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Abstract: Quantifying soil water budget components, and characterizing groundwater recharge
from irrigation seepage, is important for effective water resources management. This is particularly
true in agricultural fields overlying shallow aquifers, like those found in the Willamette Valley in
western Oregon, USA. The objectives of this two-year study were to (1) determine deep percolation
in an irrigated pasture field with clay soils, and (2) assess shallow aquifer recharge during the
irrigation season. Soil water and groundwater levels were measured at four monitoring stations
distributed across the experimental field. A water balance approach was used to quantify the
portioning of different water budget components, including deep percolation. On average for the
four monitoring stations, total irrigation applied was 249 mm in 2020 and 381 mm in 2021. Mean
crop-evapotranspiration accounted for 18% of the total irrigation applied in 2020, and 26% in 2021.
The fraction of deep percolation to irrigation was 28% in 2020 and 29% in 2021. The Water Table
Fluctuation Method (WTFM) was used to calculate shallow aquifer recharge in response to deep
percolation inputs. Mean aquifer recharge was 132 mm in 2020 and 290 mm in 2021. Antecedent soil
water content was an important factor influencing deep percolation. Study results provided essential
information to better understand the mechanisms of water transport through the vadose zone and
into shallow aquifers in agricultural fields with fine-textured soils in the Pacific Northwest region in
the USA.

Keywords: water balance; water table fluctuation method; irrigated pastures; deep percolation;
aquifer recharge; clay soils

1. Introduction

Numerous investigations have demonstrated that irrigation can lead to deep per-
colation, and recharge shallow aquifers while also providing return flows to nearby
streams [1–4]. Deep percolation is highly dependent on soil physical characteristics, extrac-
tion patterns of the roots, ponding time at the surface, and depth to the water table [5–7].
Clay soils are especially important because their high field capacity allows for more water
storage while their lower transmissivity rates slow water percolation through the soil
profile, thereby potentially increasing water lost to evapotranspiration [8,9]. By contrast,
clay soils are sensitive to drying and wetting cycles that can create cracks in the soil profile
and cause macropore flow paths that rapidly deliver water, nutrients, and pollutants down
to the water table [10].

As the western USA continues to experience exceptional drought, it is imperative
to understand the relationship between water use and transport. Greater understanding
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of surface water–groundwater interactions (SW-GW) will be essential for farmers and
water managers to better estimate field water budget components, recharge-to-irrigation
ratios, and potential pollutant leaching (e.g., nitrogen), while improving overall water
management decisions affecting irrigation water supply and return flows to surface water
and groundwater reservoirs [11,12]. The water balance method (WBM) can be used to
estimate deep percolation below the root zone when reliable field observations are available.
In many studies, deep percolation has been associated with aquifer recharge estimates [5,13].
Groundwater recharge is commonly quantified using approaches such as the Water Table
Fluctuation Method (WTFM) [13,14]. The WTFM is often used because water level data
is relatively easy to measure, and the WTFM assumes that rises in the water table are
caused by actual recharge [14,15]. The method relies on the specific yield of an aquifer,
defined as “the volume of water released from a unit volume of saturated aquifer material
drained by a falling water table,” multiplied by changes in the water level [14]. Recharge
estimates using the WTFM are based on the premise that observed groundwater-level rises
are directly related to irrigation or precipitation recharge arriving to the water table [13,16].
The WFTM’s limitations are, firstly, the difficulty in obtaining an accurate specific yield
value for a particular aquifer and, secondly, that specific yield varies by depth [15,17].

The specific connections between SW-GW, as they relate to water transport through
the vadose zone and into the shallow aquifer, have not been fully explored in pasturelands
of the Willamette River Basin. In this investigation, soil physical properties (e.g., soil texture
and bulk density) and soil water content were utilized to assess water movement through
the vadose zone and into the shallow aquifer of an irrigated, livestock-grazed pastureland
in the Willamette Valley in western Oregon, USA. Objectives of this two-year study were to
(1) determine deep percolation in an irrigated pasture field with clay soils, and (2) assess
shallow aquifer recharge during the irrigation season.

2. Materials and Methods
2.1. Site Description

This two-year (2020 and 2021) study was conducted in a 2.1 ha pasture field (44.568
Lat.; 123.301 Long.) at the Oregon State University (OSU) Dairy Center in Corvallis, Oregon,
USA. The site is located in western Oregon, in the Willamette Valley. The pasture field
drains south, and is bordered by a discharge channel to the west, gravel roads to the north
and east, and Oak Creek to the south (Figure 1). The field is irrigated with water pumped
from Oak Creek. Streamflow in the discharge channel is negligible during the summer. No
groundwater pumping for agriculture exists in the area. Depending on streamflow and
soil water conditions following winter precipitation, irrigation at the OSU Dairy Center
typically starts in early summer. However, due to modifications conducted on the irrigation
pipes at the stream pumping site, the onset of the 2020 irrigation was delayed several
weeks. The irrigation seasons ran from 27 July to 12 September in 2020, and from 15 June
to 9 September in 2021. Vegetation at the study site included a mixture of balansa clover
(Trifolium michelianum balansae), subterranean clover (Trifolium subterraneum), white clover
(Trifolium repens), perennial ryegrass (Lolium perenne), annual ryegrass (Lolium multiflorum),
orchard grass (Dactylis glomerata), and common chicory (Cichorium intybus) that was used
for dairy cattle grazing in late spring and summer. Two soils series, as described in the
USDA official series description [18], were present at the study site: Bashaw clay covered
55.8% of the experimental field while Holcomb silt loam covered 44.2%. Both soil series
show slope values of 0% to 3%. Average depth to water table ranges between 0 to 76 mm in
the winter rainy season, while the drainage class falls within the ‘somewhat-poorly-drained’
category for the Bashaw Clay and ‘poorly-drained’ category for the Holcomb silt loam [18].
Depth to water table, measured at the lowest level at the onset of the 2020 irrigation season,
ranged between 1.2 and 1.6 m. The region has a Mediterranean type of climate with a warm
and dry season in the summer and a mild and wet winter season. Most precipitation occurs
as rainfall between November and April. Mean annual precipitation in the basin ranges
from 2500 mm at higher elevations to 1000 mm in the valley where our study site was



Hydrology 2022, 9, 60 3 of 12

located. The monthly-averaged lowest temperature happens in January (0.67 ◦C), while the
highest occurs in August (27.4 ◦C). The lowest and highest total monthly precipitations
happen in July (9.1 mm) and December (181.4 mm), respectively, [19].

Figure 1. Study site illustrating the location of the four monitoring stations used to measure soil
water content and groundwater levels. Study site (44.568 Lat.; −123.301 Long.) is in Benton County,
Oregon, USA.

2.2. Field Data Collection

Multiple field-based water, soil, and weather data were used to determine soil proper-
ties, calculate the field water budget, and estimate shallow aquifer recharge during the two
years of the experiment.

2.2.1. Soil Water Content and Soil Physical Properties

Four soil water stations (North, South, West, and East) were installed on the pasture
field (see Figure 1). Each station included a vertical network of three soil volumetric water
content (θ) sensors (Model CS455, Campbell Scientific Inc., Logan, UT, USA) installed at 0.2,
0.5, and 0.8 m depths. At each station, the sensors were connected to a CR300 datalogger
(Campbell Scientific Inc., Logan, UT, USA) programed to hourly record θ data. Three soil
samples were collected at each sensor depth for characterizing soil physical properties
(i.e., dry bulk density (ρb) and texture). The samples were obtained using a split soil core
sampler (50 mm × 100 mm) (AMS Inc., American Falls, ID, USA). Soil samples at 0.2 and
0.5 m depths were collected from 43 additional locations spaced every 25 m to create a
grid covering the entire pasture field. All soil samples were analyzed for ρb, using the core
method [20], and for soil texture, using the hydrometer method [21].

Ordinary Kriging (OK), a geospatial interpolation method using ArcGIS Pro (version
2.8; Redlands, CA, USA), was used to project clay content distribution across the entire
pasture field at selected dates during the irrigation season. Clay content was chosen as the
soil texture variable of interest due to its influence on water-holding capacity, and therefore
in θ. The assumption, in using the OK method, was that statistical and spatial relationships
among measured points exist, and value predictions in neighboring spaces are possible
due to the existence of spatial correlations.
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2.2.2. Irrigation

The pasture field was irrigated using a pod sprinkler system (K-Line North America©

2016). The K-Line irrigation system consisted of two lines of sprinkler pods extending from
two irrigation pipe risers in the center of the field. One line had 9 sprinkler pods while the
other had 8, and each line was rotated approximately every 24 h to cover the entire field in
four days. After a 3-day resting period, a new 4-day irrigation cycle would begin. When
the soil conditions were drier, the sprinklers were kept running for about 48 h before being
moved to the next location within the field. For example, due to modifications conducted
on the irrigation pipes at the pumping site in the creek, the onset of the 2020 irrigation was
delayed by several weeks. As a result, initial soil conditions were much drier, and each
subsection was initially irrigated for 48 h to raise soil moisture conditions to an adequate
level. Four transects, consisting of metal and plastic containers (108 mm diameter), were
used as water-collectors to measure the amount of water applied during each 24 or 48 h
irrigation application. The water-collectors were placed at 1.5, 3, 4.5, 6, 7.5, and 9 m from
the center of two sprinklers on each line. The location of the water-collector transects was
rotated to different sprinklers throughout the season to capture potential water-application
variability. An additional plastic gauge was installed at each soil water station to measure
the amount of irrigation water reaching the sensors’ location. Regardless of the irrigation
application duration (24 vs. 48 h), all water-collectors were measured approximately every
24 h. In addition to the daily-measured irrigation applications, an in-flow meter (UltraMag;
McCrometer Inc., Hemet, CA, USA) was installed in each of the two irrigation lines to
measure total water application during the 2021 irrigation season.

2.2.3. Groundwater Level

Data from shallow monitoring wells were used to characterize irrigation season aquifer
recharge during the two years evaluated. One well was installed next to each of the θ

stations at approximately 5 m deep and consisted of 50 mm diameter PVC pipes with a 1.5 m
screen section in the bottom. These wells were equipped with CTD-10 (Decagon Devices
Inc., Pullman, WA, USA) water level sensors. All water level sensors were connected to the
CR300 dataloggers in each location and were programmed to hourly record water level
data. All wells were surveyed to determine soil-surface and water-table elevations.

2.3. Soil Water Balance Method (SWBM)

A soil water balance approach was used to calculate DP, defined as the water passing
below the 0.8 m sensor depth:

DP = IRR + P − RO − DS − AET (1)

where DP = deep percolation (mm); IRR = irrigation depth (mm); P = precipitation (mm);
DS = change in soil water storage (mm); RO = field runoff (mm); and AET = actual
evapotranspiration (mm). DP was calculated for each soil-monitoring station, following
individual irrigation applications to the corresponding subsection being irrigated. IRR was
obtained from the water-collector-measured irrigation applications. P was obtained from
the weather station records; no quantifiable RO occurred during either irrigation season.
DS was calculated for each sensor depth (0.2, 0.5, and 0.8 m) based on the θ difference
between the onset of irrigation and 48 h after the end of irrigation. DS was then averaged
across all three sensor depths to represent the entire 0.8 m profile. AET was calculated using
the reference ETo for short grass estimated by the weather station and multiplied by crop
coefficient (Kc) values (0.25 to 0.68) developed by the USDA Agriculture Research Service
for pastures in the Columbia-Pacific Northwest Region [22]. All the individual SWBM
results obtained for each irrigation application were aggregated each year to obtain an
overall seasonal SWBM estimate. Figure 2 illustrates the soil water- and groundwater-level
instrumentation, and the water budget components evaluated.
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Figure 2. Schematic illustrating soil water (θ) and groundwater-levels measurement at each monitor-
ing station. The main water budget components–irrigation (IRR), precipitation (P), change in soil
water (∆S), deep percolation (DP), actual evapotranspiration (AET), and aquifer recharge (Re)–are
shown. Figure not to scale.

2.4. Shallow Aquifer Recharge

Groundwater-level fluctuations during the irrigation season were characterized using
data from each monitoring well on the pasture field. The recharge (Re, in mm) of the
shallow aquifer was calculated using the groundwater-level data from the wells in the
pasture field, and the WTFM,

Re = ∆h × Sy (2)

where Re = aquifer recharge (mm); ∆h = change in water level (mm); and Sy = specific yield
of the unconfined aquifer. Data recorded by the water level sensors installed in the wells
were used to determine changes in water level. As described in Sophocleous [14], dividing
the potential recharge values (i.e., DP) by the associated rises in the water table over several
events can provide a “site-calibrated effective storativity value”. A mean Sy value of 0.06,
with most values ranging from 0.03 to 0.06, was estimated based on the DP events observed
during the two irrigation seasons. The exception was a Sy value of 0.13 obtained for the
South well location in 2020. Our field based Sy values were similar to the Sy mean value of
0.06, and ranging from 0.01 to 0.18, for clay materials reported in Dingman [23].

2.5. Statistical Analyses

An Analysis of Variance (ANOVA) was performed to explore the relationships of
seasonal aquifer recharge, Re, observed at each monitoring well in 2020 and 2021. For each
soil-monitoring station, we also conducted a linear-regression analysis to test the relation-
ship between total water applied (TWA) and DP. Our previous research [2,5] had shown
that antecedent soil water can have a significant effect on deep percolation. Therefore, we
also ran the linear-regression analysis, subtracting ∆S from TWA. SigmaPlot® version 14.0
(Systat Software Inc., San Jose, CA, USA) was used for all the statistical analyses.
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3. Results
3.1. Soil Properties

Soil texture and ρb varied across soil water stations and sensor depths (Table A1).
Finer-texture soils were found in the East and West stations in the middle of the field. Clay
loam soils were found for all sensor depths at the top (North station) and at 0.5 and 0.8 m
depths at the bottom (South station) of the field. Coarser (54% sand) texture was observed
at 0.2 m depth in the South station, which also had the lowest ρb values.

Field-scale clay content distribution analysis showed the highest clay content in the
middle of the field (Figure 3). This was the case for the 0.5 m depth, with values ranging
from 32% to 35% near the North station and from 35% to 38% near the South station
(Figure 3b). In addition, higher clay content values (38% to 41%) were estimated for areas
near the stations in the middle of the field, which were consistent with the 43% and 45%
values obtained for the East and West stations. More discrepancy was observed at the 0.2
m depth. Although higher than the clay content values at the top and bottom of the field,
the highest values of 32% to 35% observed in the middle of the field were below the 43%
and 45% values obtained at the East and West stations, respectively, (Figure 3a; Table A1).

Figure 3. Clay distribution using data from the 43 soil samples and monitoring stations using
Ordinary Kriging at the (a) 0.2 m depth and (b) 0.5 m depth.

3.2. Soil Water Balance

DP was variable among stations and irrigation seasons (Table 1). At the end of the 2020
season, the South station had the largest amount of cumulative DP (98 mm), followed by
the West (94 mm), East (69 mm), and North (20 mm) stations (Table 1). The amount of DP
for each station did not appear to be related to the cumulative amount of TWA (IRR + P), as
the East station had the largest total IRR (280 mm) for 2020 but resulted in the second lowest
total DP amount (69 mm). In comparison, the West station IRR was 214 mm (the smallest of
the season) resulting in 94 mm of DP (the second largest). For the 2021 irrigation period, the
most groundwater recharge through DP occurred in the West station (153 mm), followed
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by the East (101 mm), South (99 mm), and North station (92 mm). The greatest amount
of TWA during this season corresponded to the South station (391 mm), which had the
second lowest amount of DP (99 mm). By comparison, the North station TWA was 368 mm
(smallest of the season), and resulted in 92 mm of DP, the lowest of the season. Total DP
across all stations in 2020 was 281 mm, and TWA was 1,006 mm, while in the longer 2021
season, DP was 445 mm with a TWA of 1,524 mm (Table 1). The statistical analysis showed
that the relationships between DP and TWA alone were weak (p > 0.05) for all stations
during both irrigation seasons. However, the role of antecedent soil water, as reflected
in ∆S, was an important factor in estimating DP. The regression analysis conducted for
all irrigation applications in each year showed a positive linear relationship (p ≤ 0.05; R2

values from 0.72 to 0.99) between DP and TWA - ∆S for all soil stations in 2020, but not
for the East station in 2021. Overall, seasonal TWA values were higher than ∆S, with the
fraction of ∆S to TWA ranging from 0.4% to 0.8%. The exception was the North station in
2020 when ∆S exceeded TWA. The monitoring station was toward the bottom of a more
pronounced slope in that part of the field. We believe that potential oversaturation of the
soil profile at this station may have occurred during the longer 48 h irrigation events used
to raise soil water conditions at the beginning of the 2020 season.

Table 1. Water budget component results for each soil monitoring station (North, West, East, and
South) during the 2020 and 2021 irrigation seasons. The water budget components are irrigation (IRR),
precipitation (P), total change in soil water (∆S), evapotranspiration (AET), and deep percolation
(DP). The season-cumulative results for all irrigation applications (n) for each station are shown. All
results are reported in mm.

Year Station n IR P DS AET DP

2020

North 6 250 9 302 42 20
West 6 214 9 114 45 94
East 6 280 9 238 52 69

South 6 253 9 118 45 98

2021

North 13 368 0 202 96 92
West 13 386 0 150 99 153
East 13 379 0 233 95 101

South 13 391 0 285 99 99

3.3. Groundwater Levels and Aquifer Recharge

A gradual rise in groundwater levels, following the onset of the irrigation season, was
observed in all four wells during both years. Overall, groundwater levels remained higher
(up to 1.2 m) than initial conditions through both irrigation seasons. Groundwater levels
in all wells rose from the beginning to the end of the 2020 irrigation season, while in 2021
the North and East wells’ groundwater levels rose throughout the summer (Figure 4a,b).
A relatively moderate rise and decline in groundwater levels was observed after all six
irrigation applications at each well location in 2020. The exception was the North well,
following the first irrigation (Figure 4). The more frequent and larger number (n = 13)
of irrigation applications in 2021 resulted in relatively sharp groundwater level rises and
declines in all wells. The South well appeared to show groundwater level increases even
when no direct on-site water applications occurred. This was attributed to the location of the
well at the bottom of the pasture, which may have been affected by lateral flow contributions
from the irrigation in other parts of the field. The groundwater level rises observed in
the West well illustrate the saturated-ponding conditions that occurred during several
irrigation events in 2021 when peak water-level-rise plateaued for several hours before
receding. During the 2020 irrigation season, groundwater levels in the West well showed a
diurnal oscillation that was attributed to water uptake from the riparian vegetation present
in a storm discharge channel adjacent to the experimental pasture field. Heavier clay
content conditions and a lower terrain were observed at this West well location.
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Figure 4. Daily averaged groundwater level in meters-above-sea-level (MASL) at the four monitoring
wells on the experimental field during the (a) 2020 and (b) 2021 irrigation seasons. The irrigation
events (IRR) for the area near each well location are also illustrated.

The substantially fewer number of IRR events at each soil station in 2020 (mean of
449 mm) compared to 2021 (mean of 568 mm) was reflected in the lower Re values obtained
for each well location. On average, total seasonal aquifer recharge was 132 mm in 2020 and
290 mm in 2021. The Re estimates for each monitoring well were less variable in 2020 than
in 2021 (Table 2). In 2020, total Re ranged from 128 mm in the North well to 137 mm in
the East and West wells. In 2021, total Re ranged from 190 mm in the West well to 352 mm
in the East well. The ANOVA results showed that mean seasonal Re was not significantly
different (p > 0.05) among all four wells in 2020. However, a Kruskal–Wallis One-Way
ANOVA on Ranks showed seasonal Re was significantly different (p ≤ 0.05) for West vs.
South and North vs. South wells.
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Table 2. Irrigation season total groundwater recharge (Re) and total irrigation (IRR) for each monitor-
ing well location. All measurements are reported in mm.

2020 2021
Station Re IRR Re IRR

North 128 358 340 438
East 137 526 352 460
West 137 385 190 628
South 130 528 278 745

4. Discussion

This investigation explored the connections between surface water and shallow
groundwater as they relate to irrigation water transport through the vadose zone into
the shallow aquifer. Study results indicated that soil physical attributes observed across the
field played an important role in DP and aquifer response. A relatively shallow aquifer
(<2 m) and preferential flow may have contributed to the rapid transport of irrigation
water through the soil profile and into the shallow aquifer. Similar to that reported in
other studies [2,24], irrigation frequency and antecedent soil water content were important
variables affecting DP and shallow aquifer recharge. Differences in the TWA and frequency
of irrigation were important for the greater DP and shallow aquifer recharge estimates
observed at the end of the irrigation season in the second year of the experiment. The
higher frequency of irrigation events observed during the 2021 irrigation season helped
maintain higher soil-moisture levels and, consequently, more DP and aquifer recharge than
in the previous year. Irrigation frequency and irrigation duration differences between the
two seasons likely impacted DP distinctly, as research has shown that even an hour’s break
in irrigation causes the upper part of the soil profile to desaturate and allows for air to
enter the soil profile and to fill pores, disrupting DP [25]. At the beginning of both seasons,
TWA was slow to saturate the soil, with most of the water stored in the soil profile, and
consequently less DP was observed. Antecedent soil water content was important in the DP
estimates obtained for individual irrigation events. The change in soil water content (∆S)
made up 47% to 85% of total irrigation in 2020, and 39% to 73% in 2021. The effects of TWA
for individual irrigation events were less apparent, and no strong relationships between
irrigation amount and DP were obtained. This was partly attributed to the relatively low
amounts of water applied (mean = 29 mm) during each irrigation event. At the beginning
of both irrigation seasons, groundwater level rises occurred before the soil sensors’ profile
(upper 0.8 m) reported saturation.

Overall, cumulative Re estimates during both irrigation seasons were greater than DP.
This is different from the results of a previous study [5] conducted in flood-irrigated fields
with highly permeable soils in the southwestern USA. The larger Re estimates obtained in
this study were attributed to irrigation water moving down the soil profile to the shallow
aquifer through macropore flow paths, which is a behavior that has been documented in
other deep percolation investigations (e.g., [24,26]). We credited the potential presence of
macropore flow paths to the soil physical properties of the experimental field. A study
conducted by [27] in a field near our study site revealed the presence of macropore flow
due to shrinking and swelling of the clayey soil, paths caused by earth worms, and tunnels
dug by voles. The transient water-contributions to the shallow aquifer from recently
applied irrigations in neighboring sections of the field may have resulted in the larger
Re values observed when compared to the DP values based on soil water estimates. The
large differences in Re vs. DP obtained using different techniques (SWBM vs. WTFM)
indicate caution ought to be exercised when assessing irrigation contributions to the shallow
groundwater system.

The potential presence of preferential flow paths could also help explain the difference
in DP and Re calculations between the stations during both seasons. For example, both
the West (40.6%) and East (43.8%) stations had the highest average clay content but never
had the lowest DP or Re calculations. The higher clay content may have resulted in a
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higher number of preferential pathways available for water to rapidly reach the shallow
aquifer [9] while minimizing the amount of water lost to ET and stored in the soil profile.
Rapid responses from the water table were observed throughout the season even when the
soil reached saturation and cracks were no longer visible in the soil surface, which has been
shown to stop preferential flow due to soil swelling [28]. However, previous research [29]
has shown that sprinkler irrigation may only partially close soil cracks, maintaining an
avenue for rapid water transport. Preferential flow paths may also persist in the deeper
levels of a saturated soil subsurface [30] while others may only partially close or remain
fully open throughout the soil profile [31]. The presence of preferential flow paths could
be determined using lab [32] or field [33] dye experiments. The existence and role of
preferential flow paths in soil water and groundwater recharge at this experimental pasture
field remain unknown: further investigation may be needed to determine if that is a
condition that can help explain the shallow groundwater-level fluctuations and Re values
obtained in this study.

Study limitations included a later start in the 2020 irrigation season than in 2021. This
caused adjustments in the irrigation scheduling during the first year (a smaller number
of irrigation events, longer duration) to compensate for the drier soil conditions observed
at the beginning of the season. In addition, the type of rotational irrigation system (pod
sprinkler) employed did not allow for full irrigation cover across the entire field at the
same time. The field was separated in four subsections, and DP and Re estimated for each
individual subsection. Therefore, no direct comparison of specific DP events and Re was
conducted. Instead, we calculated Re based on the various distinct water table rises and
declines observed during each irrigation season. The soil water content sensors used in
this study were not calibrated for site-specific soil characteristics. It is possible that some of
the SWBM calculations (i.e., ∆S) may have been affected by potential discrepancies in θ

readings.
Beyond improved measurements for the water balance and aquifer recharge method-

ology employed, results from this investigation contribute towards understanding of the
relationships between irrigation, soil water, and shallow aquifer recharge in agricultural
fields with fine-textured soils in the Pacific Northwest region of the USA. These findings
can be used to aide water managers and farmers in similar agroecological systems, in
determining the effect of irrigation on solute transport, groundwater recharge, and possibly
streamflow augmentation during critical baseflow periods.
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Appendix A Soil Physical Properties and Textural Classification

Table A1. Soil physical properties by monitoring station: by depth, including mean values and
standard error of the three samples collected at each depth to determine dry soil bulk density (ρb); soil
particle distribution of sand, silt, and clay; and soil texture. Soil particle distribution was calculated
using an aggregate of the three samples collected at each depth.

Station Soil Depth (m) ρb (Mg m−3) Clay (%) Silt (%) Sand (%) Soil Texture

North
0.2 1.5 ± 0.01 30.1 45.9 24.0 clay loam
0.5 1.5 ± 0.01 30.7 39.9 29.3 clay loam
0.8 1.4 ± 0.004 36.1 19.3 44.7 clay loam

West
0.2 1.5 ± 0.04 44.9 30.5 24.7 clay
0.5 1.4 ± 0.02 43.5 43.1 13.3 silty clay
0.8 1.6 ± 0.01 33.5 57.1 9.3 silty clay loam

East
0.2 1.7 ± 0.06 42.9 35.8 21.3 clay
0.5 1.7 ± 0.04 44.2 32.5 23.3 clay
0.8 1.6 ± 0.03 44.2 34.5 21.3 clay

South
0.2 1.0 ± 0.01 21.4 24.6 54.0 sandy clay

loam
0.5 1.1 ± 0.01 34.1 26.6 39.3 clay loam
0.8 1.2 ± 0.02 39.4 23.3 37.3 clay loam
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