quality. These 
determinations can often be made with a range 

of field and modeling approaches including: 
nested piezometers, aquifer sampling and testing, 

water temperature and specific conductance 
logging, thermal imaging, geophysical surveying 

(ground penetrating radar, electrical resistivity, 

electromagnetic induction, seismic), seepage runs, 

nested water quality sampling, tracer studies, 

residence time and age dating, and surface water-
groundwater modeling. 

Future work on seep-stream interactions can 
improve understanding of the controls on: discrete 

vs. diffuse discharge; surface water/groundwater 
mixing zones; the degree of hydrologic 

connections; setback distances for seep protection; 

nature of groundwater discharge seeping into 

surface waters; water quality of groundwater 

discharge at the seep emergence point and at the 

point where seeps discharge to the navigable 

stream; magnitude and variability of groundwater 

residence time; seasonality of groundwater quality 

and discharge; influence of forested riparian buffers 
and hyporheic zones; and seep effects on stream 
water quality. Detailed seep water quality studies 

across a range of hydrogeological, meteorological, 

and land-use conditions can help improve the 
identification and characterization of seeps likely to 
convey contaminants to streams and affect stream 
water quality. In addition, improved understanding 

of seep water quality and disturbances can help 

in the development and testing of spring/seep 

ecosystem models (Springer et al. 2008; Stevens 

2008; Lehosmaa et al. 2018). More work is needed 

to understand regional relationships between 

spring/seep ecological diversity and water quality 

(Stevens 2008).
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