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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 (de Graaf 

et al., 2019; Forslund et al., 2009; Margat & van der Gun, 2013; United Nations, 2022). In the 

United States groundwater discharge comprises 14-90% of streamflow (Winter et al., 1998), which 

implies that groundwater discharge also plays an important role in the provision of surface water 

resources, including reservoirs. Therefore, it’s crucial to understand the dynamics between these 

competing needs. Afterall, groundwater is a renewable resource only if managed properly, and the 

sustained availability of this resource depends on maintaining the balance between groundwater 

recharge, use, and discharge (Baldwin & McGuinness, 1963; Famiglietti, 2014).  

The University of South Florida Ecohydrology Research Group (USF ERG) and the 

Kachemak Bay National Estuarine Research Reserve (KBNERR) have been investigating 

groundwater dynamics in the Lower Kenai Peninsula for over two decades (e.g., Callahan et al., 

2015, 2017; Dekar et al., 2012; Gerlach et al., 2022; Guerrón-Orejuela et al., 2023; Shaftel et al., 

2011, 2012; Walker et al., 2012; Whigham et al., 2017). In 2022, the City of Homer contracted 

with USF ERG and KBNERR to conduct a focused investigation on the groundwater dynamics in 

the Bridge Creek Reservoir (BCR) which supplies water for city residents and serves as the 

headwaters for the South Fork Anchor River. The City of Homer is growing at a rate of 10%, which 

is higher than both the Kenai Peninsula (6%) and the national (7%) rates (US Census). As regional 

population grows, consumptive use of groundwater is expected to increase, stressing this limited 

shared resource.  

Specifically, the City of Homer contracted us, the USF ERG and KBNERR, to validate 

regional maps of groundwater discharge (Gerlach et al., 2022) and recharge (Guerrón-Orejuela et 
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al., 2023) for use in the BCR Watershed. At the time of contracting, we had recently completed 

the regional map of groundwater discharge (Gerlach et al., 2022) and were working on the regional 

map of groundwater recharge (Guerrón-Orejuela et al., 2023). However, those maps had few field 

validation points in the BCR Watershed. The validation of these map products in the BCR 

Watershed constituted the extent of the contracted work (Appendix 1). However, because of the 

opportunity provided to us by this contract to spend time in the BCR Watershed, we integrated 

these waters into our ongoing regional geochemical studies in which we address questions such 

as: What is the relative contribution of groundwater to streamflow? Does this relative contribution 

change seasonally? These regional studies are still in progress, but we recognize the significance 

these issues have on water management of the BCR Watershed and have included some of our 

preliminary results in this report. As an additional out-of-scope product, we have included the 

results of our investigation of the feasibility of calculating a water budget for the BCR Watershed.   

Study Area 

This study took place in the BCR Watershed, located in the headwaters of the Anchor River 

on the Kenai Peninsula Lowlands in south-central Alaska (Figure 1). The climate, geology, and 

topography are typical of the Kenai Peninsula Lowlands.  

The climate is driven by intersecting continental and maritime patterns and consists of 

short, cool summers and long, cold winters. Mean annual temperature and precipitation are 2.9 °C 

and 755 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 and with orographic effects enhancing 

precipitation at the highest elevations (Broadman et al., 2020).  
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Figure 1. A. General location of the study site within the State of Alaska. B. The boundaries of the Anchor River 
Watershed (white line) and the BCR Watershed (yellow line) along with locations within both watersheds where we 
collected water samples and/or field validated our maps of groundwater discharge and recharge. C. The boundary of 
the BCR Watershed (yellow line) and the locations within the BCR Watershed where we collected water samples 
and/or field validated our maps of groundwater discharge and recharge. Water samples were not collected at all point 
locations. 
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The Kenai Peninsula Lowlands has experienced at least five major Pleistocene glaciations 

and two minor post-Pleistocene glacial advances in the last 125,000 years (Karlstrom, 1964). 

Glacier dynamics are extremely variable and uniquely coupled with mass movement and fluvial 

processes. As continental glaciers advance, continental landmasses in front of the advancing 

glaciers subside under the weight of the glaciers. This creates accommodation space in front of the 

glaciers which is filled by sediments, including proglacial channel, floodplain, and lakebed 

deposits. Channel deposits are formed as outwash streams transport and deposit coarse-grained 

material, such as sand and gravel. When cut off as oxbows, they may also accumulate organic 

matter and fine-grained material, such as silt and clay. Floodplain deposits are formed as overbank 

flows and winds transport and deposit fine-grained materials, such as silt and clay. These may be 

overlain by moraines and other sub- and periglacial deposits. As continental glaciers recede, 

continental landmasses in front of the receding glaciers rebound, and rivers down cut into the 

complex deposits, creating new valleys. As continental glaciers once again advance, continental 

landmasses under and in front of the advancing glaciers once again subside, and the recently cut 

valleys are filled and this sequence repeats. This repeated sequence left complex deposits of 

variable permeability throughout the Kenai Peninsula Lowlands, including thin, meandering 

coarse-grained buried channel deposits, which serve as the primary water-bearing formations (i.e., 

aquifers). Modern rivers have downcut into these complex deposits, creating steep sided valleys 

and exposing outcrops, including outcrops of the buried channel deposits. 

This complex setting creates two types of groundwater discharge: hillslope groundwater 

discharge and aquifer-outcrop groundwater discharge (Gerlach et al., 2022). Hillslope groundwater 

discharge is annual precipitation that mixes with antecedent soil moisture, which then moves 

downslope and discharges from diffuse seeps at toeslopes (Figure 2). Aquifer-outcrop groundwater 
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discharge is groundwater that has infiltrated more deeply and recharged aquifers, which then 

moves laterally and discharges from aquifer outcrops (Figure 2). These groundwater dynamics are 

very localized, with groundwater recharge and discharge typically being near one another, 

typically within the same watershed.  

 

Figure 2. Cross section showing the two types of groundwater discharge: hillslope groundwater discharge moves 
along the shallow subsurface and discharges from diffuse seeps and aquifer-outcrop groundwater discharge moves 
through deeper aquifers and discharges from springs. Illustration by Conrad Field (KBNERR) based on field 
sketches and notes prepared by the USF ERG. 

Methods 

Overall Approach 

At the foundation of this current study were the insights and datasets from four prior 

investigations we have conducted in the broader Kenai Peninsula Lowlands: two investigations of 

the role of groundwater discharge in augmenting streamflow (Callahan et al., 2015; Brigino et al., 
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unpublished data) and geospatial analyses resulting in maps of high probability locations of 

groundwater discharge (Gerlach et al., 2022) and recharge (Guerrón-Orejuela et al., 2023). We 

have built upon this work in the BCR Watershed, including data collection at 84 field sites, several 

of which were sampled repeatedly for a total of 145 data collection events (Figure 1 and Figure 3). 

Data collection included groundwater discharge validation (presence/absence of water or other 

indicators of flow), groundwater recharge validation (presence/absence of features consistent with 

high recharge potential in the Kenai Peninsula Lowlands), and/or water sample collection (for 

geochemical analyses and used to investigate the role of groundwater discharge in augmenting 

streamflow). Data collection is explained in more detail below. 

 

Figure 3. Representative photographs of field data collection by USF ERG and KBNERR in the BCR Watershed. 
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Groundwater Contribution to the Bridge Creek Reservoir 

Though not included in the contracted scope of this project, we first determined the relative 

contribution of groundwater discharge to the BCR and to the tributaries of the BCR using methods 

and insights developed as part of our research program in the broader Kenai Peninsula Lowlands.  

Our groundwater discharge to the BCR dataset consisted of 93 water samples: Outflow, 55 

samples collected at weekly intervals from the BCR outflow between June 2022 and July 2023; 

Groundwater, 24 samples collected at wells, seeps, or springs in the BCR Watershed; 

Precipitation, 14 direct precipitation and runoff samples collected in the South Fork Anchor 

Watershed. This dataset does not include data from the single well sampled whose depth was lower 

than the elevation of the BCR outflow.  

Our groundwater discharge to the tributaries dataset consisted of 42 water samples: 

Tributary, 1-2 samples (5 total) collected at the outlets of the streams entering from the north, east, 

and southwest shores of the BCR in 2022; Groundwater, 24 samples collected at wells, seeps, or 

springs in the BCR Watershed; Precipitation, 14 direct precipitation and runoff samples collected 

in the South Fork Anchor Watershed.  

At each water sample site, we measured pH and temperature in the field with an Oakton 

pH 300 (Environmental Express, Charleston, SC) or the equivalent and specific conductance with 

a YSI Model 30 (YSI, Yellow Springs, OH) or the equivalent. We additionally collected samples 

for dissolved ion analyses using the following methods. We filtered approximately 80 mL of water 

with a 0.45 µm nylon filter and stored samples in polypropylene tubes. Samples were stored in a 

cooler with ice packs in the field and then immediately frozen upon returning to the KBNERR lab 

in Homer, AK. We transported frozen water samples to the USF Center for Geochemical Analysis 
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where they were analyzed for cations (i.e., Ca and Mg) with a PerkinElmer Avio 200 ICP-OES 

with ESI FAST SC-DX-2 Autosampler (PerkinElmer, Waltham, MA) by T. Brigino. 

We used a two-end member mass balance mixing model to calculate the relative 

contribution of precipitation and groundwater to the BCR outflow and to each of the three 

tributaries to the BCR. The Ca and Mg in the water samples served as conservative, natural tracers. 

The concentrations of these constituents in water are the result of the dissolution of Ca- and Mg-

rich siliciclastic deposits by groundwater, and our work throughout the broader Kenai Peninsula 

Lowlands suggests they are suitable natural tracers for determining the relative contribution of 

groundwater to a given sample of water (Callahan et al., 2015; Intveld et al., 2022; Brigino et al., 

unpublished data). We calculated the relative contribution of groundwater to the BCR and to the 

three tributaries as described in Equation 1:  

𝑓𝑓𝑔𝑔𝑔𝑔 = (𝐶𝐶𝑠𝑠𝑠𝑠 − 𝐶𝐶𝑝𝑝𝑝𝑝)/(𝐶𝐶𝑔𝑔𝑔𝑔 − 𝐶𝐶𝑝𝑝𝑝𝑝  )      Equation 1 

where 𝑓𝑓𝑔𝑔𝑔𝑔 is the fraction of streamflow (i.e., BCR outflow or tributary) attributable to groundwater, 

𝐶𝐶𝑠𝑠𝑠𝑠 is the concentration of the natural tracer in streamflow, 𝐶𝐶𝑝𝑝𝑝𝑝 is the average concentration of the 

natural tracer in precipitation, 𝐶𝐶𝑔𝑔𝑔𝑔 is the average concentration of the natural tracer in groundwater. 

The final reported fraction of streamflow attributed to groundwater reported is the average of the 

values calculated based on the concentrations of Ca and of Mg.  

Development and Validation of Groundwater Discharge and Recharge Maps 

We constructed a map of high probability locations of groundwater discharge in the broader 

Kenai Peninsula Lowlands using geospatial data and machine learning (Gerlach et al., 2022). In 

that study, we identified two types of groundwater discharge: hillslope groundwater discharge, 

commonly manifested as diffuse seeps, and aquifer-outcrop groundwater discharge, commonly 

manifested as springs. We developed multistep manual procedures that allowed us to accurately 
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predict the locations of both types of groundwater discharge, though only where geologic data 

were available. To extend our analyses beyond the areas where geologic data was available, we 

applied maximum entropy modeling, a machine learning technique, to predict the prevalence of 

both types of groundwater discharge throughout the entire Kenai Peninsula Lowlands. Additional 

details can be found in Gerlach et al. (2022), which is included in Appendix 2.  

We constructed a map depicting the variation in groundwater recharge potential (GWRP) 

in the Anchor River Watershed (Guerrón-Orejuela et al., 2023). GWRP was mapped using 

geospatial data and Analytic Hierarchy Process (AHP) (Arulbalaji et al., 2019; Guerrón-Orejuela 

et al., 2023; Saaty, 1990). AHP is a multicriteria decision analysis method that provides a 

systematic methodology to classify and prioritize among heterogenous spatial datasets. GIS-AHP 

techniques can be used to address complex, multidimensional problems, such as delineating 

GWRP. The coupling of GIS and AHP has made them a powerful tool for regional hydrogeologic 

research and decision-making. Additional details can be found in Guerrón-Orejuela et al. (2023), 

which is included in Appendix 3. 

Both the groundwater discharge and recharge maps were validated for the original study 

areas. However, given the large size of those original study areas, it is unsurprising that few of the 

original validation points fell within the BCR Watershed. In this study, we assessed the accuracy 

of the groundwater discharge and recharge maps as they apply to the BCR Watershed through field 

work conducted at 84 field sites, several of which were visited twice, once following an extended 

dry period (June 10-July 29, 2022) and another following a series of rainfall events (Sept 21-30, 

2022). At each field site, we recorded the GPS coordinates using a handheld Garmin GPS unit, 

photographed the location, and recorded the presence/absence of water or indicators of water, i.e., 

gullies, iron floc, or directionally bent vegetation. At four sites, we additionally identified the 
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dominant soil texture, as this was an important variable in the development of the groundwater 

recharge map (Guerrón-Orejuela et al., 2023). We had completed the map of groundwater 

discharge prior to the start of this project. Therefore, we used it to identify the locations of the 

groundwater discharge validation sites in the BCR Watershed. We expected to observe evidence 

of groundwater discharge where the predicted probability of groundwater discharge was high. 

However, the map of GWRP was not available until Spring 2023, i.e., after field work had been 

completed. We overlaid our 2022 field points on the GWRP map and identified seven that had 

been sampled in zones mapped as “high” GWPR. We reviewed the associated field notes and 

photos to assess whether our field observations were consistent with traits characteristic of high 

GWRP as per Guerron-Orejuela et al. 2023 (e.g., areas with flat terrain, coarse-grained surficial 

deposits, low drainage density, and low-density development). 

Results and Discussion 

Groundwater Contribution to the Bridge Creek Reservoir 

In a scatterplot plot of Ca vs Mg, the BCR outflow samples plot between the precipitation 

and groundwater samples, indicating that the BCR water is a mix of precipitation and groundwater 

(Figure 4). Furthermore, the isotopic signature of the groundwater we have analyzed in the broader 

Kenai Peninsula Lowlands is well within the range of the modern isotopic signature of 

precipitation (Brigino et al., unpublished data). This indicates that there is no Pleistocene 

groundwater expressed within this area, which includes the BCR Watershed, and we can infer that 

the residence time of groundwater within the BCR Watershed is relatively short (i.e., years to 

decades).  



13 
 

Precipitation samples have consistently low Ca and Mg concentrations while groundwater 

samples have widely varying Ca and Mg concentrations (Figure 4), reflecting differing residence 

times. This is typical of the Kenai Peninsula Lowlands (Brigino et al., unpublished data) and is 

consistent with the premise that both hillslope groundwater discharge and aquifer-outcrop 

groundwater discharge are present in the BCR Watershed. We calculated the average groundwater 

concentrations of Ca and Mg of this dataset and used these values as two endmembers in the mass 

balance mixing model (Figure 5).  

 

Figure 4. Calcium and magnesium concentrations for the BCR outflow (55 samples), precipitation (14 samples), 
wells (9 samples), and seeps or springs (15 samples).  
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Figure 5. Two endmember mass balance mixing model for the BCR.  

The relative contribution of groundwater to the BCR varies temporally, ranging from ~30-

80% at any one moment in time but averaging 50-60% throughout the course the year (Figure 6). 

Groundwater contribution to the reservoir is expected to vary seasonally, as precipitation in the 

BCR watershed also varies seasonally (Figure 7). Groundwater may discharge directly to the BCR, 

either above or below the reservoir water surface, but also clearly discharges from seeps and 

springs that feed the tributaries that in turn discharge to the BCR (Figure 8).  
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Figure 6. The relative contribution of groundwater to the Bridge Creek Reservoir from June 2022-July 2023. Each 
dot corresponds to a separate water sample collected at the Bridge Creek Reservoir Outflow.  

 

Figure 7. Daily precipitation for the BCR Watershed (T. Cook - City of Homer Water Sewer Superintendent, 
personal communication, August 16, 2023).    
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2022, following a series of rain events (Figure 7). The tributary entering from the north was newly 

sampled at that time. The subsequent analysis indicates ~30-40% of the tributary streamflow was 

still comprised of groundwater during the abundant rain that fell during that time. Our results 

suggest the degree to which the BCR and tributaries to the BCR are comprised of groundwater 

varies seasonally, increasing as conditions become drier. This timing unfortunately coincides with 

other demands upon this resource, i.e., increased summer residents and tourism. These results are 

consistent with what we see in the mainstem of the South Fork Anchor River and in other 

watersheds of the Kenai Peninsula Lowlands (Callahan et al., 2015; Brigino et al., unpublished 

data). These results are provisional, as our study of the contributions of groundwater discharge to 

streamflow throughout the broader Kenai Peninsula Lowlands is ongoing. We would like to 

emphasize the tributary results are particularly provisional as we had a very small BCR 

Watershed dataset, i.e., 1 -2 samples per representative tributary (Figure 8) and did not 

include the tributary that enters the BCR from the SW. 
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Figure 8. Surface water sampling at the major tributaries to the reservoir. The north (top), east (middle), and south 
(bottom) were sampled on September 30, 2022, following a series of rain events. Eastern and southern surface 
waters were additionally sampled earlier on July 21, 2022, following a long dry spell.  
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Groundwater Discharge and Groundwater Recharge Maps 
  

Groundwater discharge varies throughout the BCR Watershed (Figure 9). 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 toe slopes. 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 (Figure 2). Both typically occur proximal to streams, but especially at 

the headward extent of stream networks. The model for the entire Kenai Peninsula Lowlands was 

validated, and the AUC values were 0.95 for training data and 0.91 for testing data, indicating 

outstanding model performance. Our field validation results similarly support the accuracy of this 

map in the BCR Watershed (Table 1). The accuracy based on the confusion matrix indicate the 

accuracy of this map is 91% in the BCR (TN+TP/Total = accuracy, 8+21/32 = 0.91), however, our 

incidental field observations suggest the accuracy is lower in areas where the ground has been 

disturbed.  

Landscape curvature is an important predictor of groundwater discharge in the Kenai 

Peninsula Lowlands (Gerlach et al. 2022) and is often high where the hillslope meets a floodplain. 

The historic shoreline of Bridge Creek has been flooded, artificially raising the elevation to the 

current shoreline. Our model has predicted abundant seeps and springs on the northeastern and 

southeastern shorelines which weren’t generally supported by our field observations. We traversed 

the shoreline in small boats on two occasions, landing periodically to look for seeps or springs, but 

we rarely observed them. Similarly, the false positives and false negatives recorded in the 

confusion matrix were associated with anthropogenic disturbances such as an excavated hollow 
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and a linear depression carved by powerline activity (Table 1). We suggest using caution when 

interpreting the Groundwater Discharge map in disturbed areas. 

Table 1. Results of field verification of seeps and springheads organized into a confusion matrix. Predicted refers to 
the predicted locations as per the groundwater discharge map. Actual refers to field observations at those locations. 
 

 Predicted No Predicted Yes Total 
Actual No 8 1 9 
Actual Yes 2 21 23 
Total 10 22 32 

 

In the BCR Watershed, 833.2 ha have a low probability of groundwater discharge 

occurrence (i.e., <10%) and just 4.73 ha have a high to very high probability of groundwater 

discharge occurrence (i.e., >70%) (Figure 10). Note that this map does not distinguish between 

hillslope groundwater discharge and aquifer-outcrop groundwater discharge or between seasonal 

and perennial groundwater discharge.  Further calibration would be needed to distinguish between 

types of discharge. 
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Figure 9. Predicted groundwater discharge occurrence in the BCR Watershed. Seeps and springs are most likely to 
occur where the probability is high. The red stars show the locations of seeps and springheads that were used to field 
validate the model. The inset (B) has been added to illustrate there may be localized areas where seeps/springs are 
predicted that will not be readily apparent from a map unless the user is able to “zoom in”.  

 

Figure 10. Histogram of the area in hectares and their corresponding probability of groundwater discharge in the 
BCR Watershed.  
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GWRP also varies throughout the BCR Watershed. GWRP is highest in areas along streams 

and floodplains, valley bottoms, and other flat areas with alluvium. Furthermore, 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 (Figure 11) (Guerrón-Orejuela et al., 2023). The model for the entire 

Anchor River Watershed was validated, and overall accuracy was 87%. Our field validation results 

similarly support the accuracy of this map in the BCR Watershed.  

 

Figure 11. Distribution of GWRP in the BCR Watershed. Groundwater recharge is most likely to occur in areas 
where the GWRP is High or Very High.  
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In the BCR Watershed, < 1% of the area has Very Low GWRP, 4% of the area has Low 

GWRP, 11% of the area has Moderate GWRP, 42% of the area has High GWRP, and 43% of the 

area has Very High GWRP. Overall, ~85% of the BCR Watershed has High or Very High GWRP 

(Figure 14). 

Preliminary Water Budget 
 

Though not part of the scope of this project, we have been independently studying the water 

budget for the BCR Watershed, using Equation 2:  

P - ET - Q - RD = ∆S         Equation 2 

where P is precipitation across the BCR Watershed, ET is evapotranspiration across the BCR 

Watershed, Q is surface water flowing out of the BCR Watershed, RD is deep groundwater recharge 

flowing out of the BCR Watershed, and ∆S is change in storage across the BCR Watershed. We 

have been conducting this analysis over yearly timescales, so the ∆S across the BCR Watershed is 

effectively equal to zero. Furthermore, Q has two components: water being used by the City of 

Homer and water flowing through the BCR outflow. Therefore, we have simplified the water 

budget for the BCR Watershed, using Equation 3: 

P - ET - QH - QO - RD = 0       Equation 3 

where QH is water being used by the City of Homer, QO is the water flowing out of the BCR 

outflow, and all other terms are as previously defined (Figure 12). 
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Figure 12. Conceptualization of the water budget for the BCR Watershed. The arrow in green represents water 
entering the watershed, and the arrows in yellow represent the different ways in which water leaves the watershed. P 
is precipitation, ET is evapotranspiration, QH is water being used by the City of Homer, QO is the water flowing out 
of the reservoir through the outflow, and RD is deep groundwater recharge 

 

We have used long-term data to calculate averages for precipitation, evapotranspiration, 

and city water use. We have treated deep groundwater recharge as an error term (i.e., if we measure 

or calculate all other terms correctly, the remainder must have been lost to deep groundwater 

recharge). Reservoir outflow has been the most difficult term to calculate because there are no 

long-term data and even short-term measurement is difficult. As a first order estimate, we had 

previously estimated average reservoir outflow from the geomorphology of Bridge Creek below 

the BCR outflow. Those provisional estimates indicated that reservoir outflow was comparable in 

magnitude to the city water use (Mastrion, 2022). These results are provisional and are reported 

for internal discussion only and they should not be used for planning purposes. 

During the course of this study, but outside the scope, we conducted a feasibility analysis 

of measuring reservoir outflow by continuously measuring stream stage with a Solinst Levelogger 
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(Solinst, Georgetown, ON). We placed the Levelogger in the concrete vault of the BCR outflow 

so we could use the spillway as a weir and calculate outflow from the measured stage. Results 

were difficult to interpret. There were significant flood flows that damaged the Levelogger which 

had to be repaired and replaced. Additionally, freezing during winter altered the spillway cross 

section, which made it difficult to calculate outflow from the measured stage. This remains an 

important unknown, as the reservoir outflow could represent additional water available for 

consumptive use yet also supports habitat for salmonids that are found directly below the reservoir 

outflow, as Bridge Creek is a tributary to the Anchor River (Figure 13). 

 

Figure 13. Jacob Argueta (KBNERR) shows community members salmonids he caught at the outflow of the BCR.  
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Conclusions  

Our results show that over half of the BCR water supply starts its journey underground 

(Figure 6). However, there are two types of groundwater discharge that may play varying roles 

throughout the year. Hillslope groundwater discharge is commonly seasonal and aquifer-outcrop 

groundwater discharge is commonly perennial (Brigino et al., unpublished data). Those aquifers 

also support household water supply wells within the BCR Watershed. With the potential increased 

consumptive use of limited groundwater resources and a warming and possible drying trend in the 

regional climate (e.g., Klein et al., 2005), source water protection within the BCR Watershed is 

particularly important.  

  

Figure 14. Classification of the GWRP by area in the BCR Watershed, the areas reported in the figure are in 
Hectares. The GWRP categories Low to Very High are depicted in the figure. The category Very Low was not 
depicted in the figure; however, its value is reported. 
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Coupling the modelled areas of groundwater discharge and GWRP can inform management 

decisions for source water protection, including land acquisition and conservation easements. 

There are very few areas where the probability of groundwater discharge is high (Figure 9 and 

Figure 10). Conversely, there are many areas where the GWRP is High or Very High (Figure 11 

and Figure 14). Therefore, the most efficient way to use these results for source water protection 

is to identify those rare areas where the probability of groundwater discharge is high, then delineate 

the upgradient areas where the likely associated GWRP is High or Very High (Figure 15). These, 

then, could be areas where one might consider the use of land acquisition and/or conservation 

easements to protect source water for the BCR Watershed. 

 

Figure 15. Example analysis to identify critical source water protection areas in the BCR Watershed. For example, it 
is clear that there are areas in the northeast portion of the BCR Watershed that have both a high probability of 
groundwater discharge and Very High GWRP. 
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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 = n2 = 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 × 1 m,
which we resampled to a resolution of 3 × 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 (Guerrón-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

https://www.usgs.gov/landsat-missions/landsat-collection-2-digital-elevation-model
https://www.usgs.gov/landsat-missions/landsat-collection-2-digital-elevation-model
https://data.usgs.gov/datacatalog/
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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
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