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Abstract: Understanding where groundwater recharge occurs is essential for managing groundwater
resources, especially source-water protection. This can be especially difficult in remote mountainous
landscapes where access and data availability are limited. We developed a groundwater recharge
potential (GWRP) map across such a landscape based on six readily available datasets selected through
the literature review: precipitation, geology, soil texture, slope, drainage density, and land cover.
We used field observations, community knowledge, and the Analytical Hierarchy Process to rank
and weight the spatial datasets within the GWRP model. We found that GWRP is the highest where
precipitation is relatively high, geologic deposits are coarse-grained and unconsolidated, soils are
variants of sands and gravels, the terrain is flat, drainage density is low, and land cover is undeveloped.
We used GIS to create a map of GWRP, determining that over 83% of this region has a moderate or
greater capacity for groundwater recharge. We used two methods to validate this map and assessed
it as approximately 87% accurate. This study provides an important tool to support informed
groundwater management decisions in this and other similar remote mountainous landscapes.

Keywords: Alaska; Analytic Hierarchy Process (AHP); GIS; groundwater mapping; Kenai lowlands;
recharge

1. Introduction

Globally, groundwater is used for agriculture (70.1%), public water supply (21.2%), and
industrial activities (8.7%), thus playing a vital role in food security and human health [1-4].
Groundwater also sustains natural ecosystems. For example, it traverses natural flow
paths to form and support a variety of aquatic ecosystems, such as wetlands and nearshore
marine environments, and can provide a consistent discharge of water to streams and
lakes [5-7]. However, over the past 50 years, groundwater extraction has risen dramatically,
and as human populations continue to grow, groundwater consumption also increases [8].

Though essential, groundwater is also a limited resource. Its sustained availability
depends on maintaining the balance between groundwater discharge and recharge [9,10].
Discharge is the expression of groundwater at the surface, often in the form of springs, some
of which have been targeted for regulatory protection [11,12]. Recharge is the downward
movement of water to the aquifer system, the rate of which is determined by interactions
of climate, geology, topography, and land cover [13]. Recharge areas are often dispersed,
less recognizable by the public, and generally lack regulatory protection as such [14].
Understanding where groundwater recharge occurs is an essential first step toward en-
suring source-water protection and, therefore, groundwater supply. Multiple studies
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show that groundwater recharge management not only increases the groundwater supply,
but when done correctly, it can raise the awareness of groundwater resources in local
communities [15-17].

Historically, groundwater studies have relied upon field hydrogeological and geo-
physical measurements, geochemical tracers, and hydrologic models, depending on the
questions addressed [18,19]. The accuracy of these studies depends on the scale of the anal-
ysis and the amount of data available since most methods used are data intensive [18,20,21].
Groundwater recharge studies have been performed using groundwater level data [22-24],
sometimes integrated into water-balance models [25,26]. Physical data are often integrated
with geochemical and/or isotopic data, providing further evidence to constrain ground-
water recharge rates [27-29]. In the last decade, studies of groundwater recharge have
increasingly used machine-learning algorithms [30,31]. Groundwater recharge studies
that use machine learning algorithms have been successfully conducted in mid- and low-
latitude regions using extensive field data and spatial datasets used for model training and
testing [32,33]. However, field data collection is time-consuming and expensive, particu-
larly inasmuch as access to field locations can be limited due to climatic extremes, rugged
topography, the lack of roads, and/or land ownership. For example, exposure to extended
subfreezing temperatures makes deployment and maintenance of instruments challenging
in mountainous or high-latitude regions.

Increasingly, scientists have overcome these barriers by using remote sensing data and
geospatial analyses to conduct groundwater studies [34,35]. This has greatly reduced the
time and cost of groundwater research and enabled groundwater research even in data-
poor regions [36,37]. However, many of these still require quantitative field data to define
objective functions, which are then used for model training and testing [36]. Furthermore,
remote sensing data come with their own challenges, as data availability and resolution
(spatial and temporal) vary by region. Thus, a coherent methodology is needed to define
the relative importance of remote sensing data to individual studies.

Multicriteria decision analysis (MCDA) is a methodology for organizing and assigning
importance to datasets [38]. The Analytic Hierarchy Process (AHP) is the preferred MCDA
technique when using geospatial data [39,40]. AHP provides a systematic methodology
to classify and prioritize among heterogeneous spatial datasets and ultimately define the
dataset hierarchy that best represents fundamental processes [41,42]. The coupling of these
methods with GIS has made them a powerful tool for regional hydrogeologic research and
decision-making.

GIS-AHP techniques can be used to address complex, multidimensional problems,
such as delineating groundwater recharge zones [43,44]. The coupling of GIS and AHP
techniques allows for integrating different types of data, such as in situ, remote sensing,
quantitative, qualitative, or spatial data from various sources (i.e., local, regional, or global).
Thus, datasets may include a range of environmental variables that cover climatic, geologic,
topographic, and land cover characteristics. This versatility is critical when data are
limited. When data are not readily available, and custom data acquisition is too costly or
time-consuming, being able to effectively utilize common publicly available spatial data
from global models, satellite imagery, and community engagement is key for knowledge
development and resource management [17,21,45].

Many rural and remote areas in developed countries have incomplete or missing
datasets. This data deficit has slowed the development of data-driven resource manage-
ment tools. Nevertheless, many of these communities rely on groundwater for potable
water and for local food production (e.g., local farms or fisheries) and require practical
tools to manage these resources. In the Anchor River Watershed, south-central Alaska, a
lack of comprehensive groundwater data has precluded accurate estimates of groundwater
recharge to a critical aquifer system that supports local communities and connected ecosys-
tems. As the regional population grows, consumptive use of groundwater is expected
to increase, stressing this limited shared resource. Here, we used GIS, AHP, and limited
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remote sensing and field-derived datasets to develop and validate a groundwater recharge
potential (GWRP) map in this high-latitude remote location.

2. Materials and Methods
2.1. Site Description

The study area was the Anchor River Watershed on the Kenai Peninsula Lowlands
in south-central Alaska (Figure 1). The Kenai Peninsula Lowlands (~9400 km?) is the
unglaciated southernmost tip of the Kenai Peninsula, bordered by Kachemak Bay to the
south, Cook Inlet to the west, and the Kenai Mountains range to the east. Over 40% of
the Kenai Peninsula Lowlands consists of headwater streams, wetlands, and lakes [46].
The Anchor River Watershed (~586 km?) is the largest and southernmost salmon-bearing
watershed on the Kenai Peninsula Lowlands. The Anchor River is a non-glacial river
comprised of two main river forks that meet near the town of Anchor Point and continue
west to Cook Inlet. Access to most of the watershed is challenging due to the prevalence of
wetlands, streams, rugged terrain, and the lack of roads.
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Figure 1. Geographic location of the Anchor River Watershed in the Kenai Peninsula, south of
Anchorage, in the State of Alaska, USA. The locations of polygons and wells used to validate the final
GWRP map are depicted in this figure. Base map source: Esri, HERE, Garmin, FAO, NOAA, USGS,
© OpenStreetMap contributors, and the GIS User Community.

The climate, geology, topography, and land cover of the Anchor River Watershed
are typical of the Kenai Peninsula Lowlands. The climate is driven by continental and
maritime patterns, from north to south, and consists of short summers and long cold
winters. Mean annual temperature and precipitation are 2.9 °C and 755.14 mm, respectively
(HOMER 8 NW, AK US USC00503672, 1991-2020). Seasonal precipitation is influenced by
the strength and position of the Aleutian Low, with most of the precipitation occurring
between November and March [47], with the orographic effects of the bordering mountains
creating distinctive climatic zonation [48]. The region has experienced at least five major
glaciations and two minor glacial advances over the last 125,000 years [48]. Geologic
deposits are a complex mix of Pleistocene glacial deposits overlaying weakly lithified
Tertiary bedrock [48-50]. Groundwater can be found in all deposits, most notably in the
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Pleistocene glacial deposits, especially in valley train and outwash channel deposits [36,51].
Relief is rugged and steep, with total relief ranging from 0 m to 621 m above mean sea
level (AMSL).

The water resources availability and patterns of use in the Anchor River Watershed
are also typical of the Kenai Peninsula Lowlands. People rely almost exclusively on
groundwater for domestic, commercial, and industrial uses [52], but there are few statewide
or local restrictions on groundwater use. Wherever water occurs naturally in Alaska, itis a
common property resource, not attached to land ownership unless the landowner applies
for a water right [53]. Similarly, ecosystems rely on groundwater, notably salmon-bearing
streams. Groundwater augments streamflow [54] and may provide >50% of the streamflow
during spring breakup and fall freshets and >80% of the streamflow during late summer
and throughout the winter (Brigino, unpublished data). In many cases, aquifers used
for water supply are the same aquifers that outcrop on hillslopes and support seeps and
springs that discharge to the streams [36,55]. The balance is delicate because the shared
aquifer resources are largely glacial channel and floodplain deposits that are multitiered,
thin, discontinuous, and prone to drawdown and drying [52].

The largest municipality in the region is the City of Homer, which has a population
of ~6000 people and has seen a population increase of 10% since the 2010 census [56].
Although the City of Homer is not entirely located within the Anchor River Watershed, the
source of the City’s drinking water (Bridge Creek Reservoir) is in the headwaters. Natural
tracer studies indicate that >50% of the water in the Bridge Creek Reservoir originates
from groundwater discharging from seeps and springs (Brigino, unpublished data). This
reservoir not only serves the City of Homer but also provides drinking water to people that
live in the region. The only other potable water sources are private or public groundwater
wells and naturally flowing springs.

2.2. Overall Approach

Our study included four stages to develop a spatial model to delineate GWRP zones:
(1) develop a conceptual model, (2) select and process spatial datasets, (3) rank spatial
datasets and their corresponding classes, (4) create and validate a GIS-based map of
GWRP. We used ArcGIS Pro 2.9.2 (ESRI, Redlands, CA, USA), QGIS 3.22 Biatowieza (QGIS
Development Team (2022)), and the Soil & Water Assessment Tool+ (SWAT+) (USDA-ARS)
to process and analyze our spatial datasets.

2.3. Conceptual Model Development

Our conceptual model of groundwater resources in our study area was developed
over many field seasons [36,54,55,57], but most specifically during three visits in 2018-2019
and 2021-2022. During these visits, we initially focused on using remote sensing data
and machine learning to locate the seeps and springs that discharge groundwater to the
salmon-bearing streams [36]. In the Kenai Peninsula Lowlands, groundwater discharge
in one location implies groundwater recharge in another, likely nearby and upgradient.
Therefore, we simultaneously made field observations about areas that likely supported
groundwater recharge, focusing on evidence that could be derived from publicly avail-
able data (e.g., climate, geology, soils, topography, and land cover). We simultaneously
incorporated community insights, including indigenous tribal knowledge, through surveys
and interviews (Guerrén-Orejuela, unpublished data) [55]. We used the conceptual model
developed from these field observations and community knowledge to identify and rank
the spatial datasets and criteria that drive groundwater recharge.

2.4. Spatial Dataset Selection

We performed a literature review of twenty-three geospatial groundwater potential
and groundwater recharge potential studies to crowdsource possible criteria and supporting
spatial datasets [21,40,43,58-77]. Detailed results, including spatial datasets organized by
reference, are supplied in Supplementary Materials Table S1. These studies used different
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quantities and types of spatial datasets, ranging from 5 to 13, typically picked from climatic,
geologic, topographic, and land cover data sources. Our analysis showed twenty-eight
unique spatial datasets used in all the studies. Eleven were only used in one study, and eight
were used at least two times more than any other. These eight common spatial datasets are
precipitation, geology, lineament density, soils, geomorphology, slope, drainage density,
and land use and land cover (Figure 2).
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Figure 2. The frequency of spatial datasets utilized in twenty-three published groundwater studies.
TWI Topographic Wetness Index, NDVI Normalized Difference Vegetation Index, TPI Topographic
Position Index, SPI Stream Power Index. Detailed results, including spatial datasets organized by
reference, are supplied in Supplementary Materials Table S1.

We were interested in developing a methodology with a high likelihood of being
available and applicable to various regions. Therefore, we chose to work with the spatial
datasets our literature review revealed were exceptionally common in groundwater studies.
Of the eight spatial datasets presented above, six spatial datasets or the related underlying
data that collectively represented climatic, geologic, topographic, and land cover charac-
teristics were available for our study area: precipitation (P), geology (G), soil texture (ST),
slope (SL), drainage density (DD), and land cover (LC). The remaining two, lineaments
and geomorphology, were unavailable. All layers used in the analysis were standardized to
3 x3m.

We represented climate through spatially distributed precipitation data, some fraction
of which would be available for groundwater recharge [78,79]. Precipitation data were
limited in our study area, so we generated a spatially distributed dataset based on data
from twenty available weather stations in our region using the weather generator in the
SWAT + modeling software [80]. This software uses the global weather station network and
data derived from satellite products (Climate Forecast System Reanalysis (CFSR), National
Center for Environmental Prediction) [81].

We represented geology through spatially distributed lithology and soils, which affect
infiltration [82-85]. We derived lithology data from the United States Geological Survey
(USGS) Geologic map of Alaska [86], which is a compilation of regional geologic maps
developed and published by the USGS National Survey and Analysis Project for Alaska.
We used the lithologic coding to query and identify the most specific part of the lithologic
assignment available for our study area. The resulting vector file was rasterized. For soils,
we used the National Resources Conservation Service’s (NRCS) gridded (10 m resolution)
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Soil Survey Geographic Database (gSSURGO) for the State of Alaska [87]. From these data,
we extracted soil texture, which is proportional to permeability [88].

We represented topography through a digital elevation model (DEM), which rep-
resented the likelihood of precipitation runoff [89,90]. Topographic data were derived
from airborne LiDAR (2008 Kenai Watershed Forum Topographic LiDAR: Kenai Peninsula,
Alaska; https:/ /www.fisheries.noaa.gov/inport/item /49620; accessed on 25 February
2019). The LiDAR-based digital elevation model (DEM) was acquired at 1 x 1 m pixel size
but was resampled to a 3 x 3 m pixel size, which reduced run times and microtopographic
anomalies [36]. Topographic data directly extracted from the DEM included slope and
drainage density [91,92]. Additionally, this DEM was used to delineate the study area using
Arc Hydro Pro tools.

We used the most up-to-date land cover data for this region, representing the degree
to which development altered the natural landscape, especially by placing impervious
surfaces [93,94]. We derived our grid (30 m spatial resolution) from the 2016 National Land
Cover Database (NLCD) [95].

2.5. Spatial Dataset Weighting through Analytic Hierarchy Process (AHP)

We used AHP, and Saaty’s relative importance scale, to assess and compare the relative
contribution to groundwater recharge of the data represented in the six spatial datasets.
In Saaty’s relative importance scale, 1 indicates equal importance between classes, and 9
shows the extreme importance of one class above another (Table 1).

Table 1. Saaty’s relative importance scale [41].

Scale 1 3 5 7 9

Importance Equal Moderate Strong Very Strong Extreme

Even numbers are also possible in the scale and express intermediate importance.

To determine the weights of each spatial dataset, we constructed a 6 x 6 pairwise
comparison matrix (1), where each element a;; was evaluated based on our conceptual
model. To fill out the matrix, we conducted pairwise comparisons of each of the six spatial
datasets, assigning high relative importance values to spatial datasets that greatly influence
groundwater recharge and low relative importance values to those with a small impact
on groundwater recharge [41,43,76]. Only comparisons above the matrix diagonal (1)
are required.

1 aipp ... dipu
A= a1 1 .. dop (1)
am 4 ... 1

Elements below the diagonal were assigned reciprocal values of the corresponding
above-diagonal values [41], as represented in Equation (2).

ajj = L 2

aji

According to the AHP methodology, the principal eigenvector, ?, is the desired
priorities vector. We approximated ? by normalizing the elements in each column of the
comparison matrix and then averaging over each row [41]. We estimated Amax by adding
the columns of A and multiplying the resulting vector by ? The difference between Amax
and the number of spatial datasets (1) is a measure of the inconsistency of the comparison
matrix. We calculated the consistency index (CI) as per Equation (3) [41], where CI is the
consistency index, 7 is the number of spatial datasets, and Amax is the largest eigenvalue.

Amax —n

I
¢ n—1

®)
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We also used the random consistency index (RI), a table-based value dependent on
the number of variables used, to calculate the consistency of the comparison matrix, which
is a measure of how far the comparison matrix is from total consistency [42,96]. For our
analysis n = 6, which corresponds to RI = 1.24 (Table 2).

Table 2. Random consistency index based on the number of datasets used [41].

N 1 2 3 4 5 6 7 8
RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41

n number of thematic layers, RI random consistency index.

Finally, we calculated the consistency ratio (4), which measures the consistency of the
judgment used during the pairwise comparison based on transitive property.

CI
CR= . )

Each spatial dataset contains information in classes. The information contained in
these classes can be quantitative or qualitative. For this study, we used spatial datasets with
classes determined by both. For example, in our study area, the land cover dataset consists
of 15 land cover classes, and the slope dataset has slope values ranging from 0% to >60%.
We used the natural breaks classification method (Arc Pro v 2.9.2, ESRI) to rank the classes
within the quantitative spatial datasets (precipitation, slope, and drainage density) [43],
thus maximizing differences between classes. We used our conceptual model to assign
ranks for classes within qualitative spatial datasets (geology, soil texture, and land cover).
The final class ranking values were based on Saaty’s relative importance scale (see Table 1).

2.6. GWRP Model Development and Validation

We used the weighted overlay tool (Arc Pro v 2.9.2, ESRI) to combine the six spatial
datasets into a single map. Then, we assigned the corresponding normalized principal
eigenvector value to each spatial dataset and reclassified the results using natural breaks
classification. The GWRP zones were classified into five categories: Very Low, Low, Moder-
ate, High, and Very High.

We used two methods to validate the GWRP model. In the first validation, two
experts with local knowledge conducted an independent assessment of 30 randomly
chosen GWRP polygons that the model had scored as GWRP = high or GWRP = low.
The experts did not have access to the scores assigned by the model but did have access
to the unprocessed layers used in the model (as downloaded from the web). They also
had access to ancillary information not used directly in the model, such as well-logs,
aquifer outcrops, topographic wetness index (TWI), flow-weighted slope (FWS), terrain
ruggedness index (TRI), and planform and profile curvature [36]. In the second validation,
we determined whether wells in areas with higher GWRP scores were more likely to
have higher well yields than wells in areas with lower GWRP. We obtained well yield
information from well logs publicly available in the Well Log Tracking System (WELTS)
(https:/ /dnr.alaska.gov/welts/; accessed on 2 December 2022). From over 200 wells, we
randomly selected 30 wells located in areas that the model had scored as GWRP = high
or GWRP = low. Then, we performed a Mann-Whitney U test on the well yield data from
these 30 wells to determine if well yields reported in the two populations were significantly
different. We used the receiver operating characteristic curve (ROC) and the area under
the curve (AUC) to determine the accuracy of the model using this second validation
method [97,98].
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3. Results
3.1. Relative Ranking of Individual Spatial Datasets

The spatial dataset weighting procedures resulted in a normalized reciprocal matrix
with principal eigenvectors and the largest eigenvalues for each spatial dataset (Table 3).
The value of the principal eigenvector reflects the relative influence of each spatial dataset
on the GWRP model. Slope has the greatest influence on GWRP, with a weight of 33%.
Land cover, soil texture, precipitation, and geology have the subsequent greatest influence
on GWRP, with weights of 22%, 17%, 12%, and 11%, respectively. Drainage density has
the least influence on GWRP, with a weight of just 4% (Table 3, principal eigenvector). The
consistency ratio for the reciprocal matrix is 0.04. Consistency ratios of 0.10 or less have
been deemed acceptable [41].

Table 3. Analytical Hierarchy Process results: normalized reciprocal matrix, principal eigenvectors,
and largest eigenvalue.

Spatial N
Dataset P G ST SL DD LC P Amax
P 0.12 0.11 0.07 0.17 0.14 0.11 0.12 6.22
G 0.12 0.11 0.07 0.12 0.14 0.11 0.11 6.22
ST 0.24 0.21 0.14 0.12 0.23 0.11 0.17 6.22
SL 0.24 0.32 0.42 0.35 0.23 0.43 0.33 6.22
DD 0.04 0.04 0.03 0.07 0.05 0.04 0.04 6.22
LC 0.24 0.21 0.28 0.17 0.23 0.21 0.22 6.22

P Precipitation, G Geology, ST Soil Texture, SL Slope, DD Drainage Density, LC Land Cover, ? principal eigenvec-
tor (reflecting the relative importance of each dataset to the model), Amax largest eigenvalue.

3.2. Relative Ranking of Data Classes within Spatial Datasets

The spatial dataset selection procedures resulted in six spatial datasets, with data
reclassified in terms of their relative contribution to GWRP (Table 4; Figure 3; Supple-
mentary Materials Tables S2-57). GWRP is highest where precipitation is relatively high,
coarse-grained, unconsolidated deposits are present, soils are variants of sands and gravels,
the terrain is flat, the drainage density is low, and there is no development. Conversely,
GWREP is lowest where precipitation is relatively low, tertiary sedimentary rock is present,
soils have very high organic matter content, the terrain is steep, the drainage density is
high, and there is high-density development.

Table 4. Conceptual ranking of data classes within six spatial datasets.

. . Selected
Spatial Datasets High Ranks Low Ranks Citations
Precipitation Relatively high Relatively low [78,79]

Coarse-grained, Tertiary sedimentary
Geology unconsolidated deposits rock [82,83]
Soil Texture Variants of sand and gravel Very high organic [84,99]
matter content
Slope Flat Steep [89,90]
Drainage Density Low High [91,92]

Land Cover Open water and wetlands Densely developed [93,94]
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Figure 3. Distribution of classes within spatial datasets and their relative contribution to GWRP in
the Anchor River Watershed. The spatial datasets used in our study are (a) precipitation, (b) geology,
(c) soil texture, (d) slope, (e) drainage density, and (f) land cover.

3.3. GWRP Model and Validation

The GWRP model reveals that groundwater recharge potential is not uniformly dis-
tributed across the landscape, dividing the watershed into five GWRP zones: Very Low,
Low, Moderate, High, and Very High (Figure 4). From the total area of our study area,
3% has Very Low GWRP, 14% has Low GWRP, 39% has Moderate GWRP, 36% has High
GWRP, and 8% has Very High GWRP. Overall, 83% of the watershed is at least moderately
suitable for groundwater recharge.
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Figure 4. Distribution of Groundwater recharge potential for the Anchor River Watershed.

We built a confusion matrix to summarize and evaluate our expert-based validation re-
sults (Table 5). Our expert-based model validation showed a high concurrency between the
GWRP model and expert assignments, with an overall accuracy, sensitivity, and precision
of 87%.

Table 5. GWRP model verification confusion matrix results.

Model Predicted High Model Predicted Low Total
Expert Scored High 13 2 15
Expert Scored Low 2 13 15
Total 15 15 30

In addition to the expert-based model validation, we compared well yields from
30 wells, equally divided between locations where GWRP values are Low and High.
Median well yields for areas where GWRP values are Low and High were 18.9 L per
minute and 37.9 L per minute, respectively. The well yields reported in each group were
not normally distributed, so we conducted a Mann-Whitney U test and determined the
accuracy of the model by calculating the receiver operating characteristic curve (ROC) and
the area under the curve (AUC) (Figure 5).

The results indicate that the well yields in locations with low GWRP values were
significantly lower than those in areas with high GWRP values (Mann-Whitney U = 41,
n1 =ny =15, p < 0.05 two-tailed). The findings of the ROC analysis indicate that the AUC
was 0.8, and the model is, therefore, 80% accurate.
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Figure 5. ROC and AUC of the GWRP model in the Anchor River watershed.

4. Discussion

This GWRP model reveals that groundwater recharge potential in the study area is
driven primarily by slope, then by land cover, soil texture, precipitation, geology, and
drainage density, in that order. Each of these plays a crucial role, so the overall variability in
GWRP is a function of variables with both high spatial variability (e.g., slope, soil texture)
and low spatial variability (e.g., precipitation, land cover) (Figure 3). Specifically, areas
where GWRP values are highest are relatively low gradients and have relatively high-
permeable surficial deposits and relatively high precipitation, and largely natural land
cover. These areas are not distributed uniformly throughout our study area (Figure 4).
The model shows that groundwater recharges mainly in proglacial lake bottom sediments
underlying terraced and channeled surfaces between major morainal belts in lowland and
mountain valleys, as well as in flood plains and associated higher terraces along major
streams and abandoned drainage lines.

The distribution of GWRP zones concurs with other studies conducted in mountainous
regions. Areas with steep slopes and shallow bedrock typically have GWRP values of
Very Low and Low [73,76,77]. Conversely, areas along streams and floodplains, valley
bottoms, and other flat areas with alluvium commonly have GWRP values of High and
Very High [62,64,73]. Similarly, field groundwater studies have indicated that groundwater
recharge in mountainous areas is spatially variable [79]. Areas with high recharge often are
characterized by high precipitation [78], undeveloped landscape [93], and flat alluvial fans
as the main geologic feature [83,89].

Our results demonstrate that a large percentage of this landscape is engaged in ground-
water recharge at moderate or higher levels, cumulatively contributing to groundwater
supply. Independent measurements of total groundwater recharge are unavailable in the
study area. However, total groundwater recharge nearby and in similar terrain was ap-
proximately 0.19 cm/d in June-September, mostly through closed-basin depressions [26].
An independent estimate of net annual groundwater recharge in the study area suggests
volumes of approximately 1% of annual precipitation (M. Rains, unpublished data). Net
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groundwater recharge is expected to be much lower than total recharge in this area as most
of this groundwater recharge is subsequently either extracted by wells [52] or discharged
from the numerous seeps and springs (M. Rains, unpublished data) [36]. The maintenance
of the total groundwater recharge is crucial because it supports both these communities
and these water-dependent ecosystems.

Groundwater is the region’s primary source of domestic, commercial, and industrial
water supply [52]. People source their domestic drinking water from private and public
wells, springs, or the Bridge Creek Reservoir operated by the City of Homer. Although
the Bridge Creek Reservoir is a surface-water reservoir, >50% of this water originates
from nearby seeps and springs (Brigino, unpublished data). Meanwhile, groundwater
discharge from seeps and springs also supports streamflow (Brigino, unpublished data) [54],
modulates stream temperatures, providing cool-water refugia in summer and warm-water
refugia in winter [54], and delivers nutrient subsidies to the streamside wetlands and
streams, mainly from hillslopes covered with N-fixing alders [57,100]. Overall, these
groundwater subsidies are crucial to the proper functioning of streams, including the
streamside wetlands [57,101], the benthos [102], and the salmonids [103]. Groundwater is
the central link between all these processes, with the salmonids being notable beneficiaries.

GWRP maps are important tools for increasing awareness and enabling effective man-
agement of groundwater resources, especially source-water protection. To our knowledge,
most previous studies that couple GIS and AHP to delineate GWRP have been conducted
in low and middle-latitude regions, often in dry climatic regions and in less economically
developed nations [59,61,68]. However, many communities in high latitudes, including in
wetter regions and in more economically developed nations, are similarly dependent on
groundwater and similarly limited by data. Here, we used GIS and AHP to construct a GWRP
map in a remote, high-latitude region based on remote sensing data and on a conceptual
model developed from a combination of field observations and community engagement.

Our model incorporated high-quality data and insights provided by field experience,
as available. Acquiring such data is often a challenge, especially in high-latitude regions. We
overcame this by performing a literature review and crowdsourcing eight possible criteria
and supporting spatial datasets [21,40,43,58-77], then eliminating two criteria and datasets
that were unavailable for our study area (Figure 2). This ensured we only considered
widely available criteria and datasets, which are likely to also be available elsewhere. We
benefitted from the availability of a LIDAR-derived DEM with a resolution of 1 x 1 m,
which we resampled to a resolution of 3 x 3 m. The resolution of this DEM is likely
higher than will be available in many other remote regions, which might only have DEMs
with a much lower resolution (e.g., Landsat Collection 2 Digital Elevation Model, https://
www.usgs.gov/landsat-missions/landsat-collection-2-digital-elevation-model, accessed
on 10 May 2023). We chose to use our higher resolution DEM because it better represented
the rugged topography which played such a crucial role in our study area (see Slope in
Figure 3). Though many other high-latitude regions may not have similar higher-resolution
DEMs, we note that higher-resolution DEMs are rapidly becoming more widely available
(e.g., 1 m Digital Elevation Models (DEMs)—USGS National Map 3DEP Downloadable
Data Collection, https://data.usgs.gov/datacatalog/, accessed on 10 May 2023).

Combining AHP with powerful spatial and statistical analysis within a GIS envi-
ronment creates a valuable tool for water resources management. This method allows
qualitative and quantitative criteria to be considered in decision-making. AHP’s biggest
weakness is the potential for evaluator bias when establishing criteria and developing
the pairwise comparison matrix. We overcame this weakness by combining community
engagement and fieldwork expertise. Past community engagement [55] and recent surveys
and interviews (Guerrén-Orejuela, unpublished data) identified community interest in
geospatial information regarding groundwater recharge and assessed community under-
standing of regional hydrological patterns and processes. Fieldwork provided an improved
understanding of the drivers of regional hydrological patterns and processes, especially
as they relate to groundwater discharge to streams [54,57] and the structure of regional
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aquifers that support both water supply and springs [36]. This effectively crowdsourced
the spatial datasets and weights.

For the past three decades, scientists and resource managers in the Kenai Peninsula
Lowlands have become increasingly aware of the need to understand ecological processes
to sustain a healthy and resilient community, especially in this low-regulatory setting
that is facing an increasing population, changes in climactic conditions, and potential
reduction of vital resources. It has become clear that scientists need to create tools to
effectively communicate science to stakeholders, thus facilitating communication and
allowing for better and informed local decision-making [55]. This GWRP map can serve in
that capacity, guiding land and resource management decisions by identifying recharge
areas. Furthermore, given the community’s reliance on groundwater as their primary
source of potable water, this model provides important information regarding source-water
protection. This tool joins an ever-growing list of tools that empower local communities
to have an informed dialog about how to manage the landscape best to reduce the risk of
groundwater depletion. Finally, our study refines techniques, extends them to a new region,
and provides insights critical for management regarding where groundwater recharge
occurs in this and other similar landscapes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs15102630/s1, Table S1: Literature review of possible criteria
and supporting spatial datasets; Table S2: Precipitation classes contribution to Groundwater Recharge
Potential (GWRP); Table S3: Geology classes contribution to Groundwater Recharge Potential (GWRP),
Table S4: Soil Texture classes contribution to Groundwater Recharge Potential (GWRP); Table S5:
Slope classes contribution to Groundwater Recharge Potential (GWRP); Table S6: Drainage Density
classes contribution to Groundwater Recharge Potential (GWRP); Table S7: Land Cover classes
contribution to Groundwater Recharge Potential (GWRP).
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