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Abstract

Preferential groundwater discharge features along stream corridors are ecologically
important at local and stream network scales, yet we lack quantification of the multi-
scale controls on the spatial patterning of groundwater discharge. Here we identify
physical attributes that best explain variation in the presence and lateral extent of
preferential groundwater discharges along two 5th order streams, the Housatonic
and Farmington Rivers, and 32 1st to 4th order reaches across the Farmington River
network. We mapped locations of preferential groundwater discharge exposed along
streambanks using handheld thermal infrared cameras paired with high-resolution
topographic and land use land cover datasets, surficial soil characteristic maps, and
depth-to-bedrock geophysical measurements. The unconfined Housatonic River, MA,
USA (12 km) had fewer discharge locations and less lateral extent (41 discharge loca-
tions with 38 m of active discharge/km of river) compared to the partially confined
Farmington River, CT, USA (26 km; 169 discharge locations with 129 m of active dis-
charge/km of river). Using a moving window analysis, we found along both rivers that
discharge was more likely to occur where bank slopes were steeper, floodplain extent
was narrower, and degree of confinement was higher. Along the Farmington River,
groundwater discharge was more likely to occur where saturated hydraulic conduc-
tivity was higher and depth-to-bedrock was shallower. Among the 32 stream reaches
surveyed (33.2 km of total stream length) within the Farmington River watershed,
preferential discharge was observed in all but two stream reaches, varied from O to
25% of lateral extent along stream banks (mean = 6%), and was more likely to occur
where stream reach slopes were steep, saturated hydraulic conductivity was high,
and watershed urbanization was low. Our results show that, though both surface
(e.g., topographic, land use land cover) and subsurface (e.g., soil characteristics, bed-
rock depth) factors control the prevalence of streambank preferential groundwater

discharge, the dominant controls vary across valley settings and stream sizes.
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1 | INTRODUCTION

Groundwater discharge to streams and rivers can define stream tem-
perature and baseflow regimes, create critical wildlife habitat, and
supply nutrients or contribute contaminants to surface waters
(Brookfield et al., 2021; Hare et al.,, 2021; Sullivan et al., 2021;
Hester & Fox, 2020; Tesoriero et al., 2013; Ebersole et al., 2003).
Groundwater discharge varies dramatically in flux rates and spatial
extents; for example, preferential groundwater discharge, in contrast
to spatially distributed ‘diffuse’ groundwater gains, can range from
discrete discharge points to extensive discharge faces (10s to 100 s of
meters) along riverbanks that are exposed at lower flows (Barclay
et al., 2022; Briggs, Jackson, et al., 2022; Casas-Mulet et al., 2020;
Dugdale et al., 2015). These preferential groundwater discharge fea-
tures have been recognized for their potential ecological importance
at local and network scales (Boulton et al., 2006; Briggs & Hare, 2018;
Kurylyk et al., 2014; Sullivan et al., 2021). The occurrence, magnitude,
and spatial extent of streambank discharges are typically highly spa-
tially heterogeneous (Dole-Olivier et al., 2019) and are difficult to pre-
dict with groundwater modelling (Barclay et al., 2022). Thus, there
have been recent efforts to disentangle the multiscale physical con-
trols to allow better prediction of preferential groundwater discharge
dynamics (e.g., Casas-Mulet et al.,, 2020; Dugdale et al., 2015;
O'Sullivan et al., 2020).

Surface landforms have long been invoked to conceptually
explain spatial patterns of groundwater connectivity to surface waters
(Winter et al., 1998). Locally, steep streambanks or streambed slopes
can cut across hydraulic gradients and create groundwater discharge
across the land surface, while high stream curvature can cause the
convergence of groundwater flow paths to streams (Eschbach
et al., 2017; Gerlach et al., 2022; Wawrzyniak et al., 2016). At the
valley scale, the degree of channel confinement can control the preva-
lence of groundwater discharge, with partially confined valleys having
the highest prevalence of streambank groundwater discharge relative
to confined or unconfined settings (Dugdale et al., 2015). Landform-
derived metrics, such as topographic wetness (a function of slope and
the upstream contributing area; Buttle et al., 2004) and terrain rug-
gedness (indicative of soil texture properties; Gerlach et al., 2022),
have shown promise in identifying features that focus flow toward
streams and have become more accurate with the increasing availabil-
ity of high resolution topographic data.

While surface topography can exert strong controls on the spatial
patterning of groundwater discharge, characteristics of underlying
soils and bedrock geology are important as well. Gerlach et al. (2022)
found that the depths and locations of water bearing geologic forma-
tions derived from borehole data predicted the occurrence of ground-
water discharges across several salmon bearing streams in Alaska,
USA. Gerlach et al. (2022) also found that the occurrence of bedrock

outcrops was important in creating hillslope and streambank discharge
features. Similarly, O'Sullivan et al. (2020) found that topography bet-
ter predicted stream temperature when bedrock was homogeneous
with high hydraulic conductivity to allow groundwater flow toward
streams. Heterogenous bedrock with variable hydraulic conductivity
presumably modified topographic controls on the spatial patterning of
groundwater discharge, reducing the dominance of land surface con-
trols. Some geologic features may vary somewhat predictably by net-
work position; for example, depth-to-bedrock tends to be shallow
across mountain headwaters, where the low permeability bedrock
interface serves as a lateral shunt of shallow groundwater to streams,
affecting stream temperature variability and maximum temperatures
at daily to seasonal timescales (Briggs et al., 2018; Briggs, Goodling,
et al., 2022). In valley bottom settings, clay and silt lenses embedded
in valley sediments may also drive lateral groundwater flow to rivers
(O Dochartaigh et al., 2019). However, spatially contiguous geologic
data are typically not available to the same extent and resolution as
topographic data and subsurface geologic features are generally not
predictable at the scale of groundwater flow paths (Barclay
et al, 2020). There are numerous publicly available geologic map
products, but large-scale, interpolated geologic datasets may not
accurately represent the physical controls of groundwater discharge
occurrence (Briggs, Jackson, et al., 2022; Dugdale et al., 2015).

Human activities also affect patterns of groundwater connectivity
to surface waters. It is well- documented that soil compaction and
impervious cover associated with human land development reduce
infiltration and recharge to groundwater, potentially lowering water
tables and reducing the connectivity between groundwater and sur-
face water (Hardison et al., 2009; Kaushal & Belt, 2012; Ledford
et al., 2016; Lerner & Harris, 2009). Groundwater pumping may also
directly reduce groundwater connectivity with streams (Barlow &
Hess, 1993; de Graaf et al., 2019). Hare et al. (2021) found stream
sites that lacked substantial local groundwater influence had higher
watershed percent impervious cover and higher values of the Hydro-
logic Disturbance Index (which accounts for seven human impacts,
including water withdrawals, see Falcone et al., 2010). At the same
time, there is evidence that urbanization can increase groundwater
discharge to surface waters through irrigation, stormwater detention
ponds and artificial recharge, and leaking water and sewer lines or
storm drain systems (Sharp Jr. et al., 2003). Yet, the majority of studies
linking topographic and geologic characteristics with the spatial distri-
bution of groundwater discharge have been conducted along low
order streams in predominantly undeveloped watersheds or do not
explicitly consider the effects of human activities.

To evaluate how multiscale physical features interact to control
the occurrence of groundwater discharge to streams, groundwater
discharge features need to be mapped at a resolution and scale to

capture local controls across meaningful reach lengths. In this study,
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we used thermal infrared (TIR) imagery to create high-resolution (1 m)
maps of streambank preferential groundwater discharge, building on
recently published work from the same Farmington River watershed
system (Barclay et al., 2022; Briggs, Jackson, et al., 2022; Haynes
et al., 2023; Yearsley et al., 2019). Preferential groundwater discharge
is defined by unidirectional groundwater upwelling occurring in dis-
crete patches at a relatively high flux rate such that groundwater tem-
perature signatures are preserved enough to be observed in contrast
to water (or streambank) surface temperatures with TIR (Briggs &
Hare, 2018). TIR imagery can be used to quickly identify discharge
areas across contiguous space in a more complete manner than any
other current groundwater/surface water exchange methodology, and
therefore has great potential to inform multiscale drivers of the spatial
patterns of groundwater discharge (Fullerton et al., 2017; Torgersen
et al., 2001).

The goal of this study was to identify physical attributes that best
explain the presence and lateral extent of preferential groundwater
discharges observed along mainstem rivers and lower order streams.
This was accomplished by comprehensively mapping locations of
streambank preferential groundwater discharge across stream sizes
using handheld TIR surveys (floating and walking) over approximately
70 km of stream length and pairing the resultant discharge maps with
high-resolution topographic and satellite-derived land use land cover
(LULC) datasets, soil characteristics maps, and depth-to-bedrock mea-
surements. Our specific objectives were to (1) map the spatial distri-
bution of streambank preferential groundwater discharge locations in
two mixed land use 5th order river sections that vary in their valley
settings (unconfined and partially-confined), (2) quantify the spatial
extent of streambank preferential groundwater discharge across head-
water and tributary streams draining different dominant land uses,
and (3) evaluate topographic, geologic, and LULC controls on the pres-
ence and lateral extent of preferential groundwater discharge. Our
approach leverages extensive field surveys and publicly available
geospatial datasets to quantify inter- and intra-watershed controls on
the spatial patterning of preferential groundwater discharge to

streams.

2 | MATERIALS AND METHODS

2.1 | Study sites

2.1.1 | Mainstem reaches

We conducted surveys along 5th order (Strahler) mainstem rivers in
two adjacent watersheds: a 12 km section of the Housatonic River
near Ashley Falls, MA; and a 26 km section of the Farmington
River near Tariffville, CT; the latter was included in a recent watershed
modelling effort of stream temperature (Yearsley et al., 2019)
(Figure 1). Both rivers are underlain by Pleistocene glacial deposits
comprised predominantly of till with some reworked alluvium
and fine-grained stratified lake sediments (Olcott, 1995; Stone
et al., 2005). The rivers are similar in catchment area and accessibility

but differ in their valley settings—the Housatonic River is unconfined
and the Farmington River is partially confined by bedrock topographic
features (Figure 1). The survey length of the reaches varied depending
on our ability to access the rivers via canoe.

The study section of the Housatonic River flows north to south
with an average annual river flow of 27.1 m®/sec and a watershed
area of 1204 km? (U.S. Geological Survey, 2016; USGS gauge
01198125 based on yearly statistics 2008-2019). The Housatonic
River valley is underlain by metamorphic Grenville Belt and carbonate
Grenville Shelf deposits. The Housatonic River in southwestern Mas-
sachusetts experienced glacial diversion near Great Falls resulting in
the accumulation of more than 30 m of fine-lake bottom sediment
(Patton, 1988), conditions suitable for increased lateral mobility of the
Housatonic River. Contemporary LULC along the Housatonic River is
predominantly forest with interspersed agricultural land.

The study section of the Farmington River flows south to north
with an average annual discharge of 32.3 m3/sec and a watershed
area of 1494 km? (U.S. Geological Survey, 2016; USGS gauge
01189995 based on yearly statistics 2008-2019). This section of the
Farmington River is partially confined by the Talcott Mountains, a
Triassic-Jurassic aged trapp, and underlain by New Haven Arkose
sandstone. Unlike the Housatonic River, the mainstem of the
Farmington River has more heterogeneous surficial material ranging
from fine-grain alluvium to coarse till (Stone et al., 2005). The Far-
mington mainstem traverses over what was once Lake Farmington, a
glacial diversion that resulted in a greater degree of unconsolidated
sediment sorting relative to the rest of the watershed. Contemporary
LULC along the Farmington River valley is mixed forest, agriculture,

and developed (primarily residential).

2.1.2 | Farmington headwaters

To evaluate preferential groundwater discharge variation among dif-
ferent stream sizes, we surveyed 32 headwater and tributary stream
reaches (19 1st, 9 2nd, 3 3rd, and 1 4th order streams) throughout the
Farmington River watershed (Figure 2). The northwest portion of
the watershed is underlain by coarse-grained glacial till and is predom-
inantly forested. The southern portion of the watershed consists of
fine-grained glacial till and contains more developed and agricultural
land in the suburban area around Hartford, CT. Stream reaches are
primarily forested along the stream corridor but were selected to rep-
resent a range of developed watershed LULC (0 to 87%). Stream reach
survey length varied depending on site accessibility (1038 m mean
reach length, range 302-4622 m).

2.2 | Field data collection

221 | Thermalinfrared surveys

We conducted surveys for streambank preferential groundwater dis-

charge using handheld thermal infrared (TIR) cameras (FLIR models e8
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and t540) to identify water line and bank thermal anomalies indicative
of discharging groundwater. Early in the study we piloted the use of
drone-based TIR imagery to map preferential groundwater discharges
and found they were difficult to identify with confidence due to their
variable spatial extent and interferences from riparian vegetation
cover (Briggs, Jackson, et al., 2022). Therefore, we conducted surveys
for bank preferential groundwater discharge in the two 5th order river
segments by canoeing within five meters of each bank and in the
headwater streams by walking in the center of each stream (1st and
2nd order streams) or by a mix of walking and canoeing (3rd and 4th
order streams) and scanning both banks with the TIR cameras (Moore
et al,, 2023).

Surveys were performed during summer (July-September 2019
and 2020) low flow conditions following Barclay et al., (2022), when
surface water temperatures (>15°C) contrast with groundwater tem-
peratures (typically 9-13°C) in New England, USA. We also validated

FIGURE 1 The (a) Housatonic River

and (b) Farmington River 5th-order study
72°45'W reaches. Preferential groundwater
EF, discharges as faces (dark pink, 210 m) and
5 7 as preferential discharge points (PDPs;
light pink, <10 m) located with handheld
thermal infrared (TIR) cameras. Dark blue
arrows indicate flow direction. Inset
shows study reach locations. The base
maps are hillshades to illustrate the
relative confinement of the two river
valleys, derived from LIiDAR Terrain data
from MassGlIS (2007) for (a) and from
Connecticut Elevation (LiDAR) Data from
Connecticut Conditions Online (2016)
for (b).

72°47'W

surface and groundwater temperatures directly with digital thermom-
eters (precision 0.1°C) and recorded visible signs of groundwater dis-
charge (e.g., observable flow, presence of upwelling macropores, grain
sorting). We recorded groundwater discharge locations using GPS
coordinates at the upstream and downstream ends of areas of active
groundwater discharge and also measured the longitudinal extent of
groundwater discharge along the bank with a measuring tape. We
defined preferential groundwater discharge faces to be banks with
active groundwater discharge greater than or equal to 10 m in longitu-
dinal extent. Preferential discharge points (PDPs, Briggs, Jackson,
et al., 2022) were defined to be less than 10 m in longitudinal extent.
We considered groundwater discharges, both PDPs and groundwater
discharge faces, to be distinct if separated on both sides (i.e., their
upstream and downstream extent) by more than 10 m of inactive
streambank. The results of our surveys are 1 m-resolution maps of
the presence or absence of preferential groundwater discharge for
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FIGURE 2 1stto 5th order
stream reaches surveyed for the
presence of preferential groundwater
discharge in the Farmington River
watershed. 1st to 4th order surveyed
stream reaches are highlighted in
green. The Farmington River
mainstem is highlighted in dark blue
(see Figure 1). Red star represents
the watershed outlet.

each stream segment surveyed. In total, we surveyed 71 km of stream
length for the presence of waterline and streambank groundwater dis-
charge across the Farmington River (26 km) and Housatonic River
(12 km) mainstems, and the Farmington River watershed headwaters
(33 km across 1st to 4th order streams) (Figures 1 and 2).

2.2.2 | Depth-to-bedrock

To augment existing geologic data along the Farmington River, depth-
to-bedrock measurements were collected using passive seismic
methods in November 2019 and May 2020 as described in detail
by Jackson et al. (2023). Ambient seismic noise data were collected
using Model TEP-3C Tromino seismometers. The ratio of horizontal-

to-vertical Fourier spectra (HVSR), first proposed by Nakamura

0 10 20

Kilometers

(1989), was computed and inverted with shear-wave velocity to esti-
mate the depth-to-bedrock using Grilla software (MOHO, S.R.L.).
HVSR is an affordable and effective alternative to active seismic or
geotechnical methods that allows researchers to model the depth
where lower velocity unconsolidated surface sediment transitions
sharply to higher velocity bedrock, particularly in glaciated terrain
(Nakamura, 2009). To calculate depth-to-bedrock only two variables
are needed (Nakamura, 2019): the averaged shear-wave velocity of
the shallow subsurface (typically assumed or measured with active
seismic methods) and the resonant frequency determined from HVSR
data. Prior research in the Connecticut River Valley provides adequate
information regarding subsurface geology to estimate shear wave
velocity, as well as some measurements of the parameter (Johnson &
Lane, 2016; Stone et al., 2005). The resonant frequency was deter-
mined for each location using Grilla software, and bedrock depth
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measurements were assigned a general reliability rating based on
established USGS protocols as described in Jackson et al. (2023).

2.3 | Geospatial datasets and analysis

For the 5th order mainstems, we derived local- and valley-scale topo-
graphic variables; subsurface variables (e.g., soil characteristics and
depth-to-bedrock); and adjacent LULC from publicly available geospa-
tial datasets based on a variation of a moving window analysis
(Hagen-Zanker, 2016). Within ArcMAP (v.10.8.1; ESRI), each main-
stem was divided into 50 m increments following the centerline of the
river channel. For each 50 m increment as a center point, we specified
the window extent (or neighbourhood) for each variable of interest,
allowing the windows to overlap, and within which we computed met-

rics using a variety of vector and raster datasets, as follows:

2.3.1 | Topographic variables

e Mean bankside slope was derived from 1 m-resolution bare-earth
digital elevation models (DEMs) based on publicly accessible LIDAR
data for both Massachusetts and Connecticut accessed through
MassGIS (Bureau of Geographic Information; https://www.mass.
gov/orgs/massgis-bureau-of-geographic-information) and Con-
necticut Environmental Conditions Online (CT ECO; http://www.
cteco.uconn.edu/data/lidar/index.htm), respectively. Slope was
measured within a 10 m buffer from the streambank for each 50 m
stream increment.

e Valley Bottom Extent was calculated as the fraction of valley floor
within a 1000 m x 500 m window. We classified a 30 m cell as val-
ley floor if elevations were within 10 m of the minimum 50 m river
increment elevation based on a resampled 5 m resolution LiDAR
based DEM.

e Floodplain Extent was calculated as the fraction of the floodplain
within a 1000 m x 500 m window. We classified a 30 m cell as
floodplain if elevations were within 3 m of the minimum 50 m river
increment elevation based on a resampled 5 m resolution LiDAR
based DEM.

e Confinement was calculated as the fraction streambank length on
either bank within a 1000 m x 500 m window that is within 30 m
of the floodplain boundary.

o Local curvature was calculated by fitting an arc to cartesian coordi-
nates of the center point of each 50 m river increment and its
upstream and downstream neighbouring 50 m increments. Local
curvature is the ratio of the distance between (1) the midpoint of
the fitted arc and the midpoint of the straight line between center
points and (2) the straight-line distance between center points.
Higher ratio values correspond to a wider arc.

e Sinuosity was calculated as the ratio between the total stream
length within a 1000 m x 500 m window and the shortest
Euclidean distance between the furthest upstream and down-

stream 50 m center points contained within the window.

2.3.2 | Land use/land cover (LULC) variables
derived from 30 m resolution National Land Cover
Dataset (Dewitz, 2021)

e Percent riparian forest was calculated as the percentage of for-
ested LULC within the intersection of a 50 x 200 m window and a
60 m buffer of the river channel, which meets the minimum area
definition posed by the USGS (Johnson & Zelt, 2005).

e Percent riparian developed was calculated as the percent of devel-
oped LULC that occurs with the intersection of a 500 x 1000 m
window and a 600 m buffer of the river channel. A buffer of 600 m
fits within the valley-scale window size and facilitates capture of
valley-scale heterogeneity in developed land.

2.3.3 | Subsurface variables

e Soil characteristics were derived from Soil Survey Geographic
(SSURGO) database shapefiles (Soil Survey Staff, 2020) joined with
tabular data of area- and depth- weighted averages of SSURGO
variables using NRCS map unit keys (MUKEY identifications) with a
500 m x 1000 m window extent. We considered soil saturated
hydraulic conductivity (KSAT), soil erodibility factor (KFACT), per-
cent soil sand (SAND), and water table depth (WTDEP).

e For the Farmington River mainstem we also evaluated spatial pat-
terns of groundwater discharge relative to depth-to-bedrock mea-
sured locally along the river corridor using geophysical methods
(see section 2.2.2). We linked 50 m river increments with their

nearest neighbouring HVSR field measurement.

For the mainstems, to evaluate spatial patterning of groundwater
discharge, we defined three groundwater extent categories using our
50 m increments from the moving window analysis. Each 50 m incre-
ment was categorized as (1) having an absence of preferential ground-
water discharge if no groundwater discharge was observed, (2) having
a limited spatial extent of groundwater discharge if less than 10 m of
riverbank had observed groundwater discharge, or (3) having spatially
extensive groundwater discharge if 10 m or more of riverbank had
observed groundwater discharge. This approach aggregates PDPs and
faces into a single dataset. For the 50-meter moving window analysis,
we discretized 528 windows (groundwater absent in 346, limited lat-
eral extent in 119, and extensive lateral extent in 63) for the 5th order
section of the Farmington. For the Housatonic, we discretized
251 windows (groundwater absent in 216, limited lateral extent in
28, and extensive lateral extent in 7). Figures S1 and S2 show the
mapped moving window groundwater extents and all geospatial
parameters for the Farmington and Housatonic Rivers, respectively.

For the headwater and tributary streams, instead of the variable
window approach, we delineated the watershed upstream of the sur-
veyed reach ending point using the StreamStats tool (U.S. Geological
Survey, 2019a). We calculated percent watershed LULC (Dewitz,
2019) for each watershed. Stream reach slope was averaged along

each study reach using the National Hydrography Dataset (U.S.
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Geological Survey, 2019b). This is distinct from streambank slope
derived in the mainstem sites and represents the steepness of the
channel rather than the streambank. The same SSURGO metrics as
the mainstems were derived for the midpoint of each stream reach
using MUKEY identifications. We paired these geospatial variables
with measured preferential groundwater discharge extent for each
reach to evaluate potential physical controls. Because the length of
the stream reaches surveyed varied substantially due to variable
accessibility, we categorized the reaches based on the proportion of
reach length along which we observed groundwater discharge. We
categorized each reach as having extensive lateral groundwater dis-
charge (10% or more of surveyed length with visible groundwater
seepage, h = 7), limited lateral groundwater discharge (between 1%
and 10%, n = 19), and groundwater discharge absent or <1% (n = 6).

24 | Statistical analysis

All statistical analyses were performed in R (R Core Team, 2021). For
each of the two mainstems, we determined statistically significant dif-
ferences between groundwater extent categories for geospatial vari-
ables (topographic, LULC, and soil characteristics) derived from the
moving window analysis and depth-to-bedrock. We used the method
of analysis of multiple means described by Herberich et al. (2010),
which does not require normality, equal variances, or equal sample
sizes. Similarly, for headwaters and tributaries we also followed Her-
berich et al. (2010) to determine significant differences between
groundwater extent categories for geospatial variables derived for the
stream reach (slope, soil characteristics) and watershed (LULC).

For the two 5th order rivers with 50 m windows in the extensive
groundwater discharge category (i.e., 10 m or greater lateral extent),
we also explored the multiscale physical variables described above as
drivers of the lateral extent of groundwater discharges. For the
unconfined Housatonic River section there were only seven windows
with spatially extensive groundwater discharge, so we applied simple
linear regression to explore potential physical controls. For the par-
tially confined Farmington River section, there were 62 windows with
extensive discharge so we used a multiple linear regression approach
to explore potential controls. Multiple linear regression selection was
performed with the regsubsets function in the “leaps” package
(Lumley, 2020). Regsubsets selects the best candidate model for each
possible number of parameters from 2 to 7, including the intercept,
with an exhaustive search that includes every combination of parame-
ters at each level. We selected the best fit model as the model with
the lowest Akaike's information criterion for small sample sizes (AlCc)
and considered models within two AICc with model weights greater
than 20%. For all parameters, normality was tested with the Shapiro-
Wilk Normality Test and natural log transformed as needed to
improve normality. We eliminated parameters that were strongly cor-
related (Pearson's abs(r) >0.60; Figure S3). Our final set of predictor
variables was floodplain extent, local curvature (Ln transformed), sinu-
osity (Ln transformed), bankside slope, forested land cover, developed
land cover, KSAT, WTDEP, and depth-to-bedrock.

3 | RESULTS

3.1 | Comparison of mainstem river valleys

For the 5th order mainstems, groundwater discharge was more preva-
lent along the partially confined Farmington River than the unconfined
Housatonic River (Figure 1). Along the Farmington River mainstem we
observed 169 unique preferential groundwater discharge features
located more than 210 m apart along the riverbank. Of the 169 total
discharge locations, 104 were classified as PDPs (ranging from 1 to
9 m in extent, median = 1 m) and 65 as discharge faces (ranging from
10 to 238 m in extent, median = 34 m). Along the Housatonic River
mainstem we observed 41 distinct groundwater discharge features, of
which 31 were classified as PDPs (ranging from 1 to 8m,
median = 1 m) and 10 as discharge faces ranging from 10 to 126 min
length (median = 22 m). Overall, the Farmington River had a greater
average density of streambank discharge at 129 m of groundwater
discharge features per km of river surveyed compared to the Housa-
tonic River that had 38 m/km.

The Farmington and Housatonic Rivers differed in all analysed
geospatial characteristics (Table S1). The Farmington River tended to
have steeper and higher banks, narrower valley bottom extent, and
more developed LULC than the Housatonic River. The Housatonic
River, as is typical of less confined river valleys, had higher convexity
(0.112 £ 0.006) and sinuosity (1.89 + 0.04) than the Farmington River
(convexity = 0.029 + 0.001; sinuosity = 1.18 + 0.01). The Housatonic
River also had more riparian forest cover (69%) and less developed
cover (6%) than the Farmington River (61% riparian forest and 32%
developed cover). The river valleys also varied by surficial soil charac-
teristics; the Farmington River had higher KSAT, SAND, and WTDEP
whereas the Housatonic River had higher KFACT (Table S1).

3.2 | Spatial controls of groundwater discharge
along mainstems

Groundwater tended to be present where mean bankside slopes were
steeper, floodplain extents were narrower, and confinement was
greater for both the Housatonic and Farmington Rivers, regardless of
the lateral extent of groundwater discharge (among 50 m moving win-
dows, Table 1 and Figure 3). In the Farmington River, bankside slopes
averaged 38.08 (+0.95) where groundwater discharge was present
and 29.25 (+0.49) where groundwater discharge was absent. Though
slopes were generally lower overall in the Housatonic (Table S1), the
pattern was similar. Where groundwater was laterally extensive,
slopes were higher (16.72 +2.91) than where groundwater was
absent (12.93 + 0.40; Table 1). Both sites showed similar patterns in
regard to floodplain extent; laterally extensive groundwater discharge
tended to be present when floodplain extent was relatively low
(on average 0.46 + 0.02 and 0.49 + 0.07 for the Farmington and Hou-
satonic, respectively) and absent when floodplain extent was relatively
high (0.58 + 0.01 and 0.71 + 0.01). Similarly, groundwater discharge

was present when confinement was greater, though confinement was
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TABLE 1
areas of preferntial groundwater discharge presence and absence.

Mean (std error) of geospatial variables derived for the Farmington and Housatonic Rivers based on the moving window analysis for

Farmington Housatonic
Present Present
Variable Absent <10 m 210 m Absent <10 m 210 m
Bankside slope (percent rise, unitless) 29.25%(0.49) 36.30° (0.69) 38.08" (0.95) 12.937 (0.40) 15.49° (1.08) 16.72%° (2.91)
Local curvature (ratio) 0.029 (0.002)  0.029 (0.004) 0.025 (0.003) 0.12 (0.007) 0.11 (0.019) 0.12 (0.051)
Valley bottom extent (%) 0.89 (0.01) 0.90(0.01) 0.86 (0.02) 0.93(0.01) 0.94 (0.02) 0.98 (0.01)
Floodplain extent (%) 0.587 (0.01) 0.51° (0.01) 0.46° (0.02) 0.71% (0.01) 0.59° (0.04) 0.49° (0.07)
Sinuosity (ratio) 1.19 (0.02) 1.17 (0.05) 1.16 (0.05) 1.93%(0.04) 1.65° (0.19) 1.55P (0.16)
Confinement (%) 0.63%(0.02) 0.82° (0.02) 0.83° (0.03) 0.19° (0.01) 0.32%° (0.04) 0.36° (0.07)
KSAT (um/s) 58.992(0.72) 62.35° (0.99) 63.21° (1.62) 31.08 (0.76) 32.69 (2.08) 37.03 (5.70)
KFACT 0.35% (0.002) 0.35% (0.003) 0.33° (0.005) 0.43 0.42 (0.011) 0.41 (0.029)
(0.004)
SAND (%) 65.70% (0.28) 67.15° (0.40) 68.16" (0.53) 48.52 (0.63) 48.27 (1.66) 50.59 (4.38)
WTDEP (cm) 90.912 (1.30) 101.40°(1.77)  107.59°(2.89)  75.35(1.40) 79.59 (2.38) 76.52 (2.44)
Developed cover (%) 31(1.1) 33(2.2) 34(2.7) 5.9 (0.4) 5.3(0.9) 2.6(1.2)
Riparian cover (%) 64% (1.4) 56°(2.8) 582 (2.8) 70(1.7) 60 (6.0) 55 (10)
n 346 117 63 214 28 7

Note: Letters indicate significant differences among the groundwater spatial extent categories for each river section at p < 0.05. n indicates the number of

50 m windows along each river section.

Abbreviations: KFACT, soil erodibility factor; KSAT, saturated hydraulic conductivity; SAND, percent soil sand; WTDEP, water table depth.

lower in the Housatonic than the Farmington; confinement increased
from 0.63 + 0.02 and 0.19 + 0.01 in the Farmington and Housatonic,
respectively, in the absence of groundwater discharge to 0.83 + 0.03
and 0.36 + 0.07 where groundwater discharge was laterally extensive.
Floodplain extent and confinement were negatively correlated in both
the Farmington (Pearson's r = —0.76, Figure S3) and the Housatonic
(Pearson's r = — 0.77, Figure S4). In the Farmington River, bankside
slope was negatively correlated to both floodplain extent (r = —0.62)
and confinement (r = —0.76). In the Housatonic, bankside slope was
not correlated with either floodplain extent or confinement, though
confinement and floodplain extent were negatively correlated to one
another (r = —0.77). Valley bottom extent varied little throughout
each mainstem and was not significantly related to the presence of
groundwater.

In the unconfined Housatonic, groundwater discharge was pre-
sent where sinuosity was significantly lower (Table 1; Figure 3). Sinu-
osity was negatively correlated with confinement (r = —0.70) and
positively correlated with floodplain extent (r = 0.62; Figure S4), indi-
cating sinuosity was lower where greater confinement and narrower
floodplain extent would be expected to increase the presence of
groundwater discharge. Thus, the potential role of sinuosity was diffi-
cult to disentangle from other geomorphic controls for the Housa-
tonic. Sinuosity varied less throughout the Farmington and was not
related to the presence of groundwater discharge (Figure 3; Table 1).
Local curvature was not significantly related to presence of ground-
water discharge for either river (Table 1), and neither local curvature

nor sinuosity were significantly related to the lateral extent of

groundwater discharge faces for the Housatonic (based on simple lin-
ear regression models, p > 0.05).

In the Farmington River, the presence of groundwater was signifi-
cantly related to surficial soil characteristics (Table 1; Figure 4). Both
KSAT and SAND were higher where groundwater discharge was pre-
sent. KSAT and SAND were also strongly correlated (r = 0.95,
Figure S3). KFACT was significantly lower where more extensive
groundwater faces were present (Table 1); KFACT was also strongly
negatively correlated to KSAT (r= —0.71) and SAND (r = —0.84)
(Figure S3), which may explain this pattern. Groundwater discharge
was also more likely to be present when WTDEP was deep (Table 1).
For the Housatonic River, there were no significant relationships
between soil characteristics and preferential groundwater discharge
(Table 1), even though floodplain extent was correlated with soil char-
acteristics (Figure S4).

In the Farmington River, depth-to-bedrock was also signifi-
cantly related to the presence of groundwater discharge (Figure 5,
Table 1). We estimated depth-to-bedrock for 38 unique locations
along the Farmington River (Figure S5). Depths ranged from 18 to
85 m with a median depth of 35.3 m, and distances between ana-
lysed river increments and their nearest corresponding HVSR data
point ranged from 12 to 1391 m with a median nearest distance of
500 m. When we joined each 50 m river cell with its nearest HVSR
measurement, we found that depth-to-bedrock decreased from an
average of 46 m in windows without groundwater discharge to
36 m in windows with extensive groundwater discharge, a 10 m

difference that exceeds the combined uncertainty of most paired
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FIGURE 3 Violin plots for bankside slope (percent rise, unitless), floodplain extent (fraction of the floodplain within a 1000 m x 500 m
window), confinement (%), and sinuosity (ratio) for the Farmington (a,c,e,g) and Housatonic (b,d,f,h) mainstems for groundwater lateral extent
categories (groundwater absent, limited lateral extent <10 m, and extensive lateral extent 210 m) based on the 50 m moving window analysis.
Lower case letters indicate significant differences among groups as reported in Table 1. ns indicates no significant difference.

measurement comparisons as detailed by Jackson et al. (2023). The best fit models for explaining the percent of the riverbank in the
Depth-to-bedrock was correlated with floodplain extent (Pearson's windows with spatially extensive observed groundwater discharge (210 m,
r = 0.55) and confinement (r = —0.76) but not with any other geos- n = 63) in the Farmington included depth- to-bedrock, KSAT, bankside
patial variables. slope, developed cover, and sinuosity (Table 2, Table S3). There were two
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FIGURE 4 Violin plots for Soil Survey Geographic (SSURGO) soil characteristics saturated hydraulic conductivity (KSAT), soil erodibility factor
(KFACT), and water table depth (WTDEP) in the Farmington (a,c,e) and Housatonic (b,d,f) mainstems for groundwater lateral extent categories
(groundwater absent, limited lateral extent <10 m, and extensive lateral extent 210 m) based on the 50 m moving window analysis. Lower case
letters represent significant differences among groups as reported in Table 1. ns indicates no significant difference.

models (models 4 and 5 in Table 2) that had model weights greater than
0.20 and similar AlCc—the only difference was that the slightly better fit-
ting model included sinuosity, though the model coefficient for sinuosity
was not significant (Table S3). The models explained 22 and 24% of the
variation in percent groundwater lateral extent within the 50 m windows.

3.3 | Groundwater discharge patterns along
headwater and tributary streams

Along headwater and tributary streams to the Farmington River, we

found that preferential groundwater discharge was common and
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observed a wide range of lateral extents of discharging groundwater.
Among 1st and 2nd order stream reaches (n = 28, 21.6 km surveyed
in total) we observed 53 individual groundwater discharge locations,
which included 30 PDPs <10 m (2.60 + 0.46 m) and 23 groundwater
seepage faces ranging from 10 to 50 m (23 = 2.57 m). Only four sur-
veyed 1st and 2nd order stream reaches had no observed streambank
groundwater discharge (total surveyed length 1900 m). Two of the
four stream reaches without observed groundwater discharge had rel-
atively low KSAT (8.3 and 13.4 um/s). One of the four was the most
urban site (86% of draining watershed was developed land) with rela-
tively low KSAT (24.9 um/s; Table S2).

Of the four 3rd and 4th order streams surveyed (11.6 km sur-
veyed in total), we observed 142 individual groundwater discharge
locations, which included 89 PDPs (3.37 + 0.30 m) and 53 groundwa-
ter discharge faces (27.48 + 1.81 m). The least extensive groundwater
discharge (0.3% of stream length) occurred within the most developed
watershed (43% of the watershed is developed land cover) with rela-
tively low KSAT (34 um/s). Of the other three reaches, the reach with
similarly low extent of groundwater discharge (1% of stream length)
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FIGURE 5 Violin plots for depth-to-bedrock for the Farmington

River mainstem for groundwater lateral extent categories
(groundwater absent, limited lateral extent <10 m, and extensive
lateral extent 210 m) based on the 50 m moving window analysis.
Lower case letters represent significant differences among groups as
reported in Table 1.

TABLE 2
River mainstem.

Model

1. Depth-to-bedrock

2. Depth-to-bedrock, KSAT

3. Depth-to-bedrock, KSAT, bankside slope
4. Depth-to-bedrock, KSAT, bankside slope, developed cover
5

. Depth-to-
bedrock, KSAT, bankside slope, developed cover, sinuosity

also had relatively low KSAT (34.5 um/s) compared to the other two
reaches (KSAT = 130 um/s).

We found that headwater and tributary reaches with more exten-
sive groundwater discharge (n = 7) tended to have higher KSAT and
SAND (Figure 6, Table 3). KSAT and SAND were strongly correlated
with one another (r = 0.80; Figure S6). Reaches with higher lateral
extent of groundwater discharge also tended to have less develop-
ment in their watersheds than reaches with limited groundwater dis-
charge extent (Figure 6, Table 3), with groundwater discharge extent
210% only observed in watersheds with less than 1.5% developed
cover. Streams with limited lateral groundwater discharge (n = 19)
tended to have higher reach slope and KFACT than streams without
groundwater discharge (n = 6) or with high groundwater discharge
extent.

4 | DISCUSSION

Our results suggest both surface (e.g., topographic, LULC) and subsur-
face (e.g., soil characteristics, bedrock depth) factors together influ-
ence the prevalence of streambank preferential groundwater
discharge, but the importance of specific controls varies across valley
settings and stream sizes. We found: (1) Topographically, steep local
slopes increased the presence of groundwater discharge, with
increased groundwater discharge occurring along steeper bank slopes
for larger streams and steeper channel slopes for smaller streams.
Along larger streams, narrower floodplains and partial confinement
also increased the presence of groundwater discharge. (2) Soil charac-
teristics and depth-to-bedrock were related to the presence of
groundwater. Particularly, groundwater tended to occur in areas
of high saturated hydraulic conductivity and shallow depth-to-
bedrock. (3) Smaller streams draining land with higher urbanization
had fewer occurrences of preferential groundwater discharge, sug-
gesting features associated with urbanization obscure groundwater
discharge or disconnect streams from groundwater. Finally, (4) physical
controls strongly correlated to the presence of groundwater discharge
were similar regardless of the lateral extent of groundwater discharge
along the bank.

Multiple linear regression model selection for the fraction of lateral groundwater extent in the 50 m windows along the Farmington

K AIC, AAIC, Wit RZ.4;
3 23.45 485 0.05 0.13
4 25.45 6.85 0.02 0.12
5 21.32 271 0.15 0.19
6 20.48 1.88 0.22 0.22
7 18.61 0.00 0.56 0.24

Note: Models with the lowest Akaike's Information Criterion for small sample sizes (AIC.) at each parameter level (K) are reported here. We consider best
fit models to be those within two AIC. units from the lowest AIC. (AAIC.) and model weights (wt) >0.20. We also report the adjusted R? (Rzad,—) of each

model. Coefficients for the best fit models 4 and 5 are reported in Table S3.
Abbreviation: KSAT, saturated hydraulic conductivity.
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FIGURE 6 Violin plot for channel slope, saturated hydraulic
conductivity (KSAT), and watershed percent developed land cover relative
to Groundwater Lateral Extent categories for headwater and tributary
stream reaches of the Farmington River watershed. Lower case letters
represent significant differences among groups as reported in Table 3.

4.1 | Local-to-landscape topographic controls

General differences in the lateral extent of preferential groundwater

discharge between the Housatonic and Farmington mainstems

confirm well-documented controls of valley setting on the connectiv-
ity of ground-and surface-waters. The relatively low topographic and
hydraulic gradients of unconfined valleys tend to reduce the likelihood
of discharge along exposed stream banksides (Dugdale et al., 2015;
O'Brien et al., 2019). Differences in lateral river mobility are apparent
between the Housatonic, a river with a wide floodplain and low adja-
cent topographic gradients, and the Farmington, which is partially
confined by the prominent Talcott Mountain bedrock ridge. Even
though the overall valley setting varied between the Farmington and
Housatonic, the within-river patterns of groundwater discharge were
related to variation in valley geomorphology along each mainstem.
For both rivers, groundwater discharge along the river was more likely
to occur in areas of partial confinement and narrower floodplain
extent.

Our findings are consistent with prior research. Winter et al.
(1998) conceptually described valleys that are semi-confined or have
a moderate entrenchment ratio as having higher densities of ground-
water driven cold patches. Dugdale et al. (2015) later confirmed these
patterns empirically with large-scale aerial TIR surveys. Here, we build
on these previous findings by using high resolution handheld TIR
imagery to show how variation in floodplain extent and confinement
within individual valleys drive spatial patterns of preferential ground-
water discharge. Briggs, Jackson, et al. (2022) found that even low
altitude and high spatial resolution mapping with drone TIR tended to
miss many riverbank discharges due to riparian tree/root cover (even
in winter), so our study design relied on handheld TIR mapping of rela-
tively small features that could be missed by aerial surveys and there-
fore bias our understanding of dominant physical controls.

Local slope was related to spatial patterning of preferential
groundwater discharge across valley settings and stream sizes, though
with different context from mainstems to smaller streams. Along the
larger streams, incised bank heights generally ranged from a meter or
less to approximately 10 meters at cutbanks. In mainstem settings,
steeper streambank slopes coincide with locations of preferential
groundwater discharge, presumably by directly intersecting the water
table where soils are relatively permeable, as described by Winter
et al. (1998). However, streambanks were intrinsically less pro-
nounced in the headwaters and along most surveyed tributaries;
instead, stream channel slope showed high variability (0.06 to 10%,
Table S2). Steeper stream channel slopes coincide with presence of
preferential groundwater discharge, likely based on the same satu-
rated zone incision concept driving discharge occurrence along the
mainstem banks. Recent analysis of high-resolution stream corridor
terrain datasets showed similar findings related to local slope
(O'Sullivan et al., 2020), indicating these concepts are robust across
scales of inquiry—among rivers, along rivers, and across stream sizes
within a network.

For the Farmington River mainstem, the strong association
between the presence of groundwater discharge and steep bank
slopes may be influenced by the presence of riparian root mass in
areas with sharp bank slope breaks, particularly for PDPs (Briggs,
Jackson, et al., 2022). Decayed and live roots within riparian areas can

create preferential groundwater flow paths (Hester & Fox, 2020). In
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TABLE 3 Mean (std error) of
geospatial variables derived for 1st
through 4th order headwater and
tributary reaches of the Farmington.

Variable

Stream slope

KSAT (um/s)

K Factor

SAND (%)

WTDEP (cm)

Percent developed (%)

n

Lateral groundwater extent

<1% >1% and <10% 210%

1.04% (0.38) 3.69°(0.63) 1.80% (0.55)
44.8%(15.9) 70.9% (9.46) 101.2° (7.92)
0.50° (0.02) 0.37°(0.03) 0.38% (0.06)
607 (5.5) 70.4* (3.2) 77.4°(2.1)
68 (28) 105 (16) 105 (25)
13.7% (5.87) 4.43% (1.38) 0.73°(0.19)
6 19 7

Note: Letters indicate significant differences among the groundwater spatial extent categories for each
river section at p < 0.05. n indicates the number of surveyed reaches.

Abbreviations: KFACT, soil erodibility factor; KSAT, saturated hydraulic conductivity; SAND, percent soil
sand; WTDEP, water table depth.

steep forested hillslopes composed of low permeability glacial tills,
common features in the Farmington River watershed, lateral preferen-
tial groundwater flow through macropores created by roots, animal
burrows, and subsurface erosion is likely. Shallow bedrock fractures
can also be a dominant mechanism for groundwater connectivity
(Cheng et al., 2017; Sidle et al., 2001), likely influencing discharge pat-
terns in the headwater streams of this study, while large scale perme-
able bedrock units also contribute to mainstem river spatial patterning
when not overlain by thick valley sediments (Haynes et al., 2023).
River curvature is another commonly cited topographic control
on groundwater discharge (Larkin & Sharp, 1992; van Balen
et al, 2008), with groundwater discharge commonly observed on
meanders where bank erosion of sediments cuts into hydraulic head
gradients exposing groundwater discharges. Though we qualitatively
observed groundwater discharge occurring on the outside of meander
bends for both mainstems (Figure 1), sinuosity and local curvature did
not seem to be important controlling variables in the overall spatial
patterning of groundwater discharge. In the Housatonic, where sinu-
osity was relatively high, laterally extensive groundwater discharge
tended to occur in areas of lower rather than higher sinuosity. Sinuos-
ity was positively correlated with floodplain extent and negatively cor-
related with confinement (Figure S4), suggesting that even within an
unconfined valley, changes in relative confinement along the river val-
ley were important to the occurrence of preferential groundwater

discharge.

4.2 | Mapped and measured subsurface controls

We selected the Housatonic and Farmington Rivers because of their
different valley settings. Yet, we found that there were also important
differences in surficial soil characteristics. Riverbank soils in the Far-
mington are generally described as ‘well’ or ‘excessively’ drained with
high sand content, while the Housatonic soils are a mix of ‘well’,
‘moderate’, and ‘poorly’ drained soils (Soil Survey Staff, 2020). Satu-
rated hydraulic conductivity (KSAT), which represents the ability of
soil to transport water, was on average two times higher in the

Farmington than the Housatonic River valley (Table S1), which could
be an additional primary control on the greater presence and lateral
extent of preferential groundwater discharge along the Farmington. A
similar conclusion was reported by Briggs, Jackson, et al. (2022) for
individual PDPs along the same two rivers. Groundwater discharge
presence in smaller streams was also linked to soil characteristics, par-
ticularly KSAT, which varied widely. KSAT varied across three orders
of magnitude—from 8 to 131 um/s—among the headwater and tribu-
tary streams and showed a strong positive correlation with reaches
where the greatest lateral groundwater extents were observed.
Hydraulic conductivity has long been recognized as a primary
driver of groundwater-water exchange dynamics and as an important
parameter in predicting groundwater flow from hillslope to regional
models (e.g., Brunner et al., 2017; Kalbus et al., 2006) though integrat-
ing soil characteristics at spatial scales and resolutions that match
those of groundwater discharge measurements has been difficult
(e.g., Dugdale et al., 2015; Nauman & Thompson, 2014). Indeed,
streambank soil permeability must be high enough to allow preferen-
tial discharges that are generally observable via our methods of mea-
suring surface temperature anomalies (groundwater flux rates
generally ranging 0.5 to 2 m/d; Haynes et al., 2023). In our prior analy-
sis, we linked only discharge features less than 10 m in lateral extent
with the immediately underlying SSURGO features and found that
presence of PDPs was not related to local scale soil characteristics
(e.g., saturated hydraulic conductivity; Briggs, Jackson, et al., 2022).
Here we combined the SSURGO dataset with a coarser resolution
(50 m) moving window analysis and our expanded map to include
larger discharge faces (210 m lateral extent), which better aligned with
the resolution of the SSURGO dataset. By better matching our mea-
sured and mapped scales, we were able to observe clear relationships
between the presence of groundwater discharge and mapped soil
characteristics, including KSAT, SAND, and KFACT among river val-
leys, within the Farmington River valley, and among stream sizes.
Within the Farmington River valley along the mainstem, we found
that depth-to-bedrock was shallower where preferential groundwater
discharge was present and was the best predictor of the lateral extent

of groundwater discharge. Though we were unable to measure depth-
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to-bedrock using geophysical methods for the Housatonic River,
recent interpolated datasets (250 m grid resolution; Hengl
et al., 2017) suggest the Housatonic River valley has a mean depth-
to-bedrock of 21 m (range 16-31 m) on average 1.5 times deeper
than the Farmington River valley (mean 14 m, range 11-18 m). Thus,
depth-to-bedrock tended to be shallower where the floodplain was
relatively narrow and the valley was more confined both within the
Farmington River valley and between the Farmington and Housatonic
valley settings, highlighting the potential interactivity in surface and

subsurface features in driving the presence of groundwater discharge.

4.3 | Urbanization and preferential groundwater
discharge

Urbanization within a watershed fundamentally alters surface and
groundwater flowpaths, with changes that have predictable yet
variable implications for groundwater surface water connectivity
(Sharp Jr. et al., 2003; Walsh et al., 2005). For example, soil com-
paction and addition of impervious cover can decrease recharge,
lowering water tables and disconnecting groundwater from
streams. Over-irrigation and leaking water distribution and sewer
systems can increase the water table and associated groundwater
flow to streams (Han et al., 2017; Hardison et al., 2009;
Lerner, 2002; Sharp Jr. et al., 2003; Sytsma et al., 2020). Changes
to groundwater-surface water connectivity may vary in magnitude
and direction within a watershed or among cities in different
climate or geologic settings. Hare et al. (2021) found that stream-
flow is less likely to show prominent groundwater thermal signa-
tures when draining areas of high impervious cover in an analysis of
hundreds of streams across the continental USA. Our results using
thermal methods in a New England USA watershed suggest that
preferential groundwater discharge is less spatially extensive in
streams with >1.5% watershed urban LULC and more likely to be
completely absent in streams with >14% urban LULC.

Urban LULC in our watershed was predominantly low and
medium intensity development, including houses with septic systems
and drinking water wells in exurban suburbs. We found less preva-
lence of groundwater discharge in the southern portion of the Far-
mington River watershed along the Pequabuck River near Bristol, CT
(surveyed reaches had 43% and 60% watershed developed cover,
Table S2). Drinking water within this portion of the watershed is
mainly derived from surface water reservoirs rather than from private
wells, suggesting that groundwater pumping is not leading to decreas-
ing groundwater discharge. Much of the Pequabuck River watershed
consists of altered stream channels (channelization, reinforced banks)
that may disconnect groundwater from surface water by altering or
obscuring near-stream groundwater flow paths. Seasonal dynamics
may also drive observed patterns because urbanization broadly
increases the duration and severity of low streamflow events across
the USA; late summer droughts may lower the water table more in
urban than in forested watersheds (Dudley et al., 2020).

44 | Lateral extent of groundwater discharge
Though the lateral extent of groundwater discharges along stream
banks varied from <1 m to 238 m, we found that variation in lateral
extent did not appear to correlate significantly with groundwater dis-
charge presence. This may be because both our moving window anal-
ysis for the mainstems and reach-scale analysis for smaller streams
effectively lumped groundwater expressions of varying lateral extent
together, masking some of the differences in drivers of individual
groundwater discharge points versus more laterally extensive ground-
water faces. It may also be because PDPs could be indicative of more
expansive groundwater discharge features, even if those features
were not visible using our TIR approach, either because of mixing with
surface water or discharge below the waterline. Two notable differ-
ences were the relationships between lateral extent and surrounding
urban LULC and KSAT for headwaters and tributaries (Figure 6). In
other words, stream reaches with >10% of their streambanks actively
discharging preferential groundwater consistently had both high KSAT
and low watershed development.

4.5 | Mapping groundwater discharge in diverse
environments

The handheld TIR survey approach used here enables high resolution,
efficient identification of bankside preferential groundwater dis-
charge. There are important considerations and limitations of this
approach for use across diverse settings to map groundwater dis-
charge. First, handheld TIR surveys (much like airborne surveys,
e.g., Harvey et al., 2019; Dugdale et al., 2015) measure surface tem-
peratures, potentially missing discharge below the waterline, particu-
larly during warm summer months when cooler, denser groundwater
sinks or during higher flows when thermal signals are quickly mixed.
Thus, these methods tend to best capture areas of relatively high
(preferential) groundwater discharge at or above the water line.
Efforts to conduct surveys during baseflow conditions minimize this
limitation; however, our field observations of upwelling macropores
along the riverbed, particularly along the Housatonic River, suggest
that careful consideration of pairing handheld surveys with towed
channel electrical conductivity and geophysical mapping (Gibson
et al., 2013) or submersible temperature sensitive fibre optic cables
(Hare et al., 2015) should be considered when significant streambed
preferential groundwater discharge is expected. Second, the TIR sur-
vey method only captures preferential groundwater discharge signals
that are thermally distinct from the bankside and interacting surface
water; it does not necessarily capture shallow groundwater flow that
may have temperatures more similar to air temperature or low flux
discharges more susceptible to atmospheric warming and cooling and
rapid mixing with surface water. While cold groundwater is of princi-
pal concern for systems impacted by warming waters (Nijssen et al.,
2001), considering the overall impact of groundwater discharge,

including its effect on chemical water quality, requires including
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evaluation of groundwater discharge with temperatures nearer to that
of its interacting surface water. As such, future efforts focused on the
spatial patterning of these warmer preferential groundwater dis-
charges could help clarify the overall effects of groundwater

discharge.

5 | CONCLUSIONS

Here we show that controls of the spatial patterning of groundwater
presence are driven by multiscale factors that include topographic,
geologic, and land use land cover variables across stream sizes in a
mixed land use watershed and in two contrasting river valleys (par-
tially confined, high hydraulic conductivity versus relatively uncon-
fined, lower hydraulic conductivity). Across stream sizes, presence of
preferential groundwater discharge was observed in all stream
reaches, except highly urban or low hydraulic conductivity settings
where groundwater discharge had minimal lateral extent or was
absent. Predicting patterns of groundwater discharge has been an elu-
sive target for the research community; this work sheds critical light
on the key drivers of discharge across scales and stream sizes and can
inform future predictive modelling in less-sampled space, particularly
as new high resolution remote sensing, LIDAR, and geologic datasets
are quickly becoming publicly available.
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