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Figure 2. Primary geologic and topographic layers include: ( a) well log points and modeled aquifer 
outcrops; (b) DEM, represented by a shaded relief to emphasize terrain, with the 67 field points used 
for training and testing; ( c) flowlines; ( d) TRI; (e) FWS; and (f ) TWI. Here, only the Anchor River 
Watershed, the southernmost of the five watersheds, is shown in full. 

2.3.4. Field Work 

Field work was conducted during the summers of 2018 and 2019. Initial field work 
was focused on identifying the types of groundwater discharge that occur and the condi-
tions under which they occur. We then developed and tested procedures for the manual 
identification of these types of groundwater discharge using the full geologic and topo-
graphic portions of the geodatabase (i.e., both the geologic and topographic data). Using 
these manual procedures, we identified 67 locations in the Anchor River and Stariski 
Creek watersheds, the southernmost two watersheds in the study area (Figure 2). Our 
manual procedures predicted that groundwate r discharge did occur at 54 of these loca-
tions and did not occur at 13 of these locations. We then visited each of these 67 locations, 
obtaining geographic positioning system (GPS) coordinates at each location with a Gar-
min Rino 650 handheld GPS unit (Garmin, Olathe, KS, USA) and noting if groundwater 
discharge actually did or did not occur. Where groundwater discharge did occur, temper-
ature, pH, and specific conductance were measured using a YSI MPS 556 (YSI, Yellow 
Springs, OH, USA). Specific conductance was particularly important because it is a proxy 
for water–rock contact time, with precipitat ion having no water–rock contact time and 
relatively low specific conductance, shallow soil water having relatively short water–rock 
contact time and relatively moderate specific  conductance, and deep aquifer water having 
relatively long water–rock contact time and relatively high specific conductance (e.g., 
[72]). Therefore, it was a useful proxy for distinguishing between younger, shallow 
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Figure 2. Primary geologic and topographic layers include: (a) well log points and modeled aquifer
outcrops; (b) DEM, represented by a shaded relief to emphasize terrain, with the 67 field points used
for training and testing; (c) flowlines; (d) TRI; (e) FWS; and (f) TWI. Here, only the Anchor River
Watershed, the southernmost of the five watersheds, is shown in full.

2.3.4. Field Work

Field work was conducted during the summers of 2018 and 2019. Initial field work
was focused on identifying the types of groundwater discharge that occur and the condi-
tions under which they occur. We then developed and tested procedures for the manual
identification of these types of groundwater discharge using the full geologic and topo-
graphic portions of the geodatabase (i.e., both the geologic and topographic data). Using
these manual procedures, we identified 67 locations in the Anchor River and Stariski Creek
watersheds, the southernmost two watersheds in the study area (Figure 2). Our manual
procedures predicted that groundwater discharge did occur at 54 of these locations and
did not occur at 13 of these locations. We then visited each of these 67 locations, obtaining
geographic positioning system (GPS) coordinates at each location with a Garmin Rino
650 handheld GPS unit (Garmin, Olathe, KS, USA) and noting if groundwater discharge
actually did or did not occur. Where groundwater discharge did occur, temperature, pH,
and specific conductance were measured using a YSI MPS 556 (YSI, Yellow Springs, OH,
USA). Specific conductance was particularly important because it is a proxy for water–rock
contact time, with precipitation having no water–rock contact time and relatively low
specific conductance, shallow soil water having relatively short water–rock contact time
and relatively moderate specific conductance, and deep aquifer water having relatively
long water–rock contact time and relatively high specific conductance (e.g., [72]). Therefore,
it was a useful proxy for distinguishing between younger, shallow hillslope groundwater
(e.g., recent precipitation, including snowmelt, moving downslope along the surface and in
the shallow subsurface) from older, deep aquifer groundwater (e.g., precipitation, includ-
ing snowmelt, that had infiltrated and recharged deeper aquifers, then traveled laterally
to discharge from an aquifer outcrop). We simultaneously also made observations that
indicated we might otherwise identify these types of groundwater discharge using only
the topographic portion of the geodatabase (i.e., only the topographic data).
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2.3.5. Modeling

The study area is large and difficult to access, and geologic data are only available
for ~40% of the study area. Furthermore, field observations indicated that the locations
where groundwater discharge occurred could be identified by specific combinations of
topographic features alone. Therefore, we applied maximum entropy modeling, a machine
learning technique, to predict the likelihood groundwater discharge occurs using only the
topographic portion of the geodatabase. We chose a Maxent modeling approach to map the
prevalence of seeps and springs across the study area, as it is a robust method that relies
on presence-only data. Maxent works by relating occurrence data, in the form of points, to
layers of environmental data, which are sometimes called predictors or covariates [73,74].
The method works by using maximum likelihood functions to best distinguish presence
points from the landscape. Specifically, the algorithm finds the model that minimizes the
relative entropy between the probability density of the presence points and the proba-
bility density of background locations, as measured in covariate space. We used Maxent
version 3.4 (http://biodiversityinformatics.amnh.org/open_source/maxent; accessed on
1 September 2020) to predict locations of seeps and springs with respect to environmental
variables. The 51 seeps and springs identified in the field were used as the presence points,
while 10 topographic layers from the geodatabase were used as the predictors: elevation,
slope, planform curvature, planform curvature range, profile curvature, profile curvature
range, distance to flowlines, TRI, FWS, and TWI.

We modeled the prevalence of seeps and springs using a logistic model with the default
parameters, except for specifying a prevalence value of 0.10. The value of 0.10 was selected
because we expected seep and spring formation to occur uncommonly, over an estimated
10% of the area. We used a systematic approach to evaluate and reduce the number of
environmental layers to obtain a final model. First, the set of candidate variables was
reduced by removing highly correlated layers, as collinearity can cause bias and make
relationships between individual variables difficult to discern [75,76]. Pairwise correlations
were calculated between all candidate layers; a threshold of r > 0.70 was used to identify
correlated variables. Then, single-variable Maxent models were run for each correlated
variable, with the most predictive variable from each pair, as measured using a jackknife test,
retained for further analysis. Second, a Maxent model was run on all remaining, uncorrelated
variables. The permutation importance of each variable was examined, and any variables
with no contribution to the model were removed. Third, a Maxent model consisting only
of uncorrelated, contributing variables was run to predict spring prevalence. Finally, a
cross-validation procedure was used to test the predictive performance of the final model.

Our manual procedures previously predicted groundwater discharge occurred at
54 locations. Field verification indicated that groundwater discharge actually occurred at 51
of these 54 locations. These 51 presence-only occurrences were used as training and testing
data, with 70% (n = 36) used as training data and 30% (n = 15) used as testing data. The
performance of the final model was assessed by computing the area under the receiver
operating curve (AUC), which measures the probability that a randomly selected presence
location will be ranked higher than a randomly selected background location.

3. Results
3.1. Types of Groundwater Discharge

Two types of groundwater discharge were identified in the study area, hillslope
groundwater discharge and aquifer-outcrop groundwater discharge (Figure 3). Hillslope
groundwater discharge occurs where rainfall and snowmelt infiltrate into the shallow
subsurface, move laterally downslope through the shallow subsurface, and discharge as
diffuse seeps and small springs at groundwater-induced slope failures and valley-bottom
toeslopes. Aquifer-outcrop groundwater discharge occurs where rainfall and snowmelt
infiltrate into the deep subsurface, move laterally through aquifers, and discharge as larger
springs at aquifer outcrops in valleys carved by modern streams.
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