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Preface to “Integrated Surface Water and
Groundwater Analysis”

Comprehensive understanding of groundwater-surface water (GW-SW) interaction is essential
for effective water resources management. Groundwater (GW) and surface water (SW) are closely
connected components that constantly interact with each other within the Earth’s hydrologic cycle.
Many studies utilized observations to explain the GW-SW interactions by carefully analyzing the
behavior of surface water (SW) features (streams, lakes, reservoirs, wetlands, and estuaries) and the
related aquifer environments. However, unlike visible surface water, groundwater, an invisible water
resource, is not easy to measure or quantify directly. Nevertheless, demand for groundwater that is
highly resilient to climate change is growing rapidly. Furthermore, groundwater is the prime source
for drinking water supply and irrigation, and hence critical to global food security. Groundwater
needs to be managed wisely, protected, and especially sustainably used. However, this task has
become a challenge to many hydrologic systems in arid to even humid regions because of added
stress caused by changing environment, climate, land use, population growth, etc. In this issue,
the editors present contributions on various research areas such as the integrated GW-SW analysis,
sustainable management of groundwater, and the interaction between GW and SW. Methodologies,
strategies, case studies as well as quantitative techniques for dealing with combined surface water

and groundwater management are of interest for this issue.

I1-Moon Chung, Sun Woo Chang, Yeonsang Hwang, and Yeonjoo Kim
Editors
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Comprehensive understanding of groundwater—surface water (GW-SW) interaction
is essential for effective water resources management. Groundwater (GW) and surface
water (SW) are closely connected components that constantly interact with each other
within the earth’s hydrologic cycle. Many studies utilized observations to explain the
GW-SW interactions by carefully analyzing the behavior of surface water features (streams,
lakes, reservoirs, wetlands, and estuaries) and the related aquifer environments. Surface
water bodies gain water and solutes from groundwater systems, and in other cases surface
water bodies recharge groundwater, which causes changes in groundwater quality. The
interfaces between GW and SW environments, such as hyporheic—benthic zones and ripar-
ian corridors, often function as biogeochemical hotspots and can have significant influences
on the entire stream ecology. Furthermore, groundwater is a major source of drinking water
supply and irrigation, and hence critical to global food security. Groundwater needs to be
wisely managed, protected, and especially sustainably used. However, the aforementioned
tasks have become challenging to many hydrologic systems in various areas from arid to
even humid regions because of added stress caused by changing environment, climate,
land use, and population. The aim of the Special Issue “Integrated Surface Water and
Groundwater Analysis” was to elevate integrated understanding of the science in GW-SW
systems through healthy discussions in the relevant research communities.

In this Special Issue, researchers have contributed to the study of groundwater—surface
water interactions on a variety of subjects and methods, such as analytical and explicit
numerical approaches [1], groundwater level prediction via a long short-term memory
(LSTM) network [2], the impact of hydraulic fracturing and climate change [3], modification
of the SWAT+ watershed model [4], water management in small islands [5], fluctuation of
induced aquifer recharge [6,7], response of river to the 2016 seismic sequence [8], hydrologi-
cal connectivity in permafrost regions [9], groundwater and streamflow interactions during
floods [10], heat transport in managed aquifer recharge (MAR) [11], isotope analysis for dis-
tinguishing different types of water [12], digital platform to support decision-making [13],
and deep percolation in irrigated fields [14,15].

When evaluating SW-GW interactions, the accuracy of calibration or prediction has
been demonstrated by new techniques or multidisciplinary techniques applied in site-
specific regional studies. The hydrodynamic surface water module of the STRIVE package
(stream river ecosystem) of FEMME (flexible environment for mathematically modelling
the environment), combined with analytical /explicit numerical solutions for groundwater
flows, successfully investigated the hydraulic GW-SW interaction [1]. Machine learning
techniques predicted the groundwater level, revealing that the LSTM (long short-term
memory) network approach can be very useful for one-day forecasting of groundwater
fluctuations in Jeju Island, Korea [2]. Bailey [4] developed a new module called ‘gwflow’
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for the SWAT+ modeling code and applied this module to simulate both land surface
and subsurface hydrological processes of Little River Experimental Watershed (LREW)
(327 km?) in southern Georgia, USA. There was also a valuable case study that simul-
taneously employed water isotopes, dissolved organic carbon, and electrical resistivity
tomography to analyze the hydrological connectivity in a permafrost region [9]. Oxygen
and hydrogen isotope (5'80-52H) relationships were characterized by means of various
statistical approaches on the Northern Italian Apennines [12].

Important investigations were presented regarding the effects of natural and anthro-
pogenic stress on GW-SW interactions. An integrated hydrologic model (MIKE-SHE and
MIKE-11 models) and a cumulative effects landscape simulator (ALCES) were used to
assess the impact of hydraulic fracturing on GW-SW interactions in a shale gas and oil play
area (23,984.9 km?) of northwestern Alberta, Canada during 2021-2036 under future climate
change scenarios [3]. The impact of a 2016 seismic sequence was analyzed with stream dis-
charge data and recession curves in Nera River Basin, Italy [8]. The hydrological-ecological
integrated watershed-scale flow model (HEIFLOW) was tested to verify interactions be-
tween the groundwater and streamflow during flood events in 2013 in the Miho catchment,
Korea [10].

The interaction of GW-SW was also understood by observing or assessing quantita-
tive/qualitative changes in major hydrologic components. First, in the process of managed
aquifer recharging (MAR), GW-SW interactions occur as a mechanism of induced recharge.
Hydrodynamics, hydrochemical, and numerical modeling methods were used to analyze
an induced aquifer recharge in riverbank filtration (RBF) at Serchio River in Italy [6]. Inte-
grated MODFLOW and SWAT modeling quantitatively assessed induced aquifer recharge
due to nearby rivers during the seasonal exploitation of groundwater water curtain cultiva-
tion sites in Korea, and it predicted that the aquifers were being depleted every year [7].
Groundwater heat and temperature were monitored in shallow aquifers in the alluvial
plain of the Cornia River, Italy to detect the mechanism development of recharge in MAR
operations [11]. Second, in addition to recharge, the SW—GW interaction can be explained
by another component such as deep percolation (DP) from water balance analysis. In
addition to recharge as a direct indicator, the SW-GW interaction can be explained by deep
percolation. A two-year study on Willamette Valley in western Oregon, USA assessed DP
and recharge into the aquifer [14]. Estimation of DP into shallow aquifers characterized the
practice of water management of two flood-irrigated fields in northern New Mexico [15].

Development of tools for the decision-making process was also presented. White [5]
found large water supply differences between small islands vulnerable to various natural
disasters and climate change. The author compared the national Tonga Strategic Develop-
ment Framework, 2015-2025 (TSDFII) and local community development plans (CDPs)
with census and limited hydrological data in the study. Rojas et al. [13] focused on early
involvement of stakeholders, and therefore developed a digital platform (SimCopiapo) that
combined integrated modelling and participatory modelling to support decision making
for water management in the Copiap6 River Basin, northern Chile.

We believe that the insights from the latest research outcomes in the areas of SW-GW
interaction observations, modeling calibration/analyses, and decision-making support
systems presented in the articles published in this Special Issue can serve as a foundation
for an integrated water resource management (IWRM) approach in the future.
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Abstract: Quantifying groundwater recharge from irrigation in water-scarce regions is critical for
sustainable water management in an era of decreasing surface water deliveries and increasing reliance
on groundwater pumping. Through a water balance approach, our study estimated deep percolation
(DP) and characterized surface water and groundwater interactions of two flood-irrigated fields in
northern New Mexico to evaluate the regional importance of irrigation-related recharge in the context
of climate change. DP was estimated for each irrigation event from precipitation, irrigation input,
runoff, change in soil water storage, and evapotranspiration data for both fields. Both fields exhibited
positive, statistically significant relationships between DP and total water applied (TWA), where
one field exhibited positive, statistically significant relationships between DP and groundwater level
fluctuation (GWLF) and between GWLF and total water applied. In 2021, total DP on Field 1 was
739 mm, where 68% of irrigation water applied contributed to DP. Field 2's total DP was 1249 mm,
where 81% of irrigation water applied contributed to DP. Results from this study combined with
long-term research indicate that the groundwater recharge and flexible management associated with
traditional, community-based irrigation systems are the exact benefits needed for appropriate climate
change adaptation.

Keywords: flood irrigation; water management; deep percolation; surface water; groundwater;

water balance

1. Introduction

Over 50% of the world’s freshwater resources for human use and consumption rely
on river discharge that can be greatly impacted by long-term changes in precipitation
and temperature such as those caused by climate change, particularly in snow-dominated
regions [1]. Much of the western United States depends on precipitation falling in the
winter in mountainous regions as snow and subsequently released slowly as snowmelt
throughout the following spring and summer seasons. However, long-term changes in
temperature and precipitation are already affecting these crucial water resource systems by
decreasing the maximum snowpack accumulation, shifting the timing of runoff to arrive
earlier, and impacting the volume of river discharge [2,3] with changes amplified by a lack
of reservoir storage [4]. More specifically, snow-dominated basins in the mid-high latitudes
are the most vulnerable to the impacts of warming climates where maximum runoff is
expected to arrive one month earlier by 2050 in the western United States [1].

For example, the Rio Grande and its tributaries are increasingly becoming water
stressed due to the warming climate and the increasing demand from users in Colorado,
New Mexico, Texas, and Mexico [5]. Rio Grande streamflow is vulnerable as it largely
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depends on snowpack conditions which are projected to decrease and melt earlier in
the future [6-9]. This surface water resource must serve industrial, tourist, residential,
agricultural, ecologic, and economic needs in the USA (e.g., Colorado, New Mexico, Texas)
and Mexico. Under current climate conditions, New Mexico does not have water to spare
between all users [10].

Oftentimes, agricultural sectors are the largest users of water and face greater pressure
to develop new water management strategies to help non-agricultural sectors cope with
future water scarcity caused by warming temperatures and climate uncertainty [11,12]. In
New Mexico in 2015, irrigated agriculture accounted for 76% of total water use, 53% from
surface water and 47% from groundwater. Flood irrigation is used on 45% of all irrigated
fields in New Mexico [13].

Common water delivery systems for flood irrigation in New Mexico are acequia net-
works which face many socio-environmental challenges. First introduced to northern
New Mexico in the 16th century, acequias are gravity-driven water delivery networks and
also serve as the basis of community-managed water governance systems [14,15]. While
acequias have many beneficial hydrologic (e.g., aquifer recharge) and social attributes
(e.g., water sharing) that foster resilience [16], these ancient water systems still face the
challenge of long-term, regional drought and difficult water policy [17,18]. Questions are
continually raised at acequia irrigator meetings and posed to researchers regarding what
the “right” management strategies are: Should we line the canals? Should we switch to
drip? Should we pump groundwater? Irrigators find themselves stuck between cultural
norms of propagating generational knowledge of traditional irrigation methods and pres-
sures from decreasing water availability and outside agencies to modernize water delivery
systems and maximize irrigation efficiency.

Agricultural irrigation practices involving surface water can cause percolation and ground-
water recharge that significantly impact groundwater resources on regional scales [12,19-22]. A
study by Bouimouass et al. (2020) focused on the acequia counterpart in Morocco—seguias—
and concluded that flood irrigation of diverted surface water resulted in the dominant
recharge process in mountain front landscapes [23]. Other studies from large agricultural
drainages in China found that approximately 70% of applied flood irrigation water in
maize fields recharged the groundwater during the growing season [24], and seepage from
both irrigation canals and deep percolation (DP) from irrigation contributed to more than
90% of total annual shallow groundwater recharge [12]. Additionally, in a large traditional
agricultural basin in Italy, irrigation water delivered through a system of canals provided
55 to 88% of groundwater recharge [25]. DP is the amount of water that travels below the
effective root zone (ERZ) that can potentially reach the shallow aquifer [26]. One of our
previous studies conducted in northern New Mexico showed that peak groundwater level
response fluctuated up to 380 mm 8 to 16 h after the onset of flood irrigation [27], where
another estimated 16% of unlined irrigation canal flows seeped into the subsurface, causing
the water table to rise 1 to 1.2 m [28]. Additionally, annual shallow aquifer recharge ranged
from 1044 to 1350 mm on a valley scale [22]. In these cases, DP from flood irrigation was
a significant source of recharge to shallow groundwater. DP below the vegetative root
zone can provide very important hydrologic and ecosystem benefits in irrigated valleys of
semiarid and arid regions.

Conversely, groundwater may display evidence of interactions with surface water. As
irrigation water infiltrates into the shallow aquifer, this DP can contribute groundwater
return flows to the river. In northern New Mexico, this interaction is of particular interest
considering DP can serve as temporary subsurface storage which provides delayed return
flow during low-flow periods [22,29,30]. This serves as an important possible buffer for
changing peak runoff timing associated with climate variability [19].

Considering interacting surface water and groundwater as one resource is essential
for optimal protection of watersheds, sustaining water resources, and furthering integrated
groundwater management [20,31]. This is critical within irrigation districts that are increas-
ingly relying on pumping groundwater for agricultural and municipal uses, which can lead
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to the disconnection of surface water and groundwater [32]. More recently, groundwater
recharge via flooding fields is becoming a more common conservation practice [33,34].

It is necessary to properly quantify aquifer recharge and foster an accurate understand-
ing of DP and surface water and groundwater interactions in water-limited regions [35].
The water balance method is a technique commonly used to quantify groundwater recharge
and characterize surface water and groundwater interactions [19,22,26,36,37]. Components
of the water balance are precipitation, irrigation water applied, runoff, change in soil water
storage, and evapotranspiration, where DP is unknown and calculated by the difference of
these inputs and outputs [26].

Our first objective was to characterize and compare surface water and groundwater
interactions and shallow aquifer response to irrigation events in flood-irrigated forage
grass fields located within the same irrigated valley in northern New Mexico by estimating
DP below the root zone with a water balance approach. Our second objective was to
justify community-based adaptive management in the context of climate change by relating
field-scale findings to regional climate change literature. The innovative approach of
identifying tightly coupled objectives reflected the unique, tightly coupled natural and
human irrigation system our study focused on. While cultivating a better understanding
of available surface water resources is extremely important, irrigators and policy makers
must also understand the effects of irrigation techniques on groundwater and surface water
availability for downstream users [31]. Previous studies have quantified and compared
DP across several crop fields, soil types, and valleys in northern New Mexico, USA [22,26];
however, more field observations of DP are needed to expand these studies from field-scale
to valley or regional scales. We hypothesized that: (1) DP and total water applied and DP
and groundwater response would be positively related on both fields; and (2) DP and total
water applied would be significantly different across both study fields.

2. Materials and Methods
2.1. Study Area

This study was conducted on two acequia-irrigated fields in the Rio Hondo agricul-
tural valley in northern New Mexico, USA. The Rio Hondo watershed drains an area
of 185 km? [38] and is located 2200 m above sea level [18]. Snowmelt from the Sangre
de Cristo Mountains serves as the Rio Hondo’s main source of water and drains to the
Rio Grande. Located in a semiarid steppe climate, 50% of the precipitation in this region
falls during the monsoon season from June to September [39] with an annual average of
300 mm-year~! [40]. The primary settlements in the Rio Hondo Valley are Valdez and
Arroyo Hondo. The agricultural activity in the Rio Hondo watershed is small-scale in
nature. Eight canals divert water from the Rio Hondo and deliver irrigation water to
approximately 1161 ha through a system of branching acequias [38]. Typical crops include
grasses (Mostly Phleum pretense, Poa pratensis), alfalfa (Medicago sativa), orchards (e.g., plums,
apples, apricot), and vegetables (e.g., squash, beets, greens, onions, radishes, etc.) [41].

Located in the community of Valdez within the Rio Hondo watershed, the first study
field (F1) was approximately 27 km north of Taos, New Mexico, USA and covered 2.51 ha
(Figure 1a). The main crops grown on the field were grasses, alfalfa, and clovers. The
second study field (F2), located in the community of Arroyo Hondo within the Rio Hondo
watershed, was approximately 20 km north of Taos, New Mexico (Figure 1b) and covered
1.62 ha. The main crops growing were grasses, alfalfa, and clovers.
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Figure 1. Water balance field study sites: (a) F1 (located at 36°32/05.3” N, 105°34/04.5” W); (b) F2
(located at 36°31'47.8" N, 105°41'00.7" W) and the corresponding monitoring stations. Both fields are
located in the Rio Hondo watershed in Taos County, northern New Mexico ((c) inset). Monitoring
station locations were selected to most accurately represent average field conditions of the irrigated
area while also considering landowner needs for equipment maneuverability while cutting hay.

Soil Physical Properties

Of F1's total 2.51 ha, 2.35 ha were Manzano clay loam, and 0.16 ha were Loveland clay
loam soil types. For the Manzano clay loam soil, slope values typically range from 3 to 5%,
the soil is well-drained with medium runoff, average depth to the water table is more than
2m, and a typical soil profile is clay loam for the top 1.5 m. For the Loveland clay loam soil,
slope values typically range from 0 to 3%, the soil drains poorly and has a high runoff class,
average depth to the water table is 0.15 to 0.46 m, and a typical soil profile is clay loam for
the top 0 to 0.23 m, sandy clay loam for the middle 0.23 to 0.53 m, and very gravelly sand
for the bottom 0.53 to 1.52 m [42].

Of F2’s total 1.62 ha, 1.29 ha were Fernando silt loam, 0.24 ha were Fernando clay
loam, and 0.08 ha were from the Sedillo-Silva association. The Fernando silt loam slope
values typically range from 0 to 7% and are well drained with medium runoff. The average
depth to the water table is greater than 2 m, and a typical soil profile is silt loam for the top
0 to 0.20 m, silty clay loam for the middle 0.20 to 0.91 m, and silt loam for the bottom 0.91
to 1.52 m. The Fernando clay loam generally has slope values from 3 to 5%, is well drained
with medium runoff, depth to the water table is more than 2 m, and a typical soil profile
is clay loam for the top 0 to 0.18 m, silty clay loam for the middle 0.18 to 0.64 m, and silty
loam for the bottom 0.64 to 1.52 m. The Sedillo-Silva association soil typically has a slope
of 10 to 25%, is well drained with high runoff, depth to the water table is greater than 2 m,
and a typical soil profile is very gravelly loam for the top 0 to 0.08 m, gravelly clay loam for
the middle 0.08 to 0.28 m, and very cobbly sandy loam for the bottom 0.28 to 1.52 m [43].

Soil bulk density varied between the two fields, whereas soil texture remained rel-
atively consistent (Table 1). For F1, bulk density ranged from 1.46 x 10° Mg-m~2 in the
topsoil to 1.23 x 10° Mg-m~3 toward the bottom of the soil profile. Within the field F2 soil
profile, bulk density ranged from 1.19 x 10° Mg-m~3 to 1.27 x 10° Mg-m~3 from top to
bottom. Soil texture was sandy clay loam for all soil depths except the top layer of the
F1 soil profile which was sandy loam. Soil texture components exhibited the same trends
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through the soil profile for sand and silt but differed for clay. Sand content decreased, and
silt content increased toward the bottom of the soil profile for both fields, while clay content
increased in F1 and decreased in F2 (Table 1).

Table 1. Soil physical properties for the two field sites from manual soil sample collection (see
Section 2.2.3). Laboratory analysis determined soil bulk density, soil particle distribution, and soil
texture for each sensor depth in the soil profile. Values for each soil depth represent the averaged
value between the two soil-monitoring stations on each field.

Bulk Density

Field Soil Depth (m) (Mg-m—3) Sand (%) Silt (%) Clay (%) Soil Texture
0.2 1.46 x 10° 726 17.6 9.90 Sandy loam
F1 0.5 1.35 x 10° 55.6 27.5 16.9 Sandy clay loam
0.8 1.23 x 10° 51.7 315 16.9 Sandy clay loam
0.2 1.19 x 10° 60.6 27.4 12.0 Sandy clay loam
F2 0.5 1.26 x 10° 59.6 325 7.90 Sandy clay loam
0.8 1.27 x 10° 57.5 324 10.0 Sandy clay loam

2.2. Field Data Collection

We monitored various parameters at both study sites to calculate DP using a water
balance approach for irrigation events over the 2020 and 2021 irrigation seasons. The water
balance method was an appropriate approach for our study given our goals of estimating
recharge for individual irrigation events within an irrigation season and subsequently
relating our findings to community adaptive management and climate change. DP is the
water that infiltrates into the subsurface, past the ERZ. ERZ varies depending on crop root
development, effective soil depth, soil fertility or fertility management, and soil physical
properties [44]. We recorded ERZ measurements of root systems at each site during soil
volumetric water content (0) sensor installation where F1 ERZ was 0.51 m and F2 ERZ
was 0.53 m. Data collected throughout the 2020 and 2021 irrigation seasons returned
a groundwater recharge estimate for each irrigation event through a field-scale water
balance approach:

DP = PPT +IRR — RO — AS — AET 1)

where PPT is the amount of rainfall during the time interval (mm), IRR is irrigation water
applied during the time interval (mm), RO is the amount of irrigation runoff during the
time interval (mm), AS is the change of storage or change in 6 during the time interval
(mm), and AET is the actual evapotranspiration during the time interval (mm). The time
interval for each irrigation event begins with the onset of irrigation and extends to 24 h
after the end of the irrigation water delivery to achieve an assumed state of field capacity.

2.2.1. Precipitation

Precipitation falling on the study sites during the irrigation season was mainly rainfall
measured by weather stations on each field. Both weather stations were equipped with
a tipping bucket rain gauge (ClimaVUES50, Campbell Scientific, Inc.; Logan, UT, USA)
programmed to record incremental precipitation every five minutes.

2.2.2. Irrigation Inflow and Outflow

Property owners and field managers for both fields used acequia-delivered surface
water to flood irrigate throughout the growing season and decided to irrigate based on
water allocations, environmental conditions, and crop needs. Surface water is diverted
from the acequia onto fields through a series of wooden and metal headgates depending
on the size and orientation of the field with respect to the acequia. F1 had five irrigation
inflow monitoring stations and one irrigation outflow station. F2 had one irrigation inflow
monitoring station and one irrigation outflow station. Rectangular Samani-Magallanez
flumes [45] installed at inflow and outflow locations, each equipped with a C5451 pres-
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sure transducer and a CR300 datalogger (Campbell Scientific, Inc.; Logan, UT, USA) and
programmed to record water level at five-minute increments measured IRR and RO on
each field.

2.2.3. Soil Water Content and Physical Properties

Derived from soil volumetric water content data, the change in storage was determined as:
n
Z (62 —61) (2)

where  is the number of layers represented by a soil sensor in the ERZ profile, 6; is the
soil volumetric water content at the onset of irrigation (m3-m~3), 0, is the soil volumetric
water content 24 h after irrigation ends or the average soil volumetric water content at field
capacity (m3-m~3), and Ad; is the soil layer thickness (mm). Equation (2) converted 6 at
each sensor location to the amount of water (mm) held in the ERZ.

Each field had two monitoring stations measuring 0. At each station, a CR300 data-
logger and three horizontally placed CS655 (Campbell Scientific, Inc.; Logan, UT, USA)
soil sensors were arranged vertically in the ERZ at depths of 0.2 m, 0.5 m, and 0.8 m and
recorded changes in # every minute and averaged data at 30-min increments.

Soil samples collected while installing the sensor network underwent laboratory
analysis to determine soil texture and bulk density. Three soil cores were collected at each
sensor depth on the opposite wall of the pit where sensors were installed with a split soil
core sampler and analyzed with the Blake and Hartge bulk density method [46] and the
Gee and Bauder hydrometer method to determine soil texture [47].

2.2.4. Evapotranspiration

We used the following equation to calculate the amount of actual evapotranspiration (AET):
AET = K.ET)y (©)]

where ET) is the total evapotranspiration (mm) calculated with the Penman—-Monteith
equation programmed into a CR1000 datalogger (Campbell Scientific, Inc.; Logan, UT,
USA). The Penman-Monteith equation outperforms others by including more factors that
influence crop water loss (e.g., absorbed radiant energy, wind, atmospheric vapor deficit)
and is therefore expected to provide more accurate estimates [48]. Post-processing the ET)
values with crop coefficient (K;) values calculates AET. We used crop coefficient curves
for grass at different stages of the growing season presented in a previous study that took
place near our study area [49] (p. 151). ET) values were recorded, and AET values were
calculated for hourly data.

2.2.5. Groundwater Level

Three monitoring wells equipped with water level loggers (HOBO Logger U20-001-01,
Onset; Bourne, MA, USA) recorded water table fluctuations on each field. All monitoring
wells on F1 were steel drive-point wells 2 to 3 m deep. Two of these wells were installed by
previous researchers [26]. We installed two steel drive-point wells 2 to 3 m deep on F2 and
used the landowner’s residential drinking well that was 13 m deep for the third monitoring
well. This residential well has been used for long-term groundwater monitoring, where the
data clearly show groundwater level response to the irrigation season.

The groundwater level data helped characterize shallow aquifer response to DP from
irrigation inputs. Calculated for each irrigation event, groundwater level fluctuation
(GWLF) (mm) was the difference between groundwater level prior to the irrigation onset
(averaged over the 6 h prior to the irrigation onset) and maximum water level rise until the
following irrigation event. Negative GWLF values indicate declining groundwater levels.

2.3. Statistical Analyses

Specific parameters that characterize surface water and groundwater interactions
underwent linear regression and ANOVA statistical analyses to delineate any significant
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relationships within and across fields. Linear regression models evaluated and compared
interactions between total water applied (TWA = IRR + PPT — RO) and DP, DP and GWLE,
TWA and GWLE. ANOVA analyses identified significant differences in means between
the two study fields and different stations. Differences were considered significant at
o = 0.05. The 2020 irrigation season data collection only spanned mid-June through October
(partial season), whereas the 2021 irrigation season data collection spanned April through
October (complete season). Therefore, only 2021 data were included in the statistical
analysis and presented in the Results section of this paper for optimal scientific consistency
and comparability.

3. Results
3.1. Irrigation Events and Deep Percolation Estimates

The number of irrigation events and DP varied between both fields over the 2021
irrigation season (Tables 2 and 3). Eight irrigation events took place on F1 (Table 2). A
total of 24 irrigation events took place on F2 (Table 3). The average IRR was 137 mm, and
the DP was 92 mm per irrigation event on F1 (Table 2). The average IRR was 64 mm, and
the DP was 52 mm per irrigation event on F2 (Table 3). The F1 DP estimates total was
739 mm, where 68% of the IRR contributed to DP (Table 4). For F2, the DP estimates total
was 1249 mm, where 81% of the IRR contributed to DP (Table 4).

Table 2. DP results calculated with the water balance method for each irrigation event in the 2021
irrigation season for F1. This table shows the total time of irrigation, change in 6 (AS), total irrigation
water applied (IRR), tailwater runoff (RO), total precipitation (PPT), and total AET from the beginning
of each irrigation event to 24 h after the end of irrigation. DP estimates that resulted in negative
values likely due to large AS values were considered to be 0, where no recharge occurred.

Date Irrigation Duration (h) AS (mm) IRR (mm) RO (mm) PPT (mm)  AET (mm) DP (mm)
27 April 2021 49 55 158 0 0 8 94
4 May 2021 49 11 185 0 0 11 162
11 May2021 48 105 197 2 0 14 76
18 May 2021 58 -3 138 1 7 13 134
24 May 2021 45 23 235 47 0 18 147
1 June 2021 83 —6 135 0 1 21 122
23 July 2021 70 18 12 0 22 11 5
31 July 2021 165 129 34 0 5 22 0
Average 71 42 137 6 4 15 92

Table 3. DP results calculated with the water balance method for each irrigation event in the 2021
irrigation season for F2. This table shows the total time of irrigation, change in 6 (AS), total irrigation
water applied (IRR), tailwater runoff (RO), total precipitation (PPT), and total AET from the beginning
of each irrigation event to 24 h after the end of irrigation. DP estimates that resulted in negative
values likely due to large AS values were considered to be 0, where no recharge occurred.

Date [rrigation AS(mm) IRR(mm) RO (mm) PPT(mm) AET(mm) DP (mm)
Duration (h)
16 April 2021 70 46 313 0 8 6 270
10 May 2021 5 -1 0 0 0 5 0
10 May 2021 8 -1 5 0 0 1 6
11 May 2021 11 0 2 0 0 6 0
11 May 2021 11 0 2 0 0 0 2
12May 2021 36 3 51 0 0 11 37
13 May 2021 9 0 2 0 0 0 2
14 May 2021 98 164 341 0 22 24 175
18 May 2021 10 55 1 0 4 2 68
19 May 2021 40 —23 18 0 2 15 27

11
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Table 3. Cont.

Date Irrigation AS(mm) IRR(mm) RO (mm) PPT(mm) AET (mm) DP (mm)
Duration (h)
23 May 2021 2 -3 0 0 0 2 1
24 May 2021 1 -2 1 0 0 4 0
24 May 2021 18 —6 0 0 0 10 0
29 May 2021 33 -5 8 0 0 7 5
31 May 2021 23 —4 3 0 16 7 15
5 June 2021 78 -5 216 3 2 31 189
26 June 2021 112 82 397 8 11 10 308
1 August 2021 58 6 26 0 7 12 15
18 August 2021 7 -3 1 0 0 3 1
18 August 2021 39 —4 39 0 0 6 37
27 August 2021 8 —4 12 0 0 6 10
29 August 2021 18 —4 20 0 0 7 17
8 September 2021 50 —4 70 0 0 11 63
11 September 2021 8 -1 2 0 0 6 0
Average 31 7 64 0 3 8 52
Table 4. Summary table displaying total number of irrigation events, cumulative IRR, DP, and percent
of IRR that contributed to DP for each field over the 2021 irrigation season.
Field Year Number of Irrigation Events IRR (mm) DP (mm) Percent DP (%)
F1 2021 8 1093 739 67.7
F2 2021 24 1541 1249 81.1
While annual variability is common due to differing environmental conditions, surface
water availability, and irrigation scheduling, monthly irrigation summaries and averages
on both fields demonstrate similar ranges of water balance parameters between 2020 and
2021 (Table 5). On F1 in 2020, DP averaged 12 mm and 29 mm per irrigation event in July
and August, respectively, with no irrigations in September. In 2021, the average DP for July
was 2 mm with no irrigations in August or September. No irrigations took place on F2 in
July in 2020 and 2021. In 2020, F2 DP averaged 9 mm in August and 1 mm in September. In
2021, DP averaged 16 mm in August and 32 mm in September.
Table 5. Comparison of monthly number of irrigation events, average AS, average IRR, average RO,
average PPT, average DP, and total DP for F1 and F2 for three months in 2020 and 2021. The months
chosen for comparison are July through September because these were the first complete monthly
records after data collection began in 2020 (data collection began early-June 2020) to ensure optimal
comparability between the two irrigation seasons on both fields.
Number of
. . Avg AS AvgIRR AvgRO AvgPPT AvgAET AvgDP  SumDP
Field Month Irrigation
(mm) (mm) (mm) (mm) (mm) (mm) (mm)
Events
July 2020 2 -3 13 0 1 4 12 24
August 2020 1 -3 31 0 5 10 29 29
- September 2020 0 (no irrigation events)
July 2021 2 73 23 0 13 16 2 5
August 2021 0 (no irrigation events)
September 2021 0 (no irrigation events)
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Table 5. Cont.

Number of
Field Month Irrigation Avg AS AvgIRR AvgRO AvgPPT AvgAET AvgDP  SumDP
(mm) (mm) (mm) (mm) (mm) (mm) (mm)
Events

July 2020 0 (no irrigation events)
August 2020 3 2 11 0 5 7 9 27
- September 2020 2 -1 6 0 0 6 1 3

July 2021 0 (no irrigation events)
August 2021 5 -2 19 0 1 7 16 80
September 2021 2 -3 36 0 0 8 32 63

The linear regression analysis showed a positive, significant relationship between DP
and TWA and TWA-AS for both F1 (p = 8.37 x 1073 and p = 3.48 x 1074, respectively) and
F2 (p=7.88 x 1070 and p < 2.00 x 107!, respectively) (Table 6). Previous research in the
region found that prior 8 significantly impacted DP [50], which is why we included TWA-
AS in the linear regression. Additionally, F2 exhibited a significant positive relationship
between DP and irrigation duration (p = 542 x 1078). ANOVA showed statistically
significant differences in the mean irrigation duration and mean number of irrigation
events between F1 and F2 (Table 7).

Table 6. Statistics from linear regression models comparing DP and TWA, DP and TWA-AS, and
DP and irrigation duration for irrigation events on each field in 2021. Significant relationships are
highlighted by p values with an asterisk (*¥).

Field t R? p
TWA (mm)
F1 3.86 0.713 837 x 1073 *
2 16.4 0.925 7.88 x 10716 *
TWA-AS (mm)
F1 7.26 0.898 348 x 1074+
2 67.9 0.995 <2.00 x 10716 =
Irrigation duration (h)
F1 —212 0.427 0.0787
2 8.04 0.746 5.42 x 1078 *

Table 7. ANOVA tests conducted with the field as the independent variable and different variables of
interest as dependent variables to identify significant differences in means between surface water and
groundwater interactions and irrigation management across both fields for 2021 irrigation events.
Significant differences are highlighted by p values with an asterisk (*).

Dependent Variable F R? 4
DP (mm) 1.40 0.0447 0.245
TWA (mm) 2.23 0.0691 0.146
TWA-AS (mm) 0.811 0.0263 0.375
Irrigation duration (h) 8.17 0.214 7.67 x 1073 *
Number of irrigation events 9.66 0.244 409 x 1073 *

3.2. Shallow Grounduwater Response to Irrigation Inputs

GWLF and response to irrigation inputs were observed for both study fields over the
2020 and 2021 irrigation seasons (Figure 2). In 2021 on F1, gw1l GWLF averaged 533 mm,
gw2 GWLF averaged 262 mm, and gw3 GWLF averaged 863 mm. The greatest observed
GWLF of the F1 monitoring wells was 1699 mm on 11 May 2021 (Table 8).
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Figure 2. Shallow groundwater levels for all monitoring wells, irrigation events (vertical gray lines),
and DP estimates for the study sites: (a) F1; (b) F2 from early June 2020 through October 2021.

Table 8. GWLF (mm) in response to irrigation events in 2021 for all wells on F1 calculated as the
difference between groundwater level prior to the irrigation onset (averaged over the 6 h prior to the
irrigation onset) and maximum water level rise until the following irrigation event.

Date GWLF gw1 (mm) GWLF gw2 (mm) GWLF gw3 (mm)
27 April 2021 452 0 1549
4 May 2021 1601 55 0
11 May2021 197 781 1699
18 May 2021 1363 280 288
24 May 2021 55 428 1350
1 June 2021 —6 108 618
23 July 2021 320 150 114
31 July 2021 282 290 1282
Average 533 262 863
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Both study fields exhibited sharp groundwater response to irrigation events and DP
(Figure 2). F1 groundwater levels would generally show a moderate decline after the peak
GWLEF (Figure 2a). F1 gwl, located next to the irrigation canal, maintained more elevated
groundwater levels for longer than the other two wells on this field. Gw3 displayed
the “flashiest” response to irrigation events and DP both in the rise and fall around the
peak GWLF.

F2 groundwater levels—specifically gw2 and gw3—would decline more rapidly fol-
lowing the peak GWLF (Figure 2b). F2 gwl showed more short-term fluctuation due
to pumping water for residences on the property and more gradual rise and fall to the
beginning and end of the irrigation season due to its deeper reach, upgradient position,
and closer tie to ditch seepage from nearby acequias and water delivery canals rather than
irrigation events. On F2, GWLF in gw1 differed from the groundwater response in the other
monitoring wells to irrigation events (Figure 2b). This well (gw1) was the landowner’s
drinking water well that was 13 m deep and located upgradient of the irrigated field
(Figure 1). GWLF from F2 gw1 levels were likely related to acequia flow as opposed to
irrigation events. The main acequia flowed along the south border of the property, and
the intermediate ditch that delivered water from the acequia onto F2 flowed next to gw1,
so ditch seepage from delivery canals likely supplied this well. F2 gwl GWLF averaged
167 mm in 2021. For the other F2 monitoring wells gw2 and gw3, GWLF averaged 210 mm
and 272 mm, respectively. The greatest observed GWLF of the F2 monitoring wells was
1697 mm on 14 May 2021 (Table 9).

Table 9. GWLF (mm) in response to irrigation events in 2021 for all wells on F2 calculated as the
difference between groundwater level prior to the irrigation onset (averaged over the 6 h prior to the
irrigation onset) and maximum water level rise until the following irrigation event.

Date GWLF gw1 (mm) GWLF gw2 (mm) GWLF gw3 (mm)
16 April 2021 876 602 1677
10 May 2021 100 7 42
10 May 2021 87 21 87
11 May 2021 76 141 129
11 May 2021 30 132 103
12May 2021 278 275 288
13 May 2021 53 -3 20
14 May 2021 242 1697 969
18 May 2021 3 —45 —-23
19 May 2021 254 —40 47
23 May 2021 40 -7 -9
24 May 2021 -35 -8 —-15
24 May 2021 57 3 1
29 May 2021 198 -1 —4
31 May 2021 164 30 33
5 June 2021 362 418 795
26 June 2021 247 1179 1204
1 August 2021 93 140 345
18 August 2021 41 0 43
18 August 2021 168 220 430
27 August 2021 30 96 147
29 August 2021 250 145 76
8 September 2021 368 3 28
11 September 2021 33 33 106
Average 167 210 272

Linear regression statistical analysis identified any significant relationships between
DP and GWLF of each monitoring well as well as TWA and GWLF of each monitoring
well for both study fields (Table 10). No significant relationships were identified between
GWLF and DP nor GWLF and TWA for any F1 monitoring wells. This is likely related to the
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land manager’s use of several headgates spread out along the southern field border used
at different times unevenly applying irrigation water. All wells on F2 exhibited positive
significant relationships between GWLF and DP, and GWLF and TWA (Table 10). However,
F2 gw1l GWLF was likely related to acequia flow and ditch seepage rather than irrigation
events due to its upgradient position.

Table 10. Statistics from linear regression models comparing GWLF and DP as well as GWLF and
TWA for all monitoring wells on each field from data collected over the 2021 irrigation season.
Significant relationships are highlighted by p values with an asterisk (*).

GWLF gw1 (mm) GWLF gw2 (mm) GWLF gw3 (mm)
p t R? p t R? p
DP (mm)
F1 1.19 0.280 —0.252 0.0105 0.810 —0.426 0.0294 0.685
F2 4.60 1.40 x 1074 * 5.78 0.603 8.09 x 1076 * 11.5 0.858 8.77 x 10~ 11 =
TWA (mm)
F1 0.540 0.0464 0.608 0.720 0.0795 0.499 0.639 0.0638 0.546
F2 3.93 7.08 x 1074 * 10.3 0.828  7.37 x 10710+ 11.4 0.856 991 x 1011+

Figure 3 provides a visualization of how the groundwater level data from the three
monitoring wells compare across the two study fields. The greatest variation is apparent
between gw1 on F1 and F2 because the well on F2 is a residential drinking well and is much
deeper (see Section 2.2.5 for more detailed metrics regarding the groundwater monitoring
wells included in this study).
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Figure 3. Boxplots created using daily averages of GWLF data from April 2021 through October

2021 visually comparing the medians, quartiles, and ranges of the three monitoring wells across both
study fields.
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4. Discussion

Our results showed both fields have significant relationships between DP and TWA
and between DP and TWA-AS (Table 6). One field, F2, exhibited significant relationships be-
tween DP and irrigation duration (Table 6), GWLF and DP, and GWLF and TWA (Table 10).
Antecedent soil moisture and soil conditions are particularly important factors to consider
when discussing DP. More irrigation water is needed to saturate the ERZ when antecedent
soil moisture is low or at times of greater plant water use which results in potentially less
groundwater recharge from a given amount of irrigation water applied. DP was not signifi-
cantly different when compared across both fields. The only significant differences when
comparing irrigation events and DP estimates across both fields were irrigation duration
and the number of irrigation events (Table 7). These results indicate that surface water
and groundwater are tightly connected in this area, but variation in DP and groundwater
response exists between land managers and fields due to differing irrigation practices.

Although we only report data and results from the 2021 irrigation season, our data
collection began in June 2020. When comparing monthly averages and totals for months
with complete records for both 2020 and 2021, several patterns emerge regarding irrigation
scheduling, average AS, and average DP (Table 5). F1 irrigation frequency tapered off
toward the end of the irrigation season for both 2020 and 2021, while F2 irrigation frequency
increased toward the end of the season. Average AS was constant between the two fields
over both years of data collection, ranging from —3 to 2 mm with a notably large value
for F1 in July 2021 (73 mm) as an outlier perhaps related to frequent rainfall that occurred
around that time of year and uneven irrigation water application. On F1, the average DP
ranged from 2 to 29 mm over 2020 and 2021. Similarly, the F2 average DP ranged from
1 to 32 mm. These patterns help validate our water balance results (Tables 2 and 3) by
demonstrating consistent and comparable water balance components and DP estimates
across both fields over 2020 and 2021.

Previous acequia research in northern New Mexico forage fields that also used water
balance methodology to estimate DP reflects similar results (Table 11), illustrating that we
appropriately captured acequia surface water and groundwater interactions and irrigation
practices. Our results reflected the greatest DP season totals (739 and 1249 mm) and the
greatest percentage of IRR that contributed to DP (68 and 81%), critically filling in the
range of possible seasonal DP values and characteristics by refining our understanding
of acequia irrigation-related recharge in the context of long-term field data collection in
northern New Mexico.

Table 11. A comparison of how our DP estimates compare to similar studies that used a water balance
approach to estimate DP in forage grass fields in northern New Mexico.

Average DP per Sum DP over Percent DP over

Study Location & Year Irrigation Event Irrigation Season Irrigation Season
(mm) (mm) (%)
Ochoa et al. (2013) Alcalde 2005 107 533 46
Ochoa et al. (2013) Alcalde 2006 119 476 48
Gutiérrez-Jurado et al. (2017) Rio Hondo (F1) 2013 53 531 51
Gutiérrez-Jurado et al. (2017) Alcalde 2013 55 382 39
Gutiérrez-Jurado et al. (2017) El Rito 2013 77 462 31
. Rio Hondo (F1) 2021 92 739 68
Conrad et al. (this paper) Rio Hondo (F2) 2021 52 1249 81

Observations and projections of changing climate and snowmelt dynamics within
the Rio Grande Basin—specifically the Upper Rio Grande headwaters region—are of
particular interest to researchers and stakeholders due to the reliance of downstream
users on snowmelt-dominated subbasins to meet water availability needs. For example,
streamflow at Fort Quitman, Texas, USA has decreased 95% relative to the river’s native
streamflow [51]. In the Colorado River Basin, temperature-driven “hot droughts” have
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been connected to increased sublimation of snow which results in less runoff from a given
snowpack [52]. Similarly, the interannual variability of streamflow related to snow water
equivalent (SWE) has decreased by 40% in the Upper Rio Grande Basin, indicating that the
connection between peak SWE and runoff volume is substantially weaker [7]. This drift
between SWE and runoff is particularly critical because a large portion—50 to 75%—of the
Rio Grande streamflow is sustained by seasonal snowpack accumulation [53]. Through
paleoclimate reconstructions published in 2017, researchers identified a 30-year declining
trend in runoff ratio since the 1980s which appeared unprecedented in the context of the last
440 years [54]. Observed, historical mean winter and spring temperatures have significantly
increased in the Upper Rio Grande Basin [7], and temperatures rose at an alarming rate of
0.4 °C per decade from 1971 through 2011, informing temperature predictions of a 2 to 3 °C
increase in average temperature by the end of the 21st century [8]. The SWE on April 1
has significantly decreased by 25% [7], where the mean melt season snow covered area is
predicted to decrease 57 to 82%, and peak flow is predicted to arrive 14 to 24 days earlier
than usual [6].

The combination of increasing temperature and more variable precipitation inputs are
expected to create a decrease in summertime flows and increase the frequency, intensity;,
and duration of floods and droughts in the Upper Rio Grande Basin [8]. Elias et al. (2015)
found that total annual runoff volume of Upper Rio Grande subbasins and tributaries
could increase 7% in wetter scenarios but decrease 18% in drier scenarios. In the Rio
Hondo watershed, annual daily mean streamflow has significantly decreased 0.85% per
year since water year 1976 [55]. Another study found that the Rio Hondo baseflow, runoff,
and streamflow have also significantly decreased since water year 1980 due to decreasing
snowmelt rates [56].

Decreasing surface water flows in the Upper Rio Grande region will have negative
effects on acequia water availability for acequia communities in this region. A previous
study conducted in the Rio Hondo Valley found statistically significant relationships
between river and acequia flows [57]. Similarly, spatial analysis of the normalized difference
vegetation index (NDVI) found that the irrigated landscape within the Rio Hondo Valley
expanded and contracted in response to wet or dry years, showing that irrigation intensity
varied with available surface water [58,59]. Therefore, in the Rio Hondo Valley, acequia
flow is directly related to river flow, and the variability of acequia irrigation intensity is
apparent in wet and dry years. As a result, the irrigated landscape and acequia irrigation
decrease as surface water resources decrease.

If surface water river flows continue to decrease, then acequia water availability
and the acequia-irrigated landscape will decrease, as will regular DP and groundwater
recharge [60]. As a mechanism that temporarily stores surface water in the subsurface
which eventually returns to the river system as delayed return flow, DP can serve as a
very important buffer against climate change; however, mean recharge in Taos County first
significantly decreased in 1996 [61]. Baseflow is also an extremely critical element of the
hydrologic regime in the Upper Rio Grande Basin where baseflow contributions account
for 49% of total discharge upstream of Albuquerque, New Mexico [56]. Surface water and
groundwater connectivity is critical for continued baseflows, and acequia-related DP and
return flows play an important role in maintaining this connection. As climate change con-
tinues to negatively impact surface water availability and groundwater recharge in northern
New Mexico and the Upper Rio Grande Basin, both acequia communities and the state of
New Mexico will have to decide how to adapt to new climatic and hydrologic regimes.

When considering water use and management practices, either as a water manager
or for modeling purposes, it is critical to determine the type and direction of adaptation
(e.g., adaptation or maladaptation) occurring in response to climate change stressors [62].
Maladaptive actions are enacted to prevent or reduce vulnerability associated with climate
change but ultimately have adverse impacts or increase vulnerabilities in the same or
related systems. Examples of adverse impacts include: (1) an increase greenhouse gas
emissions; (2) a disproportionate impact on vulnerable populations; (3) high environmental
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opportunity costs; (4) reduced incentives to adapt; and (5) dependencies that limit future
generations [63]. Unfortunately, all too often, water management adaptation and gover-
nance strategies are maladaptive, such as water operations in Flint, Michigan [64], water
deliveries in California’s San Joaquin Valley [65], and development in Australian coastal
cities [66].

Adaptive management practices are more prepared for climate change by incorpo-
rating flexibility and responsiveness into water management institutions and governance
structures [67-72]. While some suggest doing this through intraregional contracts and
mergers [67], acequias have been doing this for centuries through a concept known as
repartimiento—the ability to employ flexible and dynamic water deliveries to distribute
water as equitably as possible by sharing water shortages either within a single acequia or
between different acequias throughout a given watershed. Cruz et al. (2019) documented
this phenomenon by showing that the water available in acequias is directly correlated to
the water available in the stream system [57]. When not enough surface water is available
to irrigate crops, landowners will typically irrigate a smaller parcel of their total crop land
as opposed to the entire area. This shows the inherent adaptability embedded within
traditional acequia irrigation frameworks that is and will continue to be crucial in the
context of a changing climate, growing seasons, and streamflow regimes.

The flood irrigation regime these two fields and the greater Rio Hondo Valley—as
well as other acequia communities—follow experience groundwater recharge benefits
inadvertently associated with managed aquifer recharge (MAR). Recently, many research
articles [73] have featured different MAR techniques and pilot programs [34,74]. MAR is an
approach used to replenish groundwater resources and is becoming more common in areas
of heavy groundwater pumping and declining aquifer levels. There are many different
techniques and objectives within this overarching mitigation approach. One promising ap-
proach that utilizes already existing infrastructure is applying MAR to irrigated agricultural
lands, where surface water is applied over large areas as opposed to the more traditional
MAR approach of facilitating high recharge at dedicated recharge sites [34]. This form of
MAR reduces costs associated with infrastructure, piping, and energy given the gravity-
driven water distribution [75]. This framework is naturally mirrored on a regional scale in
northern New Mexico’s acequia networks. Acequia networks divert surface water through
a system of (typically earthen) canals to fields for flood irrigation, where seepage occurs
throughout time in the canals and application in the fields. Acequia irrigators greatly value
these contributions to groundwater for the many environmental and water storage benefits
the recharge provides (Figure 4). Acequias are not without their challenges, but they can
serve as a model for sustainable, integrated water management that implicitly employs
MAR and welcomes groundwater recharge as a benefit rather than an inefficiency [76].

Characterized by regular shallow aquifer recharge and flexible and dynamic water
management that reflects equity and current environmental conditions, acequias offer
several reasons why we should consider maintaining traditional irrigation systems in the
face of climate change (Figure 5). In times of reduced surface water availability, acequia
irrigators only irrigate smaller parcels of their total irrigated land and typically invest in
deep rooted, drought-tolerant crops that can persist through growing seasons without much
irrigation water application. Acequia communities have followed this model traditional
flood irrigation model and persisted through drought for hundreds of years in northern
New Mexico. However, when thinking about the future, the question then becomes:
How should acequia communities adapt to meet reduced surface water availability and
changing streamflow regime challenges that the current prolonged and unprecedented
drought presents if traditional acequia irrigation practices are no longer sufficient?

Traditional acequia operations are typically associated with resilience [77], but many
acequia irrigators and managers are unsure of how sustainable certain adaptations are mov-
ing forward (e.g., lining earthen irrigation canals, switching from flood to drip irrigation,
greater reliance on groundwater pumping) and the implications of any detrimental effects
on groundwater levels (i.e., lowering the water table) which are ultimately connected to
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surface water availability (Figure 5). Lining irrigation ditches, switching from flood to drip
irrigation, and supplemental groundwater pumping are commonly called into question by
acequia community members which is why these adaptation strategies are highlighted in
this paper. While these three strategies can be beneficial, lining ditches and drip irrigation
reduce pathways for surface water to seep into the groundwater, and a growing reliance on
groundwater pumping will negatively impact surface water and groundwater connectivity
by lowering the water table (Figure 5). When used simultaneously in a region where
baseflow is a crucial component of sustaining Rio Grande streamflow [56] and traditional
acequia irrigation related recharge serves as delayed return flow [22], the reduction in
groundwater recharge and the increase in groundwater pumping will negatively impact
surface water availability for downstream users and begin propagating a cycle of maladap-
tation. It will be critical to prioritize traditional flood irrigation approaches and benefits
such as groundwater recharge as much as possible when acequia communities or similar
community-based irrigation systems are seeking solutions under conditions of reduced
surface water availability.
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Figure 4. When posed the question: “In addition to providing irrigation water for local uses, which
of the following characteristics of acequias are most important to you?”, Rio Hondo Valley acequia
community members (22.5%) reported groundwater recharge as the most valued attribute out of a
variety of environmental, social, cultural, and governance options (1 = 25). These data were collected
as background information from adaptive capacity pre- and post-survey instruments distributed to
the Rio Hondo acequia community. The final percent of respondents were averaged across the two
surveys [55].

It is important to distinguish between modernization of irrigation infrastructure and
modernization of irrigation management. While lining ditches, switching to drip, and
supplemental groundwater pumping focus on using surface water more efficiently through
engineering and infrastructure improvements, water managers and irrigators must be
provided with tools, resources, and information that enable efficient and adaptive water
management and allocation. One example of this is real-time monitoring accessible through
a web interface which has been shown to increase adaptive capacity indicators within the
Rio Hondo acequia community [55]. With water scarcity only becoming a more pressing
issue in the Southwest within the context of climate change, it will be critical to continue
evaluating the adaptability of water management and agricultural production approaches,
reflect findings in new and transformative policy, and ask ourselves if we should be
modernizing infrastructure or management to avoid falling into the irrigation efficiency
paradox trap [78,79].

A key element for the success of acequia and other community-based irrigation sys-
tems is community water management system functionality (see Figure 5). To have a
functioning community water management system, there must first be a community to
manage and use the water, so individuals must see value in acequias or acequia irriga-
tion. When researchers explored capital gained within acequia communities, they found
that only about 30% of family income was generated from acequia agriculture and that
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external income helped sustain acequia-irrigated properties and agriculture [80]. Surveys
and interviews revealed that connection to land, water, and community were the values
that drove acequia community members to respond to adverse circumstances (e.g., eco-
nomic hardship, population growth, drought, increased development), demonstrating
that acequia communities are founded and fueled by values within the moral economy
rather than the typical market economy [30,59,80]. Therefore, identifying appropriate
irrigation modernization recommendations must consider irrigation community motiva-
tions or values and be tailored toward enabling water management system functionality.
While acequias foster long-term resilience, short-term vulnerabilities that impact acequia
irrigation are surface water shortages. More work is needed to assess the specific impacts of
changing irrigation regimes and technologies in acequia regions and identify adaptations
that optimize groundwater recharge while also taking declining surface water availability
into consideration.
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Figure 5. Causal loop diagram (CLD) showing the interactions and connections between environ-
mental phenomena (blue), decision making (purple), adaptive management (green), and potentially
maladaptive management (red) of acequia irrigation systems where traditional flood irrigation is
assumed to only use surface water. Please note that the potentially maladaptive management options
might be considered adaptive for other regions and irrigation regimes outside the scope of this paper.

5. Conclusions

In this study, we compared surface water and groundwater interactions and shallow
aquifer response to irrigation events in two flood-irrigated forage grass fields located within
the same acequia-irrigated valley in northern New Mexico, USA. Our results indicate that
surface water and groundwater are tightly connected in this area, but variations in DP
and groundwater response exists between land managers and fields due to differing flood
irrigation scheduling and management. Additionally, while our results are consistent
with previous water balance studies conducted in acequia-irrigated forage grass fields
in northern New Mexico, this is the first paper to relate the findings from all the similar
studies in the region since the first study was conducted in 2005. Because recharge acequia
irrigation-related recharge eventually becomes delayed return flow to rivers [22], studies
such as this are critical for determining how surface water and groundwater connectivity
changes over time as it directly impacts surface water availability for downstream users [56].
We expect less DP will occur in acequia-irrigated fields if future climate change predictions
and warming trends continue.
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The DP and shallow groundwater recharge that occur as a byproduct of acequia
flood irrigation are the exact management benefits needed for appropriate climate change
adaptation. By maintaining recurring and consistent groundwater recharge, stream systems
stay watered, which enables valley and regional cooperation between acequia-governing
systems to continue. Alternatively, if acequia regions begin relying more heavily on
groundwater pumping (for example), water tables would drop, making less water available
in stream systems as surface water and groundwater become disconnected. These actions
would propagate a cycle of maladaptation by undermining the hydrologic functions and
community collaboration that make acequias so sustainable.
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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
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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].

Weather D Pasture field

Station Monitoring Station

o

——

& 7

Google Earth

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 (0) 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 6 data. Three soil
samples were collected at each sensor depth for characterizing soil physical properties
(i.e., dry bulk density (pp) and texture). The samples were obtained using a split soil core
sampler (50 mm x 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 p;, 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 6. 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 6
stations at approximately 5 m deep and consisted of 50 mm diameter PVC pipes witha 1.5m
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 6 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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Monitoring
well

¥ Sensors

Water table

Water level
sensor

Figure 2. Schematic illustrating soil water (0) and groundwater-levels measurement at each monitor-
ing station. The main water budget components—irrigation (IRR), precipitation (P), change in soil
water (AS), 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 = Ah x Sy (2)

where Re = aquifer recharge (mm); Ah = 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 AS 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 p;, varied across soil water stations and sensor depths (Table Al).
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 p;, 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).

[WVonitoring Stations
@ Soil Samples
Clay Content (%) N

#26-29.0

#29.01-32.0
== 32.01-35.0
== 35.01-38.0

=38.01-41.0
0 0.03
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=29.01-32.0
= 32.01-35.0
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0.0}?, 0.05
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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 AS, 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; R?
values from 0.72 to 0.99) between DP and TWA - AS for all soil stations in 2020, but not
for the East station in 2021. Overall, seasonal TWA values were higher than AS, with the
fraction of AS to TWA ranging from 0.4% to 0.8%. The exception was the North station in
2020 when AS 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 (AS), 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
North 6 250 9 302 2 20
West 6 214 9 114 45 94
2020 East 6 280 9 238 52 69
South 6 253 9 118 45 98
North 13 368 0 202 9% 92
West 13 386 0 150 99 153
2021 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 (AS)
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., AS) may have been affected by potential discrepancies in 6
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 Al. 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 (p); 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) o (Mg m—3) Clay (%) Silt (%) Sand (%) Soil Texture
0.2 1.5 +£0.01 30.1 45.9 24.0 clay loam
North 0.5 1.5 +£0.01 30.7 39.9 29.3 clay loam
0.8 1.4 £ 0.004 36.1 19.3 447 clay loam
0.2 1.5+ 0.04 449 30.5 247 clay
West 0.5 1.4 £0.02 43.5 43.1 13.3 silty clay
0.8 1.6 +0.01 33.5 571 9.3 silty clay loam
0.2 1.7 £ 0.06 429 35.8 21.3 clay
East 0.5 1.7 £0.04 44.2 32.5 23.3 clay
0.8 1.6 +0.03 442 345 21.3 clay
0.2 1.0 +0.01 214 24.6 54.0 sandy clay
loam
South 05 1.140.01 34.1 26.6 39.3 clay loam
0.8 1.2 £0.02 394 233 37.3 clay loam
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Abstract: Addressing modern water management challenges requires the integration of physical,
environmental and socio-economic aspects, including diverse stakeholders’ values, interests and goals.
Early stakeholder involvement increases the likelihood of acceptance and legitimacy of potential
solutions to these challenges. Participatory modelling allows stakeholders to co-design solutions,
thus facilitating knowledge co-construction/social learning. In this work, we combine integrated
modelling and participatory modelling to develop and deploy a digital platform supporting decision-
making for water management in a semiarid basin under contentious water use. The purpose of
this tool is exploring “on-the-fly” alternative water management strategies and potential policy
pathways with stakeholders. We first co-designed specific water management strategies/impact
indicators and collected local knowledge about farmers’ behaviour regarding groundwater regulation.
Second, we coupled a node-link water balance model, a groundwater model and an agent-based
model in a digital platform (SimCopiapo) for scenario exploration. This was done with constant
input from key stakeholders through a participatory process. Our results suggest that reductions
of groundwater demand (40%) alone are not sufficient to capture stakeholders’ interests and steer
the system towards sustainable water use, and thus a portfolio of management strategies including
exchanges of water rights, improvements to hydraulic infrastructure and robust enforcement policies
is required. The establishment of an efficient enforcement policy to monitor compliance on caps
imposed on groundwater use and sanction those breaching this regulation is required to trigger
the minimum momentum for policy acceptance. Finally, the participatory modelling process led
to the definition of a diverse collection of strategies/impact indicators, which are reflections of the
stakeholders’ interests. This indicates that not only the final product—i.e., SimCopiapo—is of value
but also the process leading to its creation.

Keywords: stakeholder participation; surface water-groundwater interaction; scenario modelling;
integrated water management; agent-based modelling; SimCopiapo

1. Introduction

Water resources are fundamental for supporting livelihoods, food production, energy
generation and ecosystem services across the globe. Despite their relevance, water systems
are under continuous threats, thus undermining water security [1] and promoting water
stress [2]. Interdependencies between water, ecological and social systems across multiple
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scales and dimensions (e.g., water—energy—food—environment nexus [3,4]) continuously
challenge the way water resources have been managed [5]. In this regard, Hoff [6] states
that “ ... water management and governance have not yet adapted to these cross-scale and
cross-sectoral interdependencies and their dynamics and associated uncertainties”.

Water management challenges are no longer addressed solely as technical problems
but rather have become part of complex policy and decision-making processes, where
multiple stakeholders and institutions reflecting an array of diverse values and interests
are involved [7-9]. “Integrated” approaches to account for the array of drivers that help to
constrain/condition these water management challenges have therefore received a surge of
attention in recent years [10-12].

Kelly et al. [13] discuss the term “integration” in the context of integrated assessment
and define five levels with multiple loci in the modelling process: (a) integrated treatment
of issues, (b) integration with stakeholders, (c) integration of disciplines, (d) integration
of processes and models, and (e) integration of scales of consideration. Integration of
biophysical and socioeconomic aspects [10,14] and integration across processes/models
(e.g., surface water and groundwater interactions [15,16]), as well as integration with
stakeholders [17], have all been documented in the water management-related literature.
In the context of surface water—groundwater interactions, Barthel and Barnhaz [16] suggest
that “integrated modelling” should explore aspects beyond the purely physical coupling
process between surface water and groundwater systems and cover multiple scientific
domains and disciplines, thus aligning with the level “integration of processes and models”
proposed by Kelly et al. [13].

Jakeman et al. [18] suggest that the development and application of integrated mod-
elling stands on several building blocks, with participatory modelling [19,20] and the
development of modelling tools and software/hardware technologies considered as key
pillars. In the context of policy analysis, more specifically, participatory processes are
essential for linking science and policy [21] and to achieve the legitimacy of processes [22],
with stakeholder participation and computer-based models regarded as key components
of the participatory and collaborative modelling [17]. This society—science—policy inter-
face [23] is usually moulded by different contextual pressures and communication protocols,
thus rendering early stakeholder participation critical for successful outcomes in policy
making [24].

There is no doubt that stakeholder participation in water resource management has
received substantial attention in the last years [25-27]. The popularity of participatory
modelling in particular has seen a substantial growth due to its compatibility with environ-
mental paradigms such as Integrated Water Resources Management (IWRM) and Adaptive
Management (AM) [28]. An advantage of participatory modelling resides in the potential
to integrate meaningful input from decision makers and stakeholders into the modelling
process [29]. Based on case studies from Africa, Asia, Europe and Oceania, Penny and
Goddard [30] noted however that experimentation and learning beyond the “expert” group
(to include non-expert participation) was mostly absent from discussions around model
development.

To enable a participatory involvement, Basco-Carrera et al. [17] suggest that developed
tools and models in the context of participatory modelling should be built using open
source or freeware software where possible to facilitate distribution and use by stakeholders.
Similarly, Carmona et al. [31] suggest that decision-making tools for successful stakeholder
participation in natural resources management should be transparent, flexible and designed
to elicit knowledge from different groups. Transparency and flexibility in the process of
model development are also advocated by Bots et al. [21], with the aim of increasing
stakeholders’ trust by making the usually perceived “black box” model transparent.

Despite the clear need for stakeholder participation in the modelling development
process, van Bruggen et al. [32] suggest that limited attention has been given to the model-
based exploration and design of policy pathways with stakeholders. They argue that
disciplinary fragmentation and the “not-invented-here” academic syndrome (“a negative
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attitude to knowledge that originates from a source outside the own domain” [33]) are
factors hindering the development of modelling with stakeholders.

In arid and semiarid regions, collaborative processes and water governance are usually
a major challenge [31,34-36] driven by contentious water use and competing stakeholder
interests and values. This situation impacts the successful materialisation of the integration
levels described by Kelly et al. [13] and poses challenges to the participatory modelling
process as highlighted by Carmona et al. [31]. In particular, in these regions, the interaction
between surface water and groundwater plays an important role [16,36,37]. This interaction
is often complicated by agricultural and /or mining activities, as they will potentially alter
the fragile flow regimes of the coupled water system [37]. As highlighted by Gorelick and
Zheng [38], groundwater plays an important role, and its relevance will continue in the
coming years, more importantly in arid and semi-arid regions.

This article describes the implementation of a participatory modelling process to
develop and deploy an integrated modelling tool and digital platform (SimCopiapo) to
support decision making in water management in a semiarid basin under contentious
water use. The purpose of this digital platform is to explore alternative water management
strategies to support scenario analysis and potential policy pathways with stakeholders,
thus contributing to addressing the research need identified by van Bruggen et al. [32].

We build upon the work of Galvez et al. [34] to set up a participatory process in the
Copiap6 River Basin (CRB), northern Chile. We follow the integrated modelling levels
suggested by Kelly et al. [13], and as such we include in the proposed integrated modelling
tool surface water—groundwater interactions (integration of processes and models); local
knowledge and expertise in water operational rules (integration with stakeholders); short-,
mid- and long-term outputs, as well as sub-daily reservoir operations, daily water balance
in irrigation districts and monthly time steps in groundwater assessment and different
spatial scales for aquifer sectors and irrigation districts (integration of scales of consideration);
and an agent-based model (ABM) to account for farmers’ compliance against imposed caps
on groundwater allocations (integrated treatment of issues). As suggested by the literature,
we develop the integrated modelling tool and software platform in open source code with
constant input from different stakeholder groups (water users, regulators, civil society,
academy) [34] for transparency and flexibility [17,31] and to promote the legitimacy of
the process [22] and ownership of results. The novelty of this work lies in advancing
previous modelling efforts in the CRB [39—41] by improving on the operational rules
of critical infrastructure in the CRB and co-designing water management strategies and
impact indicators, all of which are designed with continuous input from key stakeholders
by employing formal participatory and stakeholder engagement processes. A major feature
of the proposed digital platform (SimCopiapo), compared to previous modelling efforts in
the CRB, is the ability for users to run “on-the-fly” a loosely coupled [16] node-link water
balance model and fully distributed groundwater model during interactive participatory
sessions, thus facilitating social learning and knowledge co-creation. This was done in
order to address research needs identified in the specialised literature [17,31,42]. Finally,
the proposed digital platform (and integrated model) can be seen as a boundary object [43]
bridging stakeholders and facilitating mutual understanding and cooperation—a practical
exercise that has not been implemented before in the CRB [34].

The remainder of this article is arranged as follows. Section 2 describes the case
study and the two-step methodological framework implemented in this work. Results of
the integrated modelling process are analysed in Section 3 for a series of water manage-
ment strategies and a base scenario. Section 4 presents a discussion of these results, and
concluding remarks are offered in Section 5.

2. Materials and Methods
2.1. Case Study: Copiapd River Basin

The Copiap6 River Basin (CRB) covers an area of 18,700 km? and is located in Northern
Chile at the southern boundary of the Atacama Desert (Figure 1). The discharge contribu-
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Legend
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tions of the main tributaries Pulido, Jorquera and Manflas rivers in the headwater basins
are regulated by the Lautaro Reservoir (26 Mm?). The gauging station “Rio Copiap6 en La
Puerta” shows an average discharge of 2.6 m>® s~!, whereas average annual precipitation
in Copiapé city is 19 mm, reaching up to 500 mm y~! for altitudes over 5000 m above sea
level (asl) [44]. The CRB is a clear example of a semiarid basin under sustained water stress
originating from both natural and anthropogenic causes, where water management can be
regarded as inadequate [40,41,45,46].

Figure 1. Location of the Copiapé River basin, main groundwater (aquifer) sectors, surface water
irrigation districts (I: irrigation district D1, II: irrigation district D2, III: irrigation district D3, IV:
irrigation district D4, V: irrigation district D5, VI: irrigation district D6, VII: irrigation district D7, VIII:
irrigation district D8, IX: irrigation district D9. Most downstream districts (VIII and IX) are combined
into irrigation district D89), and Lautaro Reservoir at the confluence of main tributaries (Jorquera,
Manflas and Pulido rivers) to the Copiap6 River. Urban areas in black color, coloured circles represent
gauging stations (after [34]).

Currently, available surface water in nine irrigation districts (see Figure 1) is fully
allocated for consumption, whereas the overexploitation of groundwater has been pre-
viously well documented in the literature [34,40,41] and is manifested by deteriorating
groundwater quality and persistent deepening of groundwater levels. Administration of
groundwater rights/licenses takes place in six groundwater/aquifer sectors (see Figure 1).
Around 60% of groundwater demand is used for highly technified irrigation, whereas
mining activities account for 30% and drinking water for 10% of the demand [47]. On an
average water year, the Copiapo River dries up halfway to the outlet at the Pacific Ocean
due to upstream water consumption and zero contributions from lateral intermediate
sub-basins [48].
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Groundwater rights for consumption total ca. 19 m3 s~! in the CRB, which contrasts
with the estimated average recharge rates of 3 to 4.8 m® s~! and effective groundwater
demands of 6 to 14 m® s~ [47,49]. Therefore, permanent conflicts between water users at
different levels (upstream vs downstream users, surface water vs groundwater users) are
detrimental factors for effective water resources management in the basin. These conflicts
can be typified as Type 2, river basin conflicts, and Type 3, overexploited groundwater
systems, by Bauer [50]. Rinaudo and Donoso [45] identified five factors leading to the
current over-exploitation of Copiapo’s groundwater resources: (i) limited knowledge of
groundwater, (ii) legal complexity and political pressure, (iii) poorly-defined water permits,
(iv) compliance and enforcement problems and (v) inconsistencies between management
of surface water and groundwater.

Despite the peculiarities of the water resource management model in the Copiapé
Basin [45,50], this management landscape is likely to reflect similar operational conditions
as in other semiarid water-stressed basins around the world, thus providing generality to
our findings.

2.2. Methodological Framework

We applied an intertwined two-step methodological framework in this work (Figure 2).
First, we implemented a participatory process with existing key stakeholders to define
and explore potential water management strategies and impact indicators of interest to
stakeholders and to collect data on farmers’ behaviours regarding groundwater regulation
and operational rules for critical hydraulic infrastructure (c.f. Lautaro Reservoir). This step
builds upon the work by Galvez et al. [34], who identified key stakeholders and barriers to
collaborative water governance in the CRB and feeds into step 2. The second step consisted
of designing and implementing a digital platform (termed SimCopiapo), which hosts a
Graphical User Interface (GUI) (see Figure Al in the Appendix A) with capabilities for
stakeholders/modelers to run “on-the-fly” a node-link water balance model, a groundwater
model and an agent-based model (ABM) [51,52]. This second step implemented the aspects
identified through the participatory process in step 1. During participatory workshops,
SimCopiapo was mainly run by stakeholders organised into groups with guidance provided
by the research team. The purpose of this digital platform was to collaboratively explore
different water management strategies as support for exploratory scenario analysis during
participatory decision-making sessions with stakeholders. In the following sections, details
for both steps are described.

Participatory Process
SimCopiapo | el

Interactive capabilities —
web interface Water management

strategies r o | _____ ,
{ Participatory !
Water management i workshops |
scenarios H i
ABN_' . ‘_E Co-design E
parametrisation | working i
Surface water model i selis E
1 1
impact {surveys i

indicators —T

Groundwater models

Figure 2. General methodological framework highlighting development of the digital platform
SimCopiapo, participatory processes and the integration of the surface water and groundwater
models (red dashed line).
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2.2.1. Participatory Process

Galvez et al. [34] provide an overview of the stakeholders involved in the participatory
process. We implemented 4 plenary workshops with 31 institutions and 5 working sessions
with specific groups of stakeholders for data/local knowledge collection. In addition, we
implemented two surveys with regional organisations in the study area: Water Resources
Regional Advisory Committee (CARRH) (on-line) and Copiapé Exporters and Producers
Association (APECO) (on-line). Surveys were used to collect information about farmers’
behaviours regarding tolerance towards groundwater regulation (e.g., follow groundwater
allocation rules) and the propensity to breach these rules following the social sub-model
proposed by Castilla-Rho et al. [51,52]. This information was used to parameterise an agent-
based model (ABM) to assess compliance against caps on groundwater use as explained in
Section 2.2.3.

2.2.2. Water Management Strategies and Impact Indicators

From the participatory process, we co-designed with stakeholders 13 water manage-
ment strategies grouped in 4 domains: (a) exchanges of water uses/rights among users,
(b) improvement to current hydraulic infrastructure, (c) management of groundwater
recharge and (d) management of water demand. These water management strategies
are shown and described in detail in Table 1 and were implemented in the SimCopiapo
platform.

The participatory process also allowed the definition of a series of key impact indi-
cators of interest to stakeholders. To this end, we followed a similar approach as that
proposed by Santos Coelho [53]. The main impact indicators identified were (a) river flows
through the Copiap0 city (termed as urban flows), (b) environmental flows at the Copiap6
basin outlet, (c) storage at Lautaro Reservoir (headwater basin), (d) percentage change
in aquifer storage in groundwater sectors 2 to 6 after implementing water management
strategies and (e) compliance with the cap on groundwater use. A description of the main
impact indicators is presented in Table 2. These and other impact indicators (e.g., water
security for individual irrigation districts) are automatically generated and exported by the
SimCopiapo platform.
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2.2.3. SimCopiapo Platform

SimCopiapo is a digital platform built mostly in Python, including an API web
and front-end HTML/JavaScript (Figure Al in Appendix A). It includes capabilities to
select pre-defined water management strategies devised by stakeholders, run “on-the-
fly” a loosely coupled node-link water balance and groundwater models [16,55], display
graphs/plots/maps for rapid assessment and export reports summarising the results of
management strategies selected by the user. It also contains an ABM associated with
water management strategy 4.1 (groundwater demand management) to assess farmers’
compliance against caps in groundwater use imposed by the regulator.

Figure 3 shows the interaction between the components of the SimCopiapo platform,
including node-link water balance, groundwater and agent-based models. SimCopiapo
uses geospatial information (irrigation areas, aquifer sectors, channel network, produc-
tion wells, etc.), historical hydrological timeseries at the headwater basins for the period
1991-2016 and a series of alternative water management strategies (see Table 1) selected by
the user to set up a specific scenario run. SimCopiapo users also have the opportunity to
select/input pre-defined alternative hydrological time series driving the simulation (histor-
ical 1991-2016, 50% historical, etc.) or to include new time series if required. SimCopiapo is
built as an open-source tool to allow continuous, replicable, reproducible and transparent
research and improvements by other users [56-58], thus improving on previous efforts
developed under proprietary hydrological software [39-41,49].

-
— ial
gy Geospatia Web
T information SIMCOPIAPO Interface
Python Mass Balance Model - Link-node in Python
Irrigation
Surface Water model (sw)
o il :l
£ 2 HER 2
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Water | W
Management Impact M
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Figure 3. SimCopiapo digital platform and interactions of the integrated surface water and ground-
water models and different modules and platform components.

It is worth noting that the objective of the digital platform is to facilitate the interac-
tion among stakeholders in the contentious Copiapé river basin, where competing and
conflicting water uses exist and the level of collaboration for water management is lim-
ited and generally perceived as inadequate [34]. Therefore, the focus is on providing a
research tool able to run basin-scale assessments in order to support rapid appraisal of
water management strategies enabling stakeholder discussion, collaboration and decision-
making. Under these premises, SimCopiapo is aligned more closely to what Oxley et al. [24]
define as a policy-oriented model, where accurate process representation is traded for ade-
quate process representation and emphasis is focused on addressing practical policy issues.
For this purpose, we illustrate how the digital platform can be populated with surface
water and groundwater models previously documented and validated by stakeholders
(e.g., [39-41,49]).
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DGA-HIDROMAS [39] provides the latest surface water model available for the
Copiap6 basin implemented in the AQUATOOL software—a proprietary generic decision
support system for water resources planning [59]. We translated the topology of the AQUA-
TOOL model for the Copiap6 basin into a node-link model coded in Python, accounting
for the daily mass balance of the surface water system. The conceptual representation of
this topology and the operation of the irrigation districts in the Copiapd River Basin is pre-
sented in Figure 4. This figure shows the upstream Lautaro reservoir as the main hydraulic
infrastructure regulating surface flows to supply irrigation water to nine districts (D1-D9,
irrigation districts D8 and D9 are combined into a single district, D89. See Figure 1 for
locations of irrigation districts). Available surface water regulated from Lautaro reservoir is
equally allocated between districts D1 to D7 (12% each), whereas districts D8 and D9 are
allocated 8% each (i.e., 16% combined for D89). Figure 4 also shows the crop sectors (e.g.,
R2a-XX) belonging to each irrigation district, with some of the irrigation districts including
more than one crop sector (e.g., R2a-13 and R2a-14 belong to irrigation district D6). It is
worth emphasising that D8 and D9 are the most downstream irrigation districts located at
the outskirts of Copiap¢ city, thus experiencing changes in land use patterns from rural
to urban. Upstream of the gauging station “Copiapo @ Mal Paso”, most of the available
surface water is conveyed through a channel (1000 L/s maximum capacity), leaving just
excess water flowing through the natural river course.
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Figure 4. Conceptual model for the (a) operation of the Lautaro Reservoir and the (b) irrigation
districts in the Copiap6 River Basin. Values for parameters of the conceptual model are obtained
from [39,40] and included in the node-link water balance model. Water sources for each irrigation
district are distinguished between C: channel, W: wells and M: mixed source and are based on crop
area supplied by that source.
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For each irrigation district, information on crop types/surfaces, irrigation and water
conveyance efficiencies, water sources, etc. is used to perform an internal supply—demand
balance per irrigation area, considering alternative water sources (surface water, ground-
water or combination). The water source indicates the water volume supplying crop areas
for each irrigation district. The volumes demanded for each irrigation district are obtained
from the crop surveys by DGA-DICTUC [49] and the water licenses. In this way, irrigation
demands are supplied first by channel source, then mixed source and finally groundwater
(wells). Results of the water balance for each irrigation district are spatially coupled to the
aquifer sectors implemented in the groundwater model, which together with the infiltration
through the riverbed define the main recharge rates for the aquifer sectors (see Figure 1).

This node-link mass balance model was fully coupled with the latest available
groundwater model for the Copiap6 aquifer developed in MODFLOW-2005 [60] by DGA-
HIDROMAS [39]. Using the FloPy Python package [61], we translated this MODFLOW-
2005 model for operation in Python and coupled it with the node-link model of the surface
water system in the SimCopiapo platform. The daily node-link water balance model was
aggregated to a monthly time-step for consistency with the MODFLOW model for the
Copiap¢ aquifer. For full details on the coupling process we refer the reader to [62].

As shown in Figure 3, SimCopiapo also includes an agent-based model (ABM) to
assess farmers’ compliance against caps imposed on groundwater use in the Copiap6
aquifer. This ABM is based on the social sub-model developed by Castilla-Rho et al. [51,52],
which represents a social utility function, S, that follows a Cobb-Douglas functional form:

S = grid™ (1 — group)" (1)

where m = number of times a farmer reports a neighbour taking groundwater illegally,
n = number of times a farmer is seen taken groundwater illegally, and grid-group are cate-
gories of the Cultural Theory proposed by Douglas [63]. S (social utility function) represents
the loss of social reputation and the social costs to groundwater users when reporting non-
compliant behaviour. Using survey data collected from farmers in the Copiapd basin [62]
and the four grid-group categories (Egalitarian—Hierarchist-Individualist-Fatalist) pro-
posed by Douglas [63] in Cultural Theory, we were able to parametrise equation 1 and thus
farmers’ decision-making processes. The user of SimCopiapo can adjust two parameters
associated with the ABM model: (a) the percentage of groundwater users monitored by the
regulator to check compliance and (b) the severity of the fines (as a percentage of the total
farm revenue) if the farmer is caught taking groundwater illegally.

Equation (1) quantifies the loss of social reputation and the social costs to farmers
when reporting non-compliant neighbours engaged in illegal extraction of groundwater in
the Copiap6 basin, and thus impact farmers’ future decisions of engaging in non-complaint
behaviour (i.e., taking groundwater illegally). Other factors impacting this decision relate
to farmers’ probability of being monitored by the regulator and the severity of fines if
farmers are caught in non-compliant behaviour [48,49]. This social metric is combined with
an economic (gross margins from crop enterprise) and institutional (monitoring/monetary
fines) score into each farmers’ objective function for decision making; i.e., whether to take
groundwater illegally or not. For details on this implementation, the reader is referred
to [51,52].

2.2.4. Improvements on Previous Integrated Modelling Tools

Suarez et al. [40] presented an integrated model for the CRB using the SIMGEN
module of AQUATOOL software [59] (surface water only). More recently, Hunter et al. [41]
presented an integrated model for the CRB based on [40] coupling the WEAP (Water
Evaluation and Planning system) model [64] and the MODFLOW [60] groundwater model
described by DGA-HIDROMAS [39]. Although these works claim the advantages of
their corresponding integrated modelling frameworks, both tools rely on proprietary
software and are therefore not amenable for rapid modifications by interested stakeholders,
have been developed with limited input from key stakeholders in terms of potential
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water management strategies as well as impact indicators of interest to stakeholders,
and concentrate only on demand management strategies. In this work, we improved on
several aspects on the integrated modelling framework for the CRB: (1) the groundwater
model developed by DGA-HIDROMAS [39] has been checked for spatial and temporal
consistency of aquifer contributions to surface water at La Puerta and Angostura gauging
stations; (2) evapotranspiration and groundwater demands were revised and activated;
for the surface water model, (3) Lautaro Reservoir operational rule for water allocation
was completely re-designed and implemented thanks to the advice of the Vigilance Board
of the Copiap¢ River and its Tributaries; and (4) the operation of the irrigation districts
was revised and deployed in Python considering (a) controlled discharge from the Lautaro
Reservoir and (b) a supply-demand model for the irrigation districts considering allocation
volumes, irrigation demands, irrigation losses, conveyance losses and gross water demand.
For details on other improvements regarding updates on mining groundwater demands,
downstream irrigation districts, drinking water demands and losses in the potable water
network, the reader is referred to [62].

3. Results
3.1. Results Participatory Process

A total of 31 organisations representing the civil society (6), regional state agencies (16)
and private/productive (9) sectors were engaged in the participatory process. On average
and across all participatory workshops and working sessions, stakeholders from the civil
society were the least involved (35% of organisations engaged), whereas stakeholders of
the private sector were the most engaged, with 52% of the institutions of this sector taking
part in the participatory sessions.

Regarding the on-line surveys for parameterising the ABM for groundwater regulation,
the CARRH survey showed that civil society stakeholders were the most engaged, with 83%
of the institutions of this sector providing responses, whereas only 31% of the institutions
of the public sector were engaged in this process. Forty-four percent of private sector
stakeholders participated in this survey. The APECO survey targeted 25 farmers of the
CRB, with more than 83% concentrated in the upstream aquifer sectors 1 to 3 and the
remaining 17% concentrated in downstream aquifer sectors 4 and 5. No responses were
obtained from farmers in aquifer sector 6. Although not shown here, results of both
surveys indicate a clear trend towards validating the importance of regulating groundwater
resources for sustainable use and minimizing impacts to ecosystems and third parties,
and enforcing this regulation in practice. Discrepancies among the CARRH stakeholders
were observed on justifying the illegal extraction of groundwater on economic (profits)
grounds and allocating importance to social costs (loss of reputation) if caught breaching
caps on groundwater use imposed by the regulator. This discrepancies can be attributed
to the heterogeneity of the stakeholders composing the CARRH [34]. On the contrary,
the APECO survey indicated that farmers attributed a higher importance to the loss of
social reputation (individual) if caught breaching the imposed cap on groundwater use and
allocated a higher importance to collective enforcement policy such as effective monitoring
of groundwater use. For details about the outcomes of the surveys and the implementation
in the ABM model, the reader is referred to [50,51,60].

3.2. Validation of Node-Link Water Balance Approach to Surface Water Modelling in SimCopiapo

As the main driver controlling surface water flows and the recharge to aquifers is
the operation of the Lautaro Reservoir, we focused on reproducing the observed dis-
charges measured at the gauging station immediately downstream of the Lautaro Reservoir
(Figure 5). For the simulated period implemented in SimCopiapo (1991-2016), we observe
a much better correspondence between observed and simulated discharges compared to
the original surface water models implemented by [40,41]. In general, peak releases are
properly simulated with the exceptions of hydrological years 1997/1998 and 2001/2002,
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Figure 5. Release discharge from Lautaro Reservoir for the (A) original model developed by Hunter
et al. [41] and Suarez et al. [40] and (B) adapted operational rule implemented in SimCopiapo.

Similarly, Figure 6 shows the simulated and observed discharges for the period 1991
2016 in La Puerta and Copiapo City gauging stations (see Figure 1 for locations). This
figure shows that the operation of the Lautaro Reservoir and the improved supply-demand
model for the irrigation districts implemented in the node-link water balance model in
the SimCopiapo platform can reproduce the observed discharges in a reasonable manner,
preserving the long-term trend and capturing relevant peaks in 1998/1999 and 2003 /2004.
It is worth noting that “Rio Copiap6 en Ciudad” (Figure 6b) is a gauging station located
downstream of all irrigation districts, and as such reflects excess volumes after irrigation
use located upstream of Copiap6 city.
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Figure 6. Simulated versus observed discharges in (a) “Rio Copiap6 en La Puerta” and (b) “Rio
Copiap6 en Ciudad” gauging stations. Horizontal red line represents the average controlled discharge

from Lautaro Reservoir (3020 L/s).

Closing the water balance obtained from loosely-coupled surface water and ground-
water models has been identified as a drawback of the integration process [16,55]. La
Puerta gauging station in the CRB is the main control point to verify that the coupling
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process of both the daily node-link mass balance model (implemented in Python) and the
MODFLOW model (implemented in FloPy) is correct. In this sector, the Copiap6 valley
shows an important reduction in its cross section, and basement rocks are uplifted, thus
substantially constraining the aquifer cross section, resulting in substantial contributions
from the aquifer to the Copiap6 River [39,49]. In general, discharges at La Puerta gauging
station are influenced by the groundwater throughflows from groundwater sector 2 and
the infiltration rates from the Lautaro Reservoir (see Figure 1). The infiltration losses in the
Lautaro Reservoir were therefore adjusted between 500 L/s and 3500 L/s (as a function
of the stored volume) until a reasonable match between the daily node-link mass balance
model and groundwater model outputs at La Puerta was obtained. Figure 7 shows the
match between both the node-link water balance and MODFLOW models at La Puerta
gauging station. In general, we observe a good match between river gains from groundwa-
ter simulated through the drain package of MODFLOW and the node balance at La Puerta
gauging station. We observe a good fit when simulating the temporality and magnitude of
the time series, with a range between 1000 and 2500 L/s at “Rio Copiap6 en La Puerta”.
Few discrepancies are observed at the start of the simulation period, most likely attributed
to the stabilisation of parameters in the node-link model (warm-up period) and due to the
aggregation of the monthly time steps into 6 month stress periods in MODFLOW.

River gains from groundwater at La Puerta gauging station

MODFLOW
Node-link water balance

2500 r

2000 %

1500 [’T

Discharge I/s

1000 r L) A/ & LA U v \

500 |

1991 1996 2001 2006 201 2016

Figure 7. Validation of coupling process for daily surface water mass balance models and groundwa-
ter model at “Rio Copiap6 en La Puerta” gauging station.

3.3. Results for Individual Water Management Strategies

To assess the results of individual (and combined) water management strategies we
defined a base scenario reflecting hydraulic infrastructure, water demands, crop types
and land uses corresponding to year 2018. This base scenario reflects a business-as-usual
(BAU) approach. Both the base scenario and water management strategies are assessed for
a 25-year period (2018-2042) in order to isolate the marginal impacts of implementing such
strategies, using the observed hydrology for the period 1991-2016 as forcing data.

Table A1 in the Appendix A shows the individual results for each water management
strategy described in Section 2.2.2. Individual water management strategies show spatially
bounded impacts and marginal cumulative impacts at the end of the simulation period.
Strategy 3.1, for example, shows an increase in infiltration flows in the Copiap6 river of less
than 3% the potential recharge volume due to constraints in the size of the recharge ponds
and the available surface flows for infiltration. In the next sections, we analyse a selected
group of results for individual strategies.
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3.3.1. Water Uses/Rights Exchanges

For strategies promoting water uses/rights exchanges among users, the most attractive
corresponds to strategy 1.3-c in Table 1, which promotes urban flows increases up to 263 L/s
on average for the 25-year simulated period. Figure 8 shows the monthly frequency of
the occurrence of urban flows for the base scenario and strategy 1.3-c. Stakeholders have
defined the occurrence of urban flows through Copiap6 city as an important indicator of
quality of life, and results show a substantial increase in the occurrence of urban flows from
19% to 96% by implementing strategy 1.3-c.

Urban flows (Copiapé River at Copiapé City) b Urban flows (Copiapé River at Copiapé City)
a Base scenario Strategy 1.3-c
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Figure 8. Monthly frequency of occurrence of urban flows at the Copiap6 City gauging station for
(a) base scenario and (b) strategy 1.3-c, for dry, acceptable, and flooded thresholds. Blue cells record the
occurrence of average monthly discharges greater than 0 L/s and less than 5000 L/s at Copiapo city.

3.3.2. Improvement to Current Hydraulic Infrastructure

In terms of water management strategies promoting improvements to current hy-
draulic infrastructure, strategy 2.1 (impermeabilisation of Lautaro Reservoir) shows sub-
stantial impacts (positive and negative). Figure 9 shows the water balance for the Lautaro
Reservoir for both the base scenario and strategy 2.1. For this figure, we observe that
releases from the Lautaro Reservoir become regular and over 2000 L/s, with 18 out of
20 water years using the spillway to regulate the reservoir’s capacity. After fully implement-
ing the impermeabilisation of the inundated surface by year 5, infiltration losses become
0, and the reservoir volume is above 50% its capacity for 14 out of the 20 remaining years.
Although not shown here, this results in increases in water security for irrigation districts
no. 6,7, 8 and 9, which are most closely located downstream of the reservoir. In addition,
by implementing strategy 2.1, an increase in the frequency of occurrence of urban flows
through Copiap9 city from 18% to 30% of the months in the simulation period 2018-2042 is
observed.

Despite the positive impacts from the surface water perspective, a negative impact is
observed for the groundwater sector 2, located immediately downstream of the Lautaro
Reservoir. Groundwater sector 2 is a narrow tube-like aquifer recharged mainly through
upstream groundwater throughflows originating from upstream aquifers and, most im-
portantly, infiltration losses from the Lautaro Reservoir. Figure 10 shows the groundwater
levels of representative observation wells located in groundwater sector 2. After imple-
menting the impermeabilisation of the Lautaro Reservoir, a sustained decreasing trend is
observed in the mid- (MT) and long-term (LT), reaching average values of —0.8 m/y. It is
worth noting that these decreasing trends concentrate in the upstream half of groundwater
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sector 2, whereas groundwater levels around La Puerta remain stable or increase given the
constriction of the aquifer section explained in sections above.
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Figure 9. Water balance for the Lautaro Reservoir for (a) base scenario and (b) strategy 2.1, reflecting
the impermeabilisation of 100% inundated surface after a 5 year period (vertical red dotted line).
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Figure 10. Time series of groundwater levels in representative observation wells located in the
groundwater sector 2 for (a) base scenario, and (b) Strategy 2.1. ST: short-term, MT: mid-term, LT:
long-term. Increasing average trend for each period for all observation wells in blue. Decreasing
average trend for each period for all observation wells in red.
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3.3.3. Demand Management

For the strategies promoting management of the groundwater demand, strategy 4.1
(a proportional reduction of 40% of groundwater use across groundwater sectors 3, 4
and 5) shows substantial impacts. This strategy was implemented through the ABM and
assessed the level of compliance of the imposed cap on groundwater use and the impact
on groundwater level/balance. Based on our previous experience, both monitoring of
groundwater users and fine levels are strong deterrents when dealing with non-compliant
behaviour in groundwater management [48,49]. Figure 11 shows two levels of enforcement
tested in this strategy: (a) monitoring of 90% of users in groundwater sectors 3, 4 and 5
and substantial fine levels (90% gross profit from farm enterprise) if farmers are caught
breaching the cap, thus defining a strong enforcement policy; and (b) lax monitoring
(20% of users in groundwater sectors 3, 4 and 5) and fine levels (20% gross profit from
farm enterprise), thus defining a weak enforcement policy. Figure 11a shows that for
groundwater sectors 3, 4, 5 and 6, implementing the cap on groundwater use together
with a strong enforcement policy brings storage volumes in these aquifer sectors back to
values that are better than the initial state of the base scenario. On the contrary, when
the enforcement policy is weak (Figure 11b), the impacts are limited to aquifer sector 5
and to a lesser extent in aquifer sector 6 given the proportional volume of groundwater
for irrigation in these sectors. This indicates that at least 20% of the groundwater users
of aquifers sectors 3, 4 and 5 need to be monitored if a cap on groundwater extraction is
imposed by the regulator. For other impact indicators, implementing strategy 4.1 has a
limited impact.
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Figure 11. Impact indicators for strategy 4.1 (cap on groundwater use implemented through ABM) for
two enforcement strategies: (a) high level of monitoring (90% of groundwater users) and fines (90%
of revenue if farmer caught breaching the cap) and (b) low level of monitoring (20% of groundwater
users) and fines (20% revenue if farmer caught breaching the cap).

3.4. Results for Combined Water Management Strategies

Any single water management strategy cannot address the basin-scale water manage-
ment challenges identified in the CRB by different authors (see e.g., [34,40,41,45]). Impacts
of individual strategies are sectoral and, in some cases, spatially and temporally constrained.
It then seems appropriate to combine alternative water management strategies to assess
multiple stakeholders’ interests /perspectives. Based on the participatory process, a priori-
tised combination of water management strategies attractive to stakeholders of the CRB
was defined by simultaneously implementing strategies 1.3-c, 2.1, 2.3, and 4.1a (see Table 1).
Strategy 2.3, which corresponds to operating a desalination plant to supply 90 L/s (first
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5years), 450 L/s (next 5 years) and 930 L/s (last 15 years), has been included as this strategy
is already in early operation in the CRB.

Figure 12 shows the results for impact indicators when combining these strategies. We
found a substantial increase in the occurrence of urban flows from 20% to ca. 100% of the
simulated period (25 years), thus enhancing the quality of life perceived by stakeholders of
the CRB; marginal increases in the environmental flows at the basin outlet, thus promoting
a healthy habitat for the wetland at the Copiapd River mouth; substantial increases in
the storage volume of the Lautaro Reservoir from 20% to 72% of the simulated time with
volumes greater than 50% its maximum storage capacity, thus impacting water security
for irrigation districts; recoveries in heads and stored volumes in groundwater sectors
3,4, 5 and 6, thus decreasing pumping costs to users and contributing to groundwater
sustainability in the long-term; high levels of compliance (>80% groundwater users) to
caps on groundwater use supported by a robust enforcement policy formulated around
high monitoring rates and substantial fines.
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Figure 12. Impact indicators for the combinatory of water management strategies prioritised through
the participatory process.

All these positive impacts also carry a negative impact, which is the detrimental
impact on groundwater heads and stored volumes in the upper section of the aquifer
sector 2, immediately downstream of the Lautaro Reservoir. Figure 13 shows that after
implementing the combination of water management strategies, decreases in groundwater
heads in the upper section of aquifer sector 2 can reach up to 40 m compared to the base
scenario. Long-term increases in groundwater heads in sectors 3 and 4 can reach between
30 m and 40 m in aquifers immediately downstream of La Puerta gauging station and
around 10 m in aquifer sector 5 downstream of Copiap6 City gauging station.
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Figure 13. Groundwater head difference (m) between base scenario and combined water strategies.

Inside panels show results of Lautaro Reservoir water balance (storage (% maximum volume) and
infiltration losses (L/s)) and river flows (L/s) at the outlet of the CRB.

4. Discussion

The situation in the CRB indicates human and environmental vulnerabilities [38]
stemming from the sustained exploitation of groundwater resources. Several authors have
tried to explain the factors driving the water crisis in the CRB from economic, regulatory and
management perspectives [34,45,46,48], whereas others have suggested technical solutions
such as basin-scale or sectorial groundwater use restrictions [40,41,49]. Evidence by Wurl
et al. [65] in a similar context (arid overexploited aquifer in Mexico) suggests that water
management problems can no longer be addressed purely as technical problems and should
consider a wide range of stakeholders’ perspectives to strengthen the resilience of water
resources. In this work, we have contributed towards this by devising potential water
management strategies (i.e., technical solutions) and relevant impact indicators through a
bottom-up participatory process driven by key stakeholders in the CRB.

Our approach directly addresses one of the tasks Rinaudo and Donoso [45] suggest the
regulator should implement as part of a groundwater management model; i.e., implement
an efficient enforcement strategy, e.g., by proposing minimum monitoring coverage and
fine levels to achieve compliance on cap reductions based on ABM results. Although not
explicitly addressed by our integrated modelling approach, the remaining tasks defined by
Donoso and Rinuado (i.e., calculate sustainable groundwater abstraction limits, defining
sharing rules, reallocation of water use rights and rules to adjust volume of water use
rights) can be assessed implementing minor modifications to the SimCopiapo tool (e.g., test
rules to adjust volumes of groundwater rights in different aquifer sectors).

SimCopiapo can be classified as a policy-oriented model [24] where adequate process
representation, addressing practical policy issues and supporting decision-making with
stakeholder participation are regarded as key features [42]. One of the purposes of the par-
ticipatory modelling was social learning and acceptance of model improvements through
direct participation in designing the conceptual model, water management strategies and
impact indicators for discussion. Following the classification of Hare [42] the participatory
modelling exercise implemented in SimCopiapo aligns with a Front and Back-End (FABE)
category, where stakeholder involvement concentrates on early (conceptual model design,
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definition of operational rules, impact indicators and water management strategies) and
later stages (assessment of water management strategies, discussion of potential policy
pathways) of the modelling process. The effectiveness of the methods used in this par-
ticipatory process is yet to be asserted through a follow-up process with decision and
policy-makers of the CRB. A promising research direction is a post-hoc assessment using
boundary objects attributes (credibility, salience, legitimacy) as suggested by Falconi and
Palmer [43] to assess the success of SimCopiapo as a participatory model.

Our integrated approach and proposed digital platform (SimCopiapo) contribute
to addressing the challenges identified in the use of models to operationalise IWRM by
Badham et al. [66]. First, the bottom-up participatory process contributed to addressing
a difficult problem in water policy by streamlining multiple pressures, conflicting values,
competing goals and limited resources in a transparent way; and second, it helped in
handling the human element in IWRM by reconciling potential conflictive agendas by
stakeholders. The latter has been recognised as an important research avenue in water
management [46,67,68].

Results show that no single strategy is able to provide definite long-term solutions
to the water management challenges observed in the CRB nor to capture the multiplic-
ity of stakeholders’ interests expressed through the impact indicators identified. DGA-
DICTUC [49], Suarez et al. [40] and Hunter et al. [41] proposed basin-wide or sectoral
reductions in groundwater use (demand management) by values between 20% and 50% on
the basis of cost analysis or a multi-dimensional measure of sustainability. While useful,
assuming monetary motivations are central to water management and a key driver of be-
havioural change in groundwater users ignores the role that social, ecological and cultural
values might have in this regard, thus constraining the assessment of water management
strategies [69,70]. SimCopiapo contributes to equilibrating the assessment by transparently
assessing physical, ecological and social aspects of the water management strategies de-
vised, thus counter-balancing the bias towards exclusively cost-based assessments observed
in the literature (e.g., [71-73]).

Our results indicate that management of groundwater use is one of the most critical
water strategies to recover the aquifer sectors in the CRB. However, there needs to be a
clear enforcement policy to trigger the minimum momentum required to achieve social
acceptance of this policy. This is fully aligned to one of the drivers suggested by Rinaudo
and Donoso [45] triggering the water crisis in the CRB. Results indicate that there seems to
be a middle point between lax and strong enforcement policies to achieve this reduction
in demand in a sustainable way. The definition of where this middle point lies is beyond
the scope of this article, but our results bring a first approximation to this; i.e., between
20% and 90% monitoring coverage and between lax (fines accounting for 20% revenue)
and strong (fines accounting for up to 90% revenue) fine levels for breaching the imposed
cap on groundwater use. These results are fully aligned with findings by Castilla-Rho
et al. [51,52] for other aquifers around the globe.

Future research avenues might consider including crop choices in the supply—demand
and ABM models, implementation of other water management strategies and impact
indicators, optimising the level of monitoring and fines to achieve a target compliance in
different aquifer sectors or groundwater user groups (e.g., mining, industry) and testing
multi-level ABM parametrisations for time-varying water management policies as in Du
etal. [74].

5. Conclusions

In this work, we demonstrated the value of combining participatory modelling and
integrated modelling to develop a digital platform tool (SimCopiapo) supporting social
learning and knowledge co-construction for water management in a semiarid basin under
contentious water use. We have contributed to transparently positioning a policy-based
model as a boundary object to bridge a diverse group of stakeholders with individual and
competing interests and perspectives.
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Current water management in the Copiap6 River Basin (CRB) is not providing the
required solutions for resource sustainability, with previous research to date proposing (op-
timised) cost-based technical solutions focusing solely on groundwater demand reductions.
This narrow perspective however does not seem to hold for complex water management
problems with no single/simple solutions that act and depend on values and priorities by
multiple stakeholders. Early stakeholder engagement and participation for social learning
and knowledge co-construction are therefore essential steps in this process.

Our results suggest that management of groundwater demand in the CRB together
with a portfolio of strategies including water rights exchanges, improvements to hydraulic
infrastructure and robust enforcement policies are best suited to capture the diversity of
stakeholders’ interests and perspectives when addressing the water management challenges
observed in the CRB. This diversity is expressed through a series of impact indicators,
which, directly or indirectly, are a reflection of not only available groundwater resources
for use but also ecological (e.g., basin outlets) and social (e.g., urban flows) aspects of
relevance to stakeholders. An important aspect to manage groundwater demand is the
establishment of an efficient enforcement policy to monitor caps imposed on groundwater
use. In the absence of a clear policy and an institutional/legal framework to achieve
this, water users’ behaviours will continue to be non-cooperative, therefore leading to
unsustainable groundwater use in the long-term.

Finally, we can conclude that including stakeholders in the participatory modelling
process has led to the definition of a rich and diverse collection of water management
strategies and ways to assess these strategies, which are a good reflection of stakeholders’
interests and visions. This indicates that not only the final product—i.e., the SimCopiapo
digital platform—is of value but also the process leading to its creation.
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Figure A1. Graphical user interface for SimCopiapo platform v1.0 (in Spanish).

Table Al. Summary of impacts for water management strategies implemented in SimCopiapo.

Water Management Strategy

Description

Simulated Impact

Water use/rights exchanges

Water use/right exchange between Candelaria-Aguas

(o+) Groundwater heads/volumes increase in GW

11 Chanar sectors 5 and 6
(0—) Stored volumes in Lautaro Reservoir decrease
(0—) Groundwater heads/volumes decrease in GW
12 Water use/right exchange between sectors 3 and 4
’ Caserones—Ramadilla River (0—) Urban flows through Copiap0 city decrease
(0—) Irrigation security decreases in districts 1,7, 8 and
(++) Urban flows through Copiapo city increase
Water use/right exchange between SW Irrigation (0+) Groundwater heads/volumes increase in GW
1.3-a districts 8 and 9-SW irrigation districts 1-7 sectors 3, 4 and 5
(o+) Irrigation security increases in district 6
(o—) Irrigation security decreases in district 7
(o+) Groundwater heads/volumes increase in GW
sectors 4
ater use/right exchange between rrigation o+) Groundwater heads/volumes increase in
1.3b W /righ hange b SW Irrigati (o+) G d heads/vol i in GW
’ districts 8 and 9-Aguas Chanar sectors 3 and 5
(00) No substantial impact detected in irrigation
districts
(++) Urban flows through Copiap city increase
Water use/right exchange between SW Irrigation (0+) Groundwater heads/volumes increase in GW
1.3-¢c o X .o sectors 3,4, 5 and 6
districts 8 and 9-localised recharge Copiap¢ River (00) No substantial impact detected in irrigation
districts
(o+) Groundwater heads/volumes increase in GW
. - sectors 3, 4,5 and 6
Water use/right exchange between SW Irrigation 1 .
1.3-d districts 8 and 9-GW Sector 5/with excess localised gg:r)eligglronmental flows at the outlet of the basin
recharge Copiap River (00) No substantial impact detected in irrigation
districts
Water use/right exchange between SW Irrigation gz:t)ofsrgu22x§t5er heads/volumes increase in GW
1.3-e districts 8 and 9-GW Sector 5/with excess Managed ¢

Aquifer Recharge in GW Sector 5

(00) No substantial impact detected in irrigation
districts
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Table A1l. Cont.

Water Management Strategy

Description

Simulated Impact

2.1

Hydraulic infrastructure

Impermeabilisation Lautaro Reservoir (100% in a
5 year period)

(++) Stored volumes in Lautaro Reservoir
increase

(0o+) Urban flows through Copiapé city increase
(0+) Groundwater heads/volumes increase in
GW sectors 3, 4,5 and 6

(o+) Irrigation security increases in districts 6, 7,
8and 9

(- -) Groundwater heads/volumes decrease in
GW sector 2

22

Surface water conveyance to irrigation sectors
through pipes instead of open channels

(++) Irrigation security increases in all irrigation
districts

(o+) Groundwater heads/volumes increase in
GW sectors 3 and 4

2.3

Operation of desalination plant

(0+) Groundwater heads/volumes increase in
GW sectors 5 and 6

(00) No substantial impact detected in irrigation
districts

Management of recharge 3.1

Managed aquifer recharge along the Copiap6
River

(0+) Groundwater heads/volumes increase in
GW sector 4

(00) No substantial impact detected in irrigation
districts

4.1-a

Prorate of groundwater uses in GW sectors 3, 4
and 5 (high enforcement level: monitoring and
fines at 90%)

(++) Groundwater heads/volumes increase in
GW sectors 3 and 5

(++) Compliance with caps in groundwater use
(0+) Groundwater heads/volumes increase in
GW sectors 4 and 6

(00) No substantial impact detected in irrigation
districts

Demand management

Prorate of groundwater uses in GW sectors 3, 4
and 5 (low enforcement level: monitoring and
fines at 20%)

(++) Groundwater heads/volumes increase in
GW sector 5

(o+) Compliance with caps in groundwater use
(0+) Groundwater heads/volumes increase in
GW sector 6

(00) No substantial impact detected in irrigation
districts

5.1 Greywater reuse/recirculation (00) No substantial impact detected

(00): no decreases/increases over the simulation period with respect to base scenario; (- —): decreases over the
simulation period more than 20% with respect to base scenario; (0—): decreases over the simulation period less
than 20% with respect to base scenario; (0+): increases over the simulation period less than 20% with respect to
base scenario; (++): increases over the simulation period more than 20% with respect to base scenario.
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Abstract: We compared five regression approaches, namely, ordinary least squares, major axis,
reduced major axis, robust, and Prais-Winsten to estimate 5'80-52H relationships in four water types
(precipitation, surface water, groundwater collected in wells from lowlands, and groundwater from
low-yield springs) from the northern Italian Apennines. Differences in terms of slopes and intercepts
of the different regressions were quantified and investigated by means of univariate, bivariate, and
multivariate statistical analyses. We found that magnitudes of such differences were significant
for water types surface water and groundwater (both in the case of wells and springs), and were
related to robustness of regressions (i.e., standard deviations of the estimates and sensitiveness to
outliers). With reference to surface water, we found the young water fraction was significant in
inducing changes of slopes and intercepts, leading us to suppose a certain role of kinetic fractionation
processes as well (i.e., modification of former water isotopes from both snow cover in the upper part
of the catchments and precipitation linked to pre-infiltrative evaporation and evapotranspiration
processes). As final remarks, due to the usefulness of 5'80-82H relationships in hydrological and
hydrogeological studies, we provide some recommendations that should be followed when assessing
the abovementioned water types from the northern Italian Apennines.

Keywords: stable water isotopes; young water fraction; global meteoric water line; northern
Italian Apennines

1. Introduction

Oxygen (30 and '°0) and hydrogen isotopes (*H and 'H) of water are commonly used
in surface and subsurface hydrology [1-3]. They are considered environmental tracers in the

form of 5180 and 6H, where §(%o) = {(M - 1) X 1000} and R is the corresponding

Rstandard
isotopic ratio (**0/1°0 or 2H/'H) in the water sample or in the standard (usually V-SMOW,
i.e., the Vienna Standard Mean Oceanic Water). If a multitude of water samples is collected
from the same source (a rain gauge, a river, a spring, or a well), the corresponding §'80-5°H
pairs in a Cartesian graph will be aligned along a regression line in the form of y = mx + q,
where y is 8°H, x is '80, m is the slope, and q the intercept. This fact was first noted by [4]
when reporting several !0 and §?H values from precipitation waters worldwide, which
allowed definition of the so-called “global meteorological water line” (GMWL) equal to
§2H(%0) = 8.0 - 680 + 10.0. The authors of [5] have substantially confirmed this slope and
intercept by processing more recent data. Although this relationship is valid everywhere,
more accurate regression lines (with different slope and intercept) can be obtained by
selecting 5'80 and §?H values from restricted areas. This is due to the specific isotopic
fractionation processes (i.e., vapour pressure and temperature conditions) controlling
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precipitation over each area. Moreover, since further post-condensation and temperature-
driven processes such as evaporation and evapotranspiration could act prior to infiltration
and/or during runoff, §180-5%H regressions from rivers (river water lines, RWLs) and
groundwater (groundwater lines, GWLs) may also differ from that of the precipitation
occurring in their recharge areas (meteoric water lines, MWLs). In fact, evaporation and
evapotranspiration lead to a fractionation between the different isotopologues of water,
with lighter water molecules (*H,1°0) vaporising faster than heavier ones (*H,'80) and
inducing an enrichment of the latter into the liquid residual. In this case, as a water parcel
evaporates, its isotopic composition usually evolves with a §'30-8H regression line whose
slope is lower than those of MWLs.

It is evident that such changes in slopes from RWLs and GWLs concerning those of
MWLs can be used to infer information on the hydrological processes occurring at the
slope and the catchment scales. As an example, and without claiming to be exhaustive, the
following studies highlighted that a change in slope from RWLs and GWLs concerning
those of MWL can be used to:

e Display the role of the riparian zone in feeding base flow in low-relief and forested
catchments [6];

e  Highlight pre-infiltrative evaporation/evapotranspiration that acted by modifying the
waters before their infiltration towards the aquifer and, subsequently, to the base flow
of rivers [7];

e Demonstrate that groundwater may be fossil (related to other climate recharge con-
dition) or actually recharged by losses from the streambed or even a mixing among
these two components [8];

Reveal instream or lake evaporation in a nonarid environment [9,10];
Elucidate which component (precipitation or losses from the streambeds) is exclusive
or prevalent in recharging alluvial aquifers [11].

Starting with the pioneering works by [4,12] regarding meteoric water and up to
this day, 5'80-5?H regression lines are usually carried out by means of the ordinary least
squares (OLS) method, i.e., an approach that minimises the sum of the squared vertical
distances between the y data values and the corresponding y values on the fitted line (the
predictions). Thus, the OLS design assumes that there is no variation in the independent
variable (x) and is considered as the simplest method among the several available linear
regression models. By focusing on the aforementioned isotopes of water, we should also
take care of the variations associated with variable (x) as the same or different isotopic
fractionation processes, which may have developed even at different rates and may have
affected both -values.

For this reason, [13] proposed a more complex linear regression approach for obtaining
MWTLs lines that consider associated errors with both dependent (y) and independent
variables (x), such as the reduced major axis (RMA) and the major axis (MA). In the end, it is
found that MA approaches usually led to the smallest discrepancies between the estimated
and predicted values (a measure of goodness of fit usually described with the well-known
coefficient of determination R?, i.e., smallest discrepancies are identified by higher values
of R?) and larger slopes in MWLs calculation than those obtained with RMA and OLS [14].
The recent attempt made by [15] on several water types (river water, groundwater, soil
water) confirmed that RWLs and GWLs were also characterised by larger slopes in the case
of MA regression while the lowest values were noted when using OLS. The same authors
found that in all cases (MWLs, RWLs, GWLs), the higher the R? between 580 and 52H
values, the smaller were the differences in the slopes obtained by MA, RMA, and OLS. This
was due to the different sensitiveness of the linear regression approaches to outliers and
large measurement errors rather than temperature-driven post-condensation processes.
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This study aims to verify whether such discrepancies in slopes and intercepts from
different regression methods are present (thus significant) or not in four water types (pre-
cipitation, surface water, groundwater collected in wells from the lowlands, groundwater
from low-yield springs) from the northern Italian Apennines. For this reason, we exploited
datasets already published in the literature, e.g., [7,11,16-18], and we carried out visual
inspection (heat maps) and statistical comparison of results from the three aforementioned
approaches (OLS, RMA, MA) already tested in [15]. With reference to OLS approach, we
further verified whether preliminary weighting of the isotopic data to the corresponding
values of discharge or precipitation may have induced changes to our results or not. In
addition, we tested two methods, namely, Prais-Winsten (PW) and robust (R), to investigate
possible influence on the final §'80-6H alignments of nonstationary processes (here, we
recall that the OLS, RMA, and MA approaches are based on the assumption that data
are not serially correlated, thus a §'80-8%H pair from a determined time period is not
correlated with the earlier one, while properties as mean, variance, and autocorrelation
are constant over time, i.e., stationary, while recent papers in the literature highlighted the
possible nonstationary behaviour of such series of isotopic data [19]) or even outliers (i.e.,
anomalous isotopic values) within the series of isotopes.

Furthermore, we provided a possible explanation for the geographic and climatic
factors (i.e., catchment descriptors) influencing the several regressions and finally we made
some considerations concerning their applicability in the context of mountainous areas
such as the northern Italian Apennines.

2. Overview of the Climatic, Geomorphological, and Hydrogeological Features of the
Study Area

The study area is located in the northern Italian Apennines and belongs to the Emilia—
Romagna Region (Figure 1). It includes nine catchments between the Trebbia River and the
Savio River, with river gauges (in which the samples were collected) located close to the
foothills of the mountain chain. The area has an overall extension of 6261 km?. Maximum
altitudes are in the southern sectors, where the main watershed divide lies (with main
peaks showing elevations higher than 2000 m a.s.l., such as Mt. Cimone with its 2165 m
a.s.l.) is the southern border of the Emilia-Romagna Region. Elevation decreases towards
the NE direction to approximately 40 m a.s.l. at the Savio River gauge.

All the nine rivers originate from the main watershed divide and flow towards the NE.
Six rivers (namely, Trebbia, Nure, Taro, Enza, Secchia, and Panaro) are tributaries of the Po
River while the other three (Reno, Lamone, and Savio) enter the Adriatic Sea. Catchment
areas are between 193 km? (Lamone) and 1300 km? (Secchia), while flow lengths range from
28 km (Enza) to 85.2 km (Secchia). Mean annual discharges during the period 20062016
are included between 8.4 m3 s~! (Savio) and 30.4 m> s~! (Secchia).

From a hydrogeological point of view, a report [20] grouped bedrock outcrops in the
aforementioned catchments into six main classes (or hydrogeological complexes, namely:
clay, marl, flysch, foreland flysch, ophiolite, and limestone). Those composed of poorly
permeable or impermeable materials (clay, marl, and flysch hydrogeological complexes;
see Figure 1) are the most represented in terms of areal coverage, leading to a runoff
response of rivers that closely follows the rainfall distribution during the year (pluvial
discharge regime). Rivers originating from the most elevated parts of the main watershed
divide (Secchia, Panaro) are characterised by a nival-pluvial discharge regime as they are
influenced by the melting of snow cover accumulated during the winter months in the
upper parts of their catchments [21].
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Figure 1. Sketch map of the area (modified after [7]) with locations where sampling has been carried
out by previous studies for precipitation (rain gauges with letters a to d), surficial water (rivers
numbered 1 to 9), groundwater from springs (Greek letters « and 3), and groundwater from wells
(located in the alluvial fans with capital letters A to D). Hydrogeological complexes are reported
following [20]; G¢: clay; Gy: marl; G: flysch; Gpg: foreland flysch; Gy : limestone; Go: ophiolite. For
further details, see Table 1.
Table 1. Main features of the sampling points from which isotopic data were derived. For the
corresponding map locations, readers are referred to Figure 1.
Location Type Code Number of Tlmlng of Length of Time References
Samples Sampling
Parma Precipitation a 41 Monthly 3 January—6 December [7,16]
Lodesana Precipitation b 18 Monthly 3 December-5 May [7,16]
Langhirano Precipitation c 18 Monthly 3 December-5 May [7,16]
Berceto Precipitation d 14 Monthly 4 September-5 October [7,16]
Trebbia Surface water 1 36 Monthly 5 January-7 December [16]
Nure Surface water 2 24 Monthly 6 January-7 December [16]
Taro Surface water 3 36 Monthly 5 January-7 December [16]
Enza Surface water 4 24 Monthly 6 January-7 December [16]
Secchia Surface water 5 24 Monthly 6 January-7 December [16]
Panaro Surface water 6 36 Monthly 5 January-7 December [16]
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Table 1. Cont.

Number of

Timing of

Location Type Code Samples Sampling Length of Time References
Reno Surface water 7 24 Monthly 6 January—7 December [16]
Lamone Surface water 8 24 Monthly 6 January-7 December [16]
Savio Surface water 36 Monthly 5 January-7 December [16]
Trebbia Groundwater A 66 Four-Monthly 4 January-7 December [16]
from wells
Taro Groundwater B 23 Four-Monthly 4 January-7 December [16]
from wells
Enza Groundwater C 23 Four-Monthly 4 January-7 December [16]
from wells
Secchia Groundwater D 33 Four-Monthly 4 January-7 December [16]
from wells
. . Monthly
Biiiregr?tgiza iﬁ)o;r;dxgitesr o4 32 Two-Monthly 14 January-15 December [17]
prng Three-Monthly
Groundwater Monthly
Montecagno [8) 21 Two-Monthly 14 March-15 December [18]

from springs

Three-Monthly

In the vicinity of the foothills (therefore close to the corresponding river gauges),
several wells drilled in the alluvial fans of the Trebbia, Taro, Enza, and Secchia rivers
continuously pump groundwater for both agricultural and drinking purposes. As pre-
viously highlighted by [11], by exploiting water stable isotopes, wells pumping water
from confined aquifers in Trebbia and Taro alluvial fans are also likely to be recharged by
zenithal precipitation infiltrating through gravels and sands that outcrop at the foothills of
the northern Apennines (i.e., apical part of the alluvial fans). On the contrary, an important
quota of recharge also occurs from streambed dispersion (focused on the apical part of
their alluvial fans, see [22]) seems to affect wells located in the alluvial fans of the Enza and
Secchia rivers. Two groups of low-yield springs from the Secchia River catchment (namely,
Pietra di Bismantova and Montecagno) were also considered. These springs should be
considered as representative of the common ones in the northern Italian Apennines, whose
discharges are closely related to the rainfall pattern while outflows are strongly reduced
(often in the order of 1 L-s™! or less) at the end of the summer periods (shallow groundwater
flow paths; for more details see [20,23,24]).

From the climatic point of view, and as already reported in [25], the mean annual rain-
fall distribution during the period 1990-2015 exceeds 2200 mm/y near the main watershed
divide and progressively decreases to about 900 mm/y in the foothills. The rainfall distribu-
tion during the year is characterised by a marked minimum in the summer season and two
maxima during autumn (the main one) and spring. Close to the main watershed divide,
the cumulative annual snow cover can reach 2-3 m at the end of the winter season [21].
Potential evapotranspiration ranges from about 500 up to 650 mm/y in the lowlands and is
mainly active during the summer months [25].

3. Methodology

The methodology used in this study consists of five steps involving data inspection
and statistical comparison on datasets, including rainfall (4 rain gauges, namely: Parma,
Lodesana, Langhirano, Berceto), surface water (9 rivers, namely: Trebbia, Nure, Taro,
Enza, Secchia, Panaro, Reno, Lamone, Savio) groundwater from wells (aggregated isotopic
values from wells belonging to 4 alluvial fans, namely: Trebbia—4 wells, Taro—b5 wells,
Enza—3 wells, and Secchia—5 wells), and groundwater from springs (aggregated isotopic
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values from springs belonging to 2 areas from the Secchia catchment, namely: Pietra di
Bismantova and Montecagno). Firstly, a check on the assumption of stationary behaviour
of each series of stable isotopes was carried out by means of conventional statistical tests
coupled with inspection of standardised residuals.

Secondly, slopes and intercepts from ?H-5'80 alignments were obtained by using
5 different regression approaches. Moreover, we further considered 2 different regressions
applied to 8-values from rain gauges and rivers that had been preliminary weighted to
the corresponding quota of precipitation and discharge, respectively. Thirdly, slopes and
intercepts were visually inspected by means of heat maps to identify discrepancies among
the several regression methods. Fourthly, slopes and intercepts were compared through
bivariate (correlation matrices) and multivariate analyses (hierarchic clustering, i.e., dendro-
grams) to identify linear correlations and similarities. Fifthly, and with reference to the only
surface water, we made a comparison between differences in slopes and intercepts with
some selected catchments to verify linear or nonlinear correlations among these variables.

For convenience (see Figure 1 for location of the sampling points and Table 1 for
further details), we report below rain gauges signified by letters (from a to d: “a”—Parma,
“b”—Lodesana, “c”—Langhirano, “d”—Berceto); surface water locations as numbers
(from 1 to 9: “1”—Trebbia, “2”"—Nure, “3”—Taro, “4”—Enza, “5”—Secchia, “6”—Panaro,
“7”"—Reno, “8”—Lamone, “9”—Savio); groundwater from wells as capital letters
(“A”—Trebbia, “B”"—Taro, “C”"—Enza, “D”—Secchia); and groundwater from springs

“

as Greek letters (“o”—Pietra di Bismantova, “[3”—Montecagno).

3.1. Isotopic Datasets

The dataset from 4 rain gauges and 9 rivers consists of monthly isotopic data while
17 water wells were characterised by grabbed four-monthly samples. All the data are
derived from [7,16]. With reference to rain gauges, isotopic datasets lasted over the period
from January 2003 to December 2006. Isotopic data from surface water and groundwater
covered the period from January 2004 to December 2007. Further monthly, two-monthly,
and three-monthly isotopic data from 2 groups of nearby low-yield springs were con-
sidered. These data were published in [17,18] and included the period January 2014 to
December 2016.

The final dataset consists of 553 isotopic values, of which 91 are from precipitation,
264 from surface water, 145 from groundwater collected in wells, and 53 from groundwater
collected in springs. Precipitation and river discharge that were used for further weighting
procedures (see Section 3.3, “Linear Regression Types”) come from [26].

As reported in the previous works of [7,11,16], the isotopic analyses were carried out
by using isotope ratio mass spectrometry (IRMS) while instrument precision (10) was on
the order of £0.05%0 for 580 and +0.7%. for §?H. With reference to groundwater from
springs [17,18], the corresponding isotopic analyses were carried out by mixed technique
involving IRMS for §'80 and cavity ring-down spectroscopy (CRDS) for §2H. Instrument
precision (1) was assessed as 30.1%o for 5180 and 4:1.0%o for 62H.

3.2. Verifying the Stationary Behaviour of Isotopic Data Series

As anticipated in the introduction, three of the five linear regression approaches are
considered in this study, namely, ordinary least squares (OLS), reduced major axis (RMA)
and major axis (MA), which are based on the assumption that a series of stable isotopes
are stationary [27,28]. This means that statistical properties as mean and variance remain
constant along each §'80-82H alignment, i.e., modelling errors are normally distributed
and homoscedastic. Moreover, the closest pairs of §'®0-5H must not be affected by
autocorrelation phenomena as the modelling errors (i.e., residuals) from the regressions
must be independent [27].

The presence of outliers or heteroscedasticity (i.e., modelling errors have not the
same variance over the alignment) or autocorrelation lead the assumption of stationarity
to be violated, thus slopes and intercepts from the abovementioned regression may not
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be meaningful. In this work, we exploited conventional statistical tests for verifying
multivariate normality (i.e., presence of outliers inducing non-normality; Doornik-Hansen
test [28,29]) heteroscedasticity (Breusch-Pagan test [30]), and autocorrelation (Durbin—
Watson [31]).

All of the abovementioned tests are based on a comparison of the corresponding
statistics’ p-value results with a threshold value (level of significance « set at 0.01) to decide
whether the null hypotheses have to be rejected (p < 0.01) or not (p > 0.01). The following
null hypotheses were selected: multivariate normality (Doornik-Hansen), homoscedasticity
(Breusch-Pagan), no autocorrelation (at a lag of 1) in the residuals (Durbin-Watson). With
reference to the Durbin-Watson test, it must be specified that values are included between
0 and 4. Values close to 0 indicate almost total positive autocorrelation while results in the
proximity of 4 indicate a total negative autocorrelation. Values between 1.5 and 2.5 show
there is no autocorrelation in the data.

As suggested by [27], in the case of rejection of the null hypothesis of multivariate
normality or homoscedasticity, we further verified the standardised residuals for identifying
outliers (i.e., those values for which standardised residuals fall outside the interval from
—4to4). Moreover and always following [27], if residuals were found to be serially
correlated, we made autocorrelation functions of the standardised residuals to further
confirm the lag length of autocorrelation.

3.3. Linear Regression Types

In this work, 5 types of linear regressions were tested, namely, ordinary least squares
(OLS), reduced major axis (RMA), major axis (MA), robust (R), and Prais—-Winsten (PW). To
avoid excessive mathematical details, we provide a cursory examination of the methods
and the reader is referred to more specific literature [14,15,27,32]. For convenience, we
report all the corresponding equations by replacing §'80 with x and §?H with y, while n is
the number of samples and r is the Pearson correlation coefficient.

The OLS regression assumes that the x values are fixed (i.e., it is commonly used when
x values have very few associated errors) and finds the line that minimises the squared
errors in the y values. The slope of the linear regression (slopepyrs) is calculated as follows:

sdy

slopeprs =1 X sdy 1)

where sd represents standard deviations calculated for x variables (sdy) and y variables (sdy).
Unlike OLS, RMA and MA try to minimise both the x and the y errors [33]. In the case of
RMA, the corresponding sloperpma can be obtained with:

sdy

o, (e

sloperpma = sign|r] x

where sign[r] is the algebraic sign of the Pearson coefficient. The slopepa is calculated by:

V2 + A?

SZOPEMA =—-A+ f (3)
where A can be obtained as: p p
Sdyx S y
A=0. — - —= 4
05 <sdy sdx> @)

As anticipated in introduction, the PW regression [34] has never been used for devel-
oping 8'80-52H alignments, as series of isotopic data have always been considered to the
present as time-invariant (i.e., stationary). Recently, [19,35] highlighted that multiannual se-
ries of such isotopic data may be affected by nonstationary processes (such as, for example,
trends in the means or presence of far-off values). In this case (nonstationary multiannual
series of 8180-52H pairs), the use of common regression methods such as OLS, RMA, and
MA could induce residuals to be larger and characterised by stronger serial correlations.
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PW is commonly used for data with serially correlated residuals of the estimates [36].
As a matter of fact, this approach takes into account AR1 (i.e., autoregression of the first
order) serial correlation of the errors in a linear regression model. The procedure recur-
sively estimates the coefficients and the error autocorrelation of the model until sufficient
convergence is reached. All the estimates are obtained by the abovementioned OLS.

As in the case of PW approach, the R method has also never been tested for §'80-82H
regressions. This method is an advanced Model I (in which x is always the independent
variable) regression which is less sensitive to outliers than OLS estimates. Having less
restrictive assumptions, R is recognised to provide much better regression coefficient
estimates than OLS when outliers are present in the data. In particular, this approach
has proven to be successful in the case of “almost” normally distributed errors but with
some far-off values. This happens as outliers usually violate the assumption of normally
distributed residual in OLS method. The algorithm is “least trimmed squares” reported
by [37], in which the method consists of finding that subset of x—y pairs whose deletion
from the entire dataset would lead to the regression having the smallest residual sum of
squares. As in the case of PW approach, estimates of each subset are calculated owing to
the OLS method. It must be added that, depending on the size and number of outliers, R
regression conducts its own residual analysis and downweight or even these x—y pairs;
this fact deserves an accurate inspection of the outliers made by the operator prior to any
removal in order to decide whether these x—y pairs have to be considered or not.

For all 5 different regression approaches, the corresponding intercept is obtained with
the following:

intercept = —slope

©)

In all the abovementioned linear regressions, each observation has an equal influence
of the orientation of the fitted line. As a matter of fact, it is well recognised that some
isotopic data may be more important than others as related to a higher amount of water
(for example, a flood in the case of a river or a high discharge event of a spring or high
rainfall amount during a storm event). In this case, greater influence in the regression
should be given to these isotopic data. In order to also take this effect into account, OLS
were applied to isotopic datasets that had been previously weighted on the corresponding
monthly amount of precipitation (rainwater) and discharge (freshwater and river water)
by means of two different methods, i.e., the classical one that simply involves multiplying
each y; by the water amount (see [28] for further details; hereafter called W) and as reported
in [38] (see [7] for the formulation; hereafter called B).

n
i=1Yi
n

Z?:1 Xi
N

3.4. Comparison among Regressions

Initially, slopes and intercepts from all the regressions were compared by means
of heat maps. The heat maps are matrices of fixed cell size showing the magnitude of
difference among values with a selected binary colour ramp (in our case from red to green,
respectively, indicating the lowest value and highest value within the isotopic dataset), in
which the colour intensities provide visual cues to the reader about discrepancies between
the data. The goal was to verify any presence of clusters to be further investigated by
means of bivariate and hierarchical cluster analyses.

As a bivariate analysis, we carried out scatterplot matrices to determine if linear
correlation between multiple variables (slopes and intercepts obtained by the different
regression approaches) were present or not. Tests were carried out highlighting the level of
significance, which was set as p < 0.01.

Furthermore, a hierarchical cluster analysis was performed to identify similarities
among the series of slopes and intercepts from the whole datasets. Clustering was done
according to the unweighted pair-group average (or centroid) method, in which each group
consisted of slopes (or intercepts) from a determined regression approach. The method was
based on a step-by-step procedure in which series of slopes (or intercepts) were grouped
into branched clusters (dendrogram) based on their similarities to one another. As a result,
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the two most similar series of slopes (or intercepts) were selected and linked based on the
smallest average distance among the values of all slopes (or intercepts). Progressively more
dissimilar series were linked at greater distances; in the end, they all were joined to one
single cluster. The cophenetic coefficient was used as a measure of similarity between each
pair of clusters; more than 2 time series being analysed, the dendrogram was supported by
a cophenetic distance matrix. Further details on this method can be found in [28].

3.5. A Focus on the Differences among Regression Approach from River Water: Comparison with
Catchment Characteristics

As suggested by [15], we investigated whether some selected catchment characteris-
tics (also called descriptors) could have affected differences among values of slopes and
intercepts as obtained by the different approaches reported in Section 3.3. In order to make
all slopes and intercepts comparable, we followed the approach proposed by [15] that con-
sisted of prior computed differences in the slopes (as slopeor s—sloperma /MA /R/PW/W/B)
and intercepts (as interceptors—interceptrama /Ma/rR/pw/w/B)- Then, and following again
the procedure reported in [15], we applied the Spearman ranking correlation matrix in
which the abovementioned differences in slopes and intercepts were compared with 9 catch-
ment characteristics. It should be added that this approach is a nonparametric measure
of rank correlation that provides a statistical dependence between the rankings of two
variables at a time. Unlike the Pearson coefficient, the Spearman ranking assesses how well
the relationship between two variables can be described using a monotonic function, even
if their relationship is not linear [27]. In particular, several authors have highlighted that
many hydrological processing occurring at both slope and catchment scales are nonlinear
(see for instance [38,39]) and such behaviour was in turn seen in some descriptors calculated
by means of time series of stable isotopes of water [7,40—-42].

In order to take into account the linearity among the variables, we also considered the
linear correlation by providing the Pearson correlation coefficients. Here, we recall that
Pearson and Spearman matrices reflect the magnitude of similarity among the parameters
by means of r (the Pearson correlation coefficient described in Section 3.3) and r; coefficients,
respectively. Both correlation coefficients (r and rs) describe the strength and direction
between the two variables and return a closer value to 1 (or —1) when the two different
datasets have a strong positive (or negative) relationship. The significance probability
(p-value) for both the Spearman and Pearson correlation coefficients calculated in this study
was set at 0.01, meaning that p-values lower than 0.01 represented statistically significant
relationships. Readers are referred to [28] for further details on statistical formulations.

The 9 catchment characteristics (or descriptors, see Table 2 and Supplementary Materi-
als Table S1 for further details) were those already considered by [7], namely: catchment
area (A); elevation (H); precipitation (P); flow length (F); specific mean annual runoff (q);
specific river runoff exceeded for 95% of the observation period (q95; this is a well-known
low flow index that is used worldwide for the regionalisation procedure and can be esti-
mated even from a relatively short time series of daily runoffs [43]); and the young water
fraction (Fyw proposed by [42]; this is considered the percentage proportion of catchment
outflow younger than approximately 2-3 months and was estimated from the amplitudes
of seasonal cycles of stable water isotopes in precipitation and stream flow that had been
already calculated in [7]).

It should be noted that 4 descriptors (P, q, q95, Fyw) were obtained by processing
daily precipitation (42 rain gauges homogeneously distributed over the study area for
P), discharges (for both q and q95), and water isotopes time series (for Fy,,) lasting over
the same time period. Moreover, flow length (F) was derived from a 5 x 5 m gridded
digital terrain model created by the digitalisation and linear interpolation of contour lines
represented in the regional topography map at a scale of 1:5000.
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Table 2. The 9 catchment characteristics included in the analysis. For further details on the catchment
characteristics from a single catchment, see Table S1 in Supplementary Materials.

Acronym Variable Units Minimum Mean Maximum

A Catchment area km? 193 696 1303
Hmin Altitude of stream gauge m 43 171 421

Hiax Maximum altitude m 1158 1784 2165
Hinean Mean altitude m 526 754 944

P Precipitation mm 924 1090 1304

F Flow length km 20.9 55.5 85.2

q Specific mean annual runoff Ls~!km~2 2.2 15.0 36.3
q95 Spe“flgcsf;lr:f)ftfhee";fﬁ‘:ed for Ls~1km2 0.0 1.0 17
Fyw Young water fraction % 9.3 13.7 229

4. Results

4.1. Stationary Behaviour of Isotopic Data Series

Table 3 summarises the results from the three statistical tests (Doornik—Hansen for
multivariate normality, Breusch-Pagan for homoscedasticity, and Durbin-Watson for auto-
correlation) used for assessing the compliance with the stationary assumption. Isotopic
series from rivers were those mainly affected by problems of non-normal behaviour (rivers
“5,6,9”) and autocorrelation at a lag of 1 (rivers “1,4,6,7”). The latter were positive (we
recall here that values closer to 0 identify positive autocorrelation phenomena) and more
intense in the case of rivers “4,6”. Moreover, the Breusch-Pagan test suggested residual
homoscedasticity for river “8”. By considering the plots of standardised residuals (see
Figure S1 in Supplementary Materials), the presence of outliers was further confirmed
for rivers “5,6,9” (river “5”, 3 outliers; river “6”, 4 outliers; river “9”, 1 outlier) as well as
the increase of variance of standardised residuals along estimates for river “1” (i.e., het-
eroscedasticity). Autocorrelation functions carried on standardised residuals (see Figure S2
in Supplementary Materials) allowed for demonstrating the presence of serial correlations,
although with different lag lengths (river “1”, 2 lags; river “4”, 2 lags; river “6”, 3 lags; river
“7”,2 lags).

4.2. Slopes and Intercepts

The §'80-52H relationships are summarised in in Supplementary Materials containing
slopes (a; see Table S2), intercepts (b; see Table S3), standard deviation of the estimates (c;
see Table S4), standard deviations of the estimates and coefficient of determinations (d: see
Table S5) coefficient of determinations R2. By viewing all the results reported in the form of
heat maps (see Figure S3 in Supplementary Materials), the substantial invariance of slopes
(from 6.9 to 13.1) and intercepts (from 7.2 to 8.4) from rain gauges located at lower altitudes
(a, b, ¢), with high performance of the regression (R? always close to 0.99) was noticed.
These results are in agreement with the GMWL (we recall that this line is characterised
by slope and intercept equal to 8.0 and 10.0, respectively; see Figure 54 in Supplementary
Materials) with no evidence of outliers. When the two weighting approaches were taken
into account, no changes among the unweighted values of slope and intercept were found
with the exception of intercepts in the rain gauge “a” (intercepts remarkably lower in the
case of weighting procedures in the order of +4.0).
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Table 3. Results from the three statistical tests aimed at verifying the compliance with the stationary
assumption, namely: Doornik-Hansen (multivariate normality), Breusch-Pagan (homoscedasticity),
and Durbin-Watson (autocorrelation). * Null hypotheses rejected as p < 0.01.

Location Type Code Doornik-Hansen Breusch-Pagan Durbin-Watson
Parma Precipitation a 1.81 0.17 1.57
Lodesana Precipitation b 1.54 2.40 3.65*
Langhirano Precipitation c 1.45 0.76 1.43
Berceto Precipitation d 3.83 0.46 0.84
Trebbia Surface water 1 5.44 7.84% 1.07 *
Nure Surface water 2 1.50 0.36 1.41
Taro Surface water 3 3.23 0.09 1.31
Enza Surface water 4 1.94 0.90 0.90 *
Secchia Surface water 5 10.30 * 0.19 1.21
Panaro Surface water 6 8.98 * 0.86 0.69 *
Reno Surface water 7 5.89 0.15 1.02*
Lamone Surface water 8 7.58 6.95 * 1.44
Savio Surface water 9 41.42* 0.00 2.30
Trebbia Groundwater from wells A 1.30 1.14 2.05
Taro Groundwater from wells B 3.67 0.18 2.28
Enza Groundwater from wells C 8.21 3.74 242
Secchia Groundwater from wells D 6.15 0.41 1.41
BiI;irfgr? tii/a Groundwater from springs o« 7.98 2.61 2.17
Montecagno Groundwater from springs B 7.76 0.37 1.21

With reference to the rain gauge “d”, i.e., that located near the main watershed
divide, the R approach provided remarkably higher values of both slope (8.1) and intercept
(11.5) than those obtained with the other regression approach (we recall that all values of
intercepts from “d” were negatives). It must be highlighted that the standard deviations
of the estimates are slightly higher than those obtained with the other regressions (see
Table S2 in Supplementary Materials).

By considering the surface water, the RMA and MA approaches almost provided
slightly higher values of slopes and intercepts (up to 13.0 and 55.2, respectively, in the case
of river “5”). In the case of rivers “1,2,3,4,7,8”, values of slopes are in the range of those
obtained by weighting procedures. On the contrary, intercepts showed a larger variability
among the regression methods investigated. It should be highlighted that in the case of
rivers “5,6,9” the values of slopes remarkably varied as well, in particular if MA and R
were used. As in the case of the abovementioned rain gauge “d”, the 5'80-5?H alignments
from “5,6,9” were characterised by the lowest values of R? and the larger values of standard
deviations of the estimates (see Table S4 in Supplementary Materials).

It must be noted that the discrepancies reported for these points (i.e., “5,6,9”) af-
fected water with the presence of several outliers and/or serial correlations of residuals
(see Figures S2 and S3 in Supplementary Materials and Section 4.1), which violated the
stationary assumption.

Akin to the cases of rain gauges and rivers, RMA and MA approaches carried out on
groundwater from wells and springs were characterised by larger values of both slopes and
intercepts than in the case of OLS. With the exception of groundwater from “C” and “D”,
the R and PW approaches induced larger variations in both slopes and intercepts, which
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were particularly marked in the case of groundwater from  (i.e., water whose §'80-8>H
alignment was characterised by low values of R? and large standard deviations of the
estimates, see Table S2 in Supplementary Materials).

In Table 4, the matrix reporting correlation coefficients between pairs of slopes indi-
cated that the largest degree of association was found (p < 0.01) between OLS-PW and W-B.
High values of correlation (with slightly lower degree of association but still p < 0.01) also
characterised the following relations: OLS-W, OLS-RMA, OLS-B, RMA-PW, RMA-MA,
and PW-W. A significant degree of association (p < 0.01) was also found for PW-B. It should
be highlighted that in several cases regarding R and MA, the degree of associations was
very low and, in some cases, even negative (i.e., an increase in the value of slope obtained
with a regression corresponds to a decrease in the series obtained with RMA).

Table 4. Correlation matrix reporting associations among the slopes from different regression ap-
proaches considered in this study (namely: OLS, RMA, MA, R, W, B). Progressively darker green
colour is associated with a higher correlation coefficient. * Significant as p < 0.01.

OLS RMA MA R PW w
RMA
MA 0.35 0.77 *
R 0.50 0.29 —0.06
W SIS 0 05
' _ 0.29 —0.54 0.39 0.79 *

0.31

o ome o7 oy | o

By considering the intercepts (Table 5), the degree of associations already highlighted
for slopes was further confirmed with the exception of OLS-W and OLS-B (here not
significant as p > 0.01). It should be noted that almost all correlations were slightly lower
than the corresponding ones from the slopes.

Table 5. Correlation matrix reporting associations among the intercepts from different regression
approaches considered in this study (namely: OLS, RMA, MA, R, W, B). Progressively darker green
colour is associated with a higher correlation coefficient. * Significant as p < 0.01.

OLS RMA MA R PW W
_ RMA  [OSE
MA 0.27 0.74
R 0.44 0.23 —0.13
—PW OSSN 0.1 0.46
W 0.59 0.60 —0.02 0.62 0.71*%
B 0.61 0.63 —0.01 0.63* 0.71* _

The hierarchic cluster analysis (see Figure S5 in Supplementary Materials) among
the slope series from the several regression approaches (reported as different branches
composing the dendrogram) demonstrated that MA was associated with none of the other
regression methods, while two main group of pairs were clearly separated: the first is
represented by OLS-PW while the second by W-B. The aforementioned first and second
group were associated with each other while longer branches further linked them to R
and RMA.

With reference to intercepts, the dendrogram confirmed the nonassociation of MA
with the other regression approaches. Moreover, the two closest series were still those of
OLS and PW, which were in turn associated to W. Contrary to the case of slopes, B series
was strictly associated to RMA.
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4.3. Comparison between the Differences in the Slopes and Intercepts with Catchment
Characteristics and Statistics

By taking into account only 5'®0-8%H regressions from surface water, the Pearson
rank correlation matrix (we recall that Pearson assesses linear relationships) comparing
differences in slopes with catchment characteristics (see Table 6) did not provide significant
(p < 0.01) correlations. If the Spearman rank correlation matrix (i.e., assessment of nonlinear
relationships) was considered, we found positive and significant (p < 0.01) correlations
with Fyy (Slopeors rva and Slopeors-ma) while negative ones with Hy,in (Slopeors-w,
SlopeOLS_B).

Table 6. Matrix of the Pearson (in grey) and Spearman (in green) rank correlation (values as r and rs,
respectively; r value evidenced in grey while rs in green) between the differences in the slopes and
the selected catchment characteristics considered for the 9 rivers. Relationship between differences in
the slopes and coefficient of determination R? from §'®0-52H linear regressions are also reported.
R? values from regressions were calculated starting from signed values of differences in slopes.
* Significant as p < 0.01.

Descriptor OLS-RMA OLS-MA
Hmin (m asl)

n°of samples

In the case of the Pearson rank correlation matrix applied to differences in intercepts,
we did not find significant correlations (see Table 7). On the contrary, and as in the case of
slopes, significant (p < 0.01) nonlinear relationships were found for Fyy (Slopeors-rma and
Slopeors-ma) and Hpyin (negative correlation for Slopeor s -g).

Table 7. Matrix of the Pearson (in grey) and Spearman (in green) rank correlation (values as r and rs,
respectively; r value evidenced in grey while rs in green) between the differences in the intercepts and
the selected catchment characteristics considered for the 9 rivers. Relationship between differences in
the slopes and coefficient of determination R? from §'80-52H linear regressions are also reported.
R? values from regressions were calculated starting from signed values of differences in intercepts.
* Significant as p < 0.01.

Descriptor OLS-RMA OLS-MA
Hmin (m aSI)

n°of samples
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In all cases, the largest statistical performance (again significant as p < 0.01) was found
for coefficient of determination R? from §'®0-52H linear regressions (Slopeors_rma and

Slopeors-ma; Interceptors-rma and Interceptors-ma)-

5. Discussion

We did not find significant discrepancies in the slopes and intercepts computed by
the different regression methods in the case of precipitation data. On the contrary, marked
variations were detected in the case of river water and groundwater (both from springs
and wells in lowland aquifers) obtained using specific methods. Among others, such
discrepancies were somehow reduced in the case of OLS, RMA, and PW. Because of
different values of river and spring discharges and the corresponding changes in isotopic
content of water during the year, weighting procedures (W, B) were characterised by
diverse values of slopes and intercepts rather than the aforementioned OLS, RMA, and PW.
Moreover, and as highlighted by both heat maps (Figure S3 in Supplementary Materials)
and correlation matrices (Tables 4 and 5) and dendrograms (Figure S5 in Supplementary
Materials), slopes and intercepts from the MA and R approaches were not comparable to
others (nonsignificant statistical associations). Regardless of water type, the aforementioned
discrepancies were promoted when 5'®0-52H regressions were characterised by weak
statistical performances (low values of R? and larger values of standard deviations of
the estimates). With reference to rivers, the weak statistical performances were linked to
the presence of outliers and/or serial correlation of the residuals violating the stationary
assumption of OLS, MA, and RMA approaches.

The investigation carried out on the data solely from rivers highlighted that the
magnitude of the differences in the slopes and intercepts was related in all cases (with the
exception of R and PW) to the coefficient of determination R? characterising §'*0-56H
linear regressions. The largest values of Pearson coefficients (see Tables 6 and 7) led us to
consider R? as the main causal factor for such differences in slopes and intercepts.

In particular, the larger the correlations between 5180 and 82H, the smaller the differ-
ences among slopes and intercepts detected by RMA, MA, W, and B within the specific
sampling point (river, well, or spring). This is in agreement with the results reported by [15]
and corroborated the hypothesis that statistical performance of the regression was the
main driver of these slope and intercept variations. In any case, despite finding highly
statistical significance with R? in our investigated dataset, no relations between differences
of slopes (and intercepts) and the ranges in 5180 (and §6°H) along with the number of
samples composing the dataset were noticed, thus indicating that extreme values of 5!80
(and 8?H) were not significant causal factors.

With reference to RMA and MA, the Spearman rank correlation matrices involving dif-
ferences in slopes and intercepts and catchment descriptors allowed us to find a significant
nonlinear association with Fy,, (we recall here that Fy,y is the percentage of water younger
than 2-3 months). In both cases (RMA and MA) the association (reported also as plots in
Figure 2) indicated that the magnitude of the differences in the slopes and in the intercepts
decreased along with the quota of young water.

This means that rivers showing low values of Fy are likely to be more affected by
differences in slopes and intercepts computed by different regression approaches. By
examining the plots reported in Figure 2, it can be evidenced that nonlinearity is driven
by two catchments (namely, the Secchia River “5” and Panaro River “6”). As already
anticipated in Section 2, these two rivers (“5,6”) were the only ones characterised by nival—-
pluvial discharges due to the melting of the snow cover in the upper part of the catchments
during the spring months. Moreover, [7] stated that there were evidences of sublimation
in several water samples collected in rivers “5,6” from January 2017 to April 2017. This
was further confirmed by the remarkable number of snowfall events that occurred between
December 2013 and April 2014 over the highest part of the catchments “5,6”. Such events
have allowed the consequent snowpack development alternating with partial snowmelt
for a snow water equivalent higher than 600 mm [21].
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Figure 2. Differences in slopes (a: OLS-RMA: ¢: OLS-MA) and intercepts (b: OLS-RMA; d: OLS-MA)
for OLS-RMA and OLS-MA. Values of differences in slopes and intercepts (y-axes) are reported in
modulus form. Codes for rivers (from 1 to 9) are also reported (for further details on river codes,
see Table 1).

There, we recall that sublimation occurring during sunny days can modify the former
isotopic composition of the superficial snow layers, allowing the release of a vapour
phase from the solid skeleton to the atmosphere. In this case, the final snow cover does not
preserve the isotopic composition of the original snowfall from which it was derived [44,45],
a fact that also led differences in slopes and intercepts from §'®0-5?H regressions to be
enhanced. In detail, sublimation acting on a snow cover can lead to an enrichment of
heaviest isotopes (such as 180 and 2H) within the solid skeleton and can induce a similar
§180-82H pattern of that charactering the residual liquid subjected to evaporation (slope
decrease of the 5'80-8?H alignments for snowpack samples if compared to the water
meteoric line (see for field and experimental studies: [46,47])). In particular, the slope
decrease can be much more intense if the only late-season snowpack samples are considered
(a value of 3.7 was found by [48]).

In case the two rivers “5,6” are removed from the analysis, it is still possible to confirm
such alignments, although linear, between y Fy., and differences in slope and intercept pairs.
In this sense, such relations, still identifying an inverse association between differences
in the slopes (and in the intercepts) and quotas of young water, may also be related to
other hydrological processes taking place at the catchment scale. As already pointed
out by [7], by checking both slopes (river water showed slightly lower values than those
characterising rainwater; see Figure 56 in Supplementary Materials) and intercepts (that
were negative compared to those from rainwater), all the river water considered underwent
evaporation/evapotranspiration processes prior to their infiltration towards the aquifer.

Albeit to a lesser extent, these variations also affected groundwater from wells (which
were also fed by streambed dispersion and therefore by water isotopes already modified
in the river water; see [11] and low-yield springs (these potentially characterised by pre-

infiltrative modification as slopes from §'80-82H alignments were slightly lower than those
obtained from precipitation water; see Figure S7 in Supplementary Materials)). On the
contrary, the nonvariability of slopes and intercepts observed in the different §'80-5°H
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alignments from precipitation was somehow expected, as these waters were unlikely to be
affected by evaporative/sublimation processes once they had entered the rain gauges.

With reference to the effective role of young water fraction Fyy in influencing the
differences in intercepts and slopes, we believe that further efforts have to be made for such
catchments from the hilly part of the northern Italian Apennines and dominated by higher
quotas of young water (i.e., Fyw > 25%; not analysed in this study for lack of isotopic data).
The latter are characterised by intermittent discharge and wide outcrops of low permeable
soils and bedrocks (prevailing clayey and marls materials; G¢c and Gy in Figure 1). Further
investigations should be isotopic-based in order to verify also the role of pre-infiltrative
evaporation in isotopic deviation and, above all, in the change of slopes and intercepts.

Following [7], these processes were likely to be promoted in the clay-rich bedrock,
where water molecules composing the soil moisture were slowed in percolation and thus
kinetic fractionation processes were enhanced.

However, we can provide some preliminary recommendations for use of the different
regression approaches for the four water types (precipitation, surface water, groundwater
from wells, and low-yield springs) from the northern Italian Apennines:

(i) Inthe case of 5'30-82H alignments from precipitation, and as no remarkable discrep-
ancies were detected among the several investigated methods, the OLS approach
should be preferred.

(ii) For precipitation and surface water, slopes and intercepts from the two weighting
procedures W and B were similar. Moreover, there was no evidence of remarkable
changes among results obtained from such weighting procedures with those from
unweighted OLS. The latter confirms the convenience of using the OLS approach
even if, during the year, rainfall or discharge amounts (and isotopic content too) are
different between the seasons.

(iii) For surface water and groundwater, the MA and R approaches should not be used
in any case as they seem to provide unrealistic values for both slopes and intercepts.
The reason has to be searched in the fact that these two approaches are more sensitive
to the statistical performance of the regressions (i.e., standard deviations), especially
if outliers are present. MA demonstrated to be more sensitive to the statistical perfor-
mance of the regressions (i.e., standard deviations), especially if outliers are present.
Although the R approach was selected to verify its behaviour in the case of outliers, it
did not induce improvements in standardised residuals. Moreover, it was also demon-
strated that kinetic fractionation processes acting on these water types lead to increase
the differences in slopes and intercepts (see, for instance, relationships between differ-
ences in intercepts and slopes with young water fraction Fyw). Slopes and intercepts
from OLS and PW were the closest, with lower standard deviations sometimes asso-
ciated to PW regressions. In addition, and with reference to the surface water, PW
results were not affected by the kinetic fractionation processes (see Tables 6 and 7).

(iv) Surface water may be affected by nonstationary processes induced by both nonmul-
tivariate normality and serial correlations of the residuals. Thus, prior to carrying
out OLS regression on §'80-82H data from surface water (and groundwater), the
presences of outliers, heteroscedasticity, and autocorrelation must be carefully de-
tected by means of both conventional statistical tests and inspections of standardised
residuals. In the case of outliers, their importance on the whole data series composing
the regression should be evaluated (as an instance, in the case of §!%0-5?H pairs
from surface water collected during the late summer through the beginning of the
autumn period, the strong reduction in discharges may induce their removal from the
dataset prior to carrying out the regression). In the event of dealing with time series of
stable isotopes affected by autocorrelation, we believe it is convenient to use the PW
approach, which, in our case, has proven to solve the serial correlations of residuals.

82



Hydrology 2022, 9, 41

6. Conclusions

We presented the comparison of five different regression approaches applied to 80~
§%H data from four different water types collected in the northern Italian Apennines. We
found that all the tested approaches converged towards similar values of slopes and inter-
cepts for only stable water isotopes from precipitation. Conversely, differences in slopes and
intercepts from surface water and groundwater (collected from wells and low-yield springs)
were often significant and related to the robustness of the regressions (i.e., standard devia-
tions of the estimates) and their sensitiveness to outliers and autocorrelation. Moreover, and
with reference to surface water, we found evidence of a relationship between young water
fraction and the magnitudes in differences of slopes and intercepts, suggesting the control
of kinetic fractionation processes (mainly related to sublimation acting on snow cover
and, secondary, to active pre-infiltrative evaporation and evapotranspiration processes)
on such discrepancies. These results allowed us to provide some recommendations for
hydrological and hydrogeological studies involving §'®0-5?H from the abovementioned
water types collected in the northern Italian Apennines. Firstly, as no discrepancies were
noticed between slopes and intercepts from all the methods applied to precipitation, the
OLS approach is preferred. Secondly, and with reference to the other water types (surface
water and groundwater from wells and springs), we warmly suggest carrying out conven-
tional statistical tests coupled with inspection of standardised residuals for a preliminary
check on the presence of outliers and autocorrelation phenomena. In the case of managing
outliers, the MA and R approaches should be avoided as they are more sensitive to the
statistical performance of the regressions and often provide unrealistic values of both slopes
and intercepts. Thirdly, for surface water and groundwater, the OLS and PW approaches
still showed the highest degree of robustness and produced the closest values of slopes and
intercepts, thus resulting as the methods preferable for §'80-52H regressions. PW would
be more reliable in the presence of serial correlations of the residuals (which, in our case,
often affected surface water). In the case of managing outliers, the possibility of removing
them will have to be considered (as an example in the case of §'80-5?H pairs from marked
low-flow periods).

Lastly, despite the presence of marked differences in the amounts of rainfall and their
isotopic contents during the year, the convenience of using weighing approaches before
applying OLS was not found.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/hydrology9020041/s1, Table S1: Catchment characteristics from the 9 rivers considered in this
study, Table S2: Slopes from 5'80-82H regressions, Table S3: Intercepts from §'80-52H regressions,
Table S4: Standard deviations of the estimates from §180-82H regressions, Table S5: Coefficient of
determinations from §'80-52H regressions, Figure S1: Plots of standardised residuals for surface
water affected by nonstationary processes, Figure 52: Autocorrelation functions of standardised
residuals for surface water affected by serial correlations, Figure S3: Heat maps reporting slopes and
intercepts values, Figure S4: 5180-52H pairs from rain gauges, Figure S5: Dendrogram for slopes
and intercepts series, Figure Sé: 5180-52H pairs from surface water, Figure S7: 5180-52H pairs
from groundwater.
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Abstract: Managed Aquifer Recharge (MAR), the intentional recharge of aquifers, has surged world-
wide in the last 60 years as one of the options to preserve and increase water resources availability.
However, estimating the extent of the area impacted by the recharge operations is not an obvious task.
In this descriptive study, we monitored the spatiotemporal variation of the groundwater temperature
in a phreatic aquifer before and during MAR operations, for 15 days, at the LIFE REWAT pilot
infiltration basin using surface water as recharge source. The study was carried out in the winter
season, taking advantage of the existing marked difference in temperature between the surface water
(cold, between 8 and 13 °C, and in quasi-equilibrium with the air temperature) and the groundwater
temperature, ranging between 10 and 18 °C. This difference in heat carried by groundwater was
then used as a tracer. Results show that in the experiment the cold infiltrated surface water moved
through the aquifer, allowing us to identify the development and extension in two dimensions of
the recharge plume resulting from the MAR infiltration basin operations. Forced convection is the
dominant heat transport mechanism. Further data, to be gathered at high frequency, and modeling
analyses using the heat distribution at different depths are needed to identify the evolution of the
recharge bulb in the three-dimensional space.

Keywords: Managed Aquifer Recharge; groundwater tracer; heat transport; surface-ground-water
interactions; infiltration basin; groundwater hydrology

1. Introduction

Freshwater resources are suffering from increasing pressure worldwide. Their contam-
ination and overexploitation are compromising access to safe water [1-3]. This situation
pushes towards the search for innovative ways to preserve and increase freshwater re-
sources availability, focusing on sustainable water management techniques. Managed
Aquifer Recharge (MAR), the intentional recharge of aquifers potentially using water from
various sources, has surged worldwide in the last 60 years as one of these options [4-7].

Measurements of infiltration rates and groundwater levels variations, together with
the estimation of the groundwater flows generated during recharge in MAR schemes,
are used to evaluate the performance in terms of recharge volumes and the extension
of the recharge plume [8,9]. Different groundwater monitoring techniques are usually
implemented for this purpose, where the use of sensors to measure groundwater pressure
head, electrical conductivity, temperature, and soil moisture is normally accompanied to
groundwater sampling for chemical analyses and numerical modeling [10-12].

Ganot et al. [11] assessed the relation between the infiltration and the development of
the groundwater mound in MAR using desalinated seawater in an infiltration pond. In
their study, the saturated zone of the aquifer was monitored through two groundwater
observation wells instrumented with pressure head and electrical conductivity loggers.
These measurements were later used in a lumped model where the infiltration dynamics
was analyzed to assess the temporal and spatial variation of the recharge. Likewise, the
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changes in recharge from a river into an aquifer as a result of the implementation of a
Riverbank Filtration MAR scheme were evaluated by Rossetto et al. [12] by means of a
multidisciplinary approach using hydrodynamics, hydrochemical, and modeling methods,
following intensive sensors application [13].

New innovative methodologies to estimate the extension and development of the
plume of recharged water in the aquifer are also being proposed. These methodologies
apply geophysical methods and can range from the use of electrical resistivity [14-17] up
to time-lapse gravity measurements [18,19].

The use of vertical electrical conductivity profiles for the estimation of the saturated
hydraulic conductivity and the van Genuchten parameters under an infiltration pond was
studied by Mawer et al. [14]. Similarly, Nenna et al. [15] used electrical resistivity probes
with the objective of mapping and monitoring the recharge plume from an infiltration
pond. By monitoring the temporal variation of the vertical electrical resistivity of different
points located under and around the infiltration pond, the temporal variation of the water
table could be estimated together with the hydraulic gradients. These data can be used
later to estimate the fate of the recharged water. Haaken et al. [16] assessed the use of
Electrical Resistivity Tomography (ERT) measurements for characterizing groundwater
dynamics under a Soil Aquifer Treatment scheme. Zones with different hydraulic proper-
ties were identified by analyzing the temporal variations of these measurements. Likewise,
Garcia-Menéndez et al. [17] used ERT to evaluate the effectiveness of MAR in a coastal
aquifer. With this technology, the extension and shape of the recharge plume could be iden-
tified. This was completed after the joint interpretation of the ERT images with Electrical
Conductivity logs from boreholes, and with geological and hydrogeological information
of the site. The use of time-lapse gravity surveys was assessed by Davis et al. [18] for the
monitoring of an Aquifer Storage and Recovery (ASR) scheme. The use of this geophysical
technology was applied successfully during the injection of water into the aquifer for the
detection of the general distribution and movement of the injected water. With a similar ap-
proach, Chapman et al. [19] used high-precision gravity measurements for the monitoring
of another ASR pilot system. In their study, the high-precision gravity surveys were carried
before, during, and after two infiltration cycles. The detection of the formation of a mound
of recharged groundwater during the recharge cycles was possible with the analysis of the
collected data.

The fundamentals of the use of heat as a tracer in groundwater have been previously
studied [20]. Groundwater temperature may be measured by lowering a thermometer
down a borehole, and the wide availability of waterproof temperature loggers makes this
parameter easily accessible [20,21]. Various experimental applications using heat carried
by groundwater as a tracer to monitor different aspects of MAR operations have been
investigated by diverse authors. For instance, a Fiber Optic Distributed Temperature
Sensing technique was used to estimate infiltration rates from recharge basins [22,23].
Similarly, heat was also used as a tracer for the estimation of recharge rates at infiltration
ponds [24], and for the estimation of travel time in bank filtration systems [25]. Likewise,
the vertical fluxes in heterogeneous aquifers can be estimated using heat [26].

In this study, we monitored the spatio-temporal variation of the groundwater tem-
perature in a phreatic aquifer before and during MAR operations, for 15 days, at a pilot
infiltration basin. This change in groundwater temperature is being used to identify the
development and extension of the resulting recharge plume following recharge operations
at the LIFE REWAT MAR infiltration basin [27].

2. Materials and Methods

In this section, the study site and the MAR scheme are presented alongside the method-
ology used for monitoring the groundwater temperature changes. The operations at the LIFE
REWAT MAR infiltration basin with its different components are also briefly described.
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2.1. Study Site

The study site is located in the municipality of Suvereto (Tuscany, Italy) in the alluvial
plain of the Cornia River (Figure 1). The Cornia plain hosts a Holocene coastal aquifer
constituted by alluvial and swamp-lagoonal deposits. The deposits, largely influenced by
the Cornia River dynamics, include gravel, sand, silt, and clay in different proportions
and distributions. The stratigraphy of the aquifer under investigation is well presented
in Barazzuoli et al. [28]. New drillings allow us to obtain new information confirming
the previous hypotheses and work. A large proportion of the aquifer is composed of a
gravel lithology in a silty—sandy matrix, possessing a prevalent permeability by interstitial
porosity. This layer outcrops the surface or is covered by a layer of silt as a result of fluvial
overflows. The aquifer is unconfined in the area of the infiltration basin. Large surface
water-groundwater exchanges occur between the River Cornia and the aquifer.
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Figure 1. Study area location and measured points.

Figure 2 presents the stratigraphies at points REW_10 (in the center of the infiltration
basin), REW_12 and REW_6 (north of the infiltration basin). A relatively thin layer of
agricultural soil covers an alternate layer of gravels with different size distribution in silty
matrix in the vicinity of the infiltration basin up to about 15 m from soil surface. Some
thin lenses of gravels in a clayey matrix can also be found at different depths. As such, the
experimental area shows up to a depth of about 15 m from the soil surface, the presence of
a gravel-dominated environment, in a matrix variable from silt to sand.

The River Cornia is the main hydrologic feature in the area. The high hydraulic
conductivity of the riverbed provides high hydraulic connectivity between the surface
water and the aquifer. This enhances surface and groundwater exchanges in the areas near
to the river. Hence, the groundwater heads are controlled by the water level of the river, and,
locally, by the presence of pumping wells. Because of this, values of electrical conductivity
in the aquifer slightly differ from those of surface water. As such, the parameter electrical
conductivity cannot be easily used to trace the recharged water. The main groundwater
natural flow is directed towards the West, resulting from river recharge and inflows from
adjoining hilly areas, with an average hydraulic gradient of 0.2% (Figure 3). From the
regional hydrology point of view the area is a recharge area.

Additionally, the study area is characterized by the presence of an important hy-
drothermal system, which contributes to the recharge of the superficial aquifer by means of
upward groundwater flow, causing some thermal and geochemical anomalies [28,29].
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Figure 2. Stratigraphy of three piezometers near the infiltration basin. Information obtained from the
analysis of the soil cores during the construction of these piezometers.
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Figure 3. Groundwater temperature distribution in the aquifer before MAR operations started. Data
taken from 25 November 2019 to 27 November 2019.

The initial temperature conditions in the aquifer at the beginning of the rainfall season
(just after the end of the dry season), before the managed aquifer recharge operations started
in 2019, can be seen in Figure 3. The local groundwater temperatures ranged between
15.7 and 19.6 °C in November 2019, with air temperature varying from 8 to 20 °C, and
surface water temperature at about 15 °C in those days. A fairly homogeneous distribution
of temperatures, higher than about 17 °C, is noticeable in the MAR scheme area. Two deeper
points, REW_6 and REW_142, show temperatures of 17.1 and 18.8 °C, respectively (a map
of temperature distribution only is available as Supplementary Materials, Figure S1). These
relatively high groundwater temperatures highlight the presence of the above-mentioned
geothermal flow.

2.2. The LIFE REWAT Managed Aquifer Recharge Scheme

The LIFE REWAT Managed Aquifer Recharge scheme is a two-stage infiltration basin
using harvested rainwater from the Cornia River during high-flow periods. The scheme
consists of diversion infrastructure and then two basins: a settling pond and the infiltration
basin (Figure 4). Surface water is firstly diverted from the Cornia river into the decantation
pond, where the suspended solids are deposited. Afterwards, the water enters into the
infiltration pond. The infiltration pond was constructed in a topographic low, where the
soil (sandy/silty gravels) provides a full hydraulic connection with the phreatic aquifer.

The MAR scheme is operated using a hi-tech high-frequency automated and remotely
controlled system, and quasi real-time monitoring of water quantity and quality is run.
This system is supported by the data gathered from different sensors installed in the area,
recording different parameters into a database with a frequency of fifteen minutes.

2.3. Groundwater Head and Temperature Monitoring

For this study, groundwater head and temperature were monitored at selected points
in the shallow aquifer (Table 1 and Figure 1; shallow points are named “Superficial”). These
points, located upstream and downstream of the MAR scheme, were monitored before
and during MAR operations, covering two weeks of full operations of the MAR scheme.

91



Hydrology 2022, 9, 14

Deeper screened points (i.e., points at depths higher than 20 m; “Deep” points in Table 1)
were also monitored (Figure 1), but their data are not used in the interpolation process, and
only plotted against the temperature distribution in the shallow aquifer.

Figure 4. LIFE REWAT Managed Aquifer Recharge scheme.

The fieldwork measurements were carried out with two instruments, a portable water
level meter (dipper) [30], and a thermo-dipper [31]. The dipper had precision of 1 cm, while
the temperature sensor had accuracy of 0.1 °C ranging from —10 to +50 °C.

The study was carried out in winter, taking advantage of the existing difference in tem-
perature between the surface water (cold, between 8 and 13 °C, and in quasi-equilibrium
with the air temperature) and the groundwater. This way the colder surface water infiltrat-
ing in the basin could mix with/replace the warmer groundwater in the aquifer during
the recharge operations. The experiment started on 9 February 2020. On that date at 15:00
(CET) the MAR scheme was set off for 52 h, being in full operation since 10 December
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2019. On 11 February at 19:00 (CET) the scheme was turned on again. The temperature
monitoring took place on three campaigns: C1 on 10 February 2020, and 11 February 2020;
C2 on 18 February 2020; C3 on 25 February 2020. The experiment ended because of a large
flooding event of the Cornia River occurring on 3 March 2020, when the managed recharge
was temporarily suspended following operational protocols. During the experiment, we
approximately recharged the aquifer at the rate of 5800 m>/day.

Table 1. List of the piezometers and wells used in the experiment.

Point Piezometer Monitored Point Depth Point Type Monitored Point Depth

Type Depth [m] [m] Depth [m] [m]
REW_10 Superficial 2.70 2.80 REW_39 Superficial 15.00 15.50
REW_11 Superficial 5.00 6.14 REW_3 Superficial 10.00 12.00
REW_12 Superficial 8.00 11.84 REW_5 Superficial 5.90 6.00
REW_13 Superficial 6.00 6.50 REW_6 Deep 10.00 30.00
REW_14 Superficial 6.15 6.23 REW_119 Superficial 10.00 12.00
REW_15 Superficial 6.10 6.25 REW_142 Deep 40.00 43.00
REW_16 Superficial 4.90 5.00 REW_156 Superficial 3.90 4.00
REW_17 Superficial 6.00 7.05 REW_157 Superficial 5.50 5.60
REW_18 Superficial 6.80 6.90 REW_158 Superficial 5.20 5.25
REW_19 Superficial 8.50 8.88 REW_301 Superficial 2.00 3.76
REW_20 Superficial 14.60 14.70 REW_302 Superficial 1.60 2.88
REW_23 Superficial 13.00 14.00 REW_304 Superficial 1.50 3.71
REW_24 Superficial 8.00 8.16 REW_305 Superficial 4.00 494
REW_25 Superficial 7.00 7.57 REW_306 Superficial 4.10 4.15
REW_30 Superficial 10.00 12.00 REW_444 Deep 20.00 30.00
REW_36 Deep 21.00 30.00 - - - -

Groundwater heads and temperatures were measured at 27 points in the phreatic
aquifer and at 4 points at depth larger than 20 m from soil surface (Table 1). In order to
avoid measuring the temperature of the groundwater superficially, hence subjectedto short-
time changes in air temperature, the temperature measurements were taken from depths
under 5 m of the water level if the depth of the piezometers allowed it. The measured
values of heads and temperatures were finally spatially interpolated utilizing the Inverse
Distance Weight interpolation feature of QGis 2.18.28 [32] and then some isolines were
slightly modified to take the influence of the River Cornia into account. Additionally,
water levels and temperature variations from different points were recorded automatically
through a series of sensors in situ. All these values were recorded in the SCADA system of
the MAR scheme with a frequency of fifteen minutes.

The meteo-climatic and hydrologic conditions were monitored during the experiment
period and are summarized in Figure 5. The air temperature ranged between a minimum
value of 0.5 °C and a maximum value of 19.4 °C, with an average value of 10.4 °C for the
whole period [33]. Similarly, the water temperature from the Cornia River presented a
mean value of 12.7 °C. The experiment was run with the river level remaining in baseflow
conditions, at a constant level of 0.51 m, varying 1 or 2 cm during the day, at the Ponte
per Montioni monitoring station [34]. During the study period, 3 days of rainfall were
recorded, where only a total of 1.8 mm of rainfall was recorded on 19 February 2020 and
0.2 mm on 20 February 2020 and 24 February 2020, respectively (recorded at the rain gauge
station of Suvereto) [35]. The amount of rainfall is therefore considered negligible in term
of aquifer recharge affecting the experiment.
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Figure 5. Hydrologic conditions at the MAR site during the experiment.

3. Results and Discussion

In Figure 6, the discharge curve of the infiltration basin together with the piezometric
variations at the points REW_10, located in the infiltration basin, and REW_17 are presented.
The 52 h interruption of the recharge operations, from 9 until 11 February 2020, was reflected
in the water level of the infiltration basin and in the aquifer. Another short interruption
of the recharge operations is also observable from 19 until 20 February 2020 as a result of
the automatic operation of the scheme. The changes in the basin water level are reflected
in a relatively short time in nearby points (e.g., the point REW_17, located around 150 m
downstream of the infiltration basin). This behavior cannot be explained solely by the
Darcy equation of flow in porous media, but on the analysis of the speed of the pressure
wave (celerity) [36-38]. Thus, the hydraulic head changes in the groundwater may not
accurately represent the actual movement of the recharged water volume itself. Therefore,
complementary information, such as those provided by heat carried by groundwater, and
analyses are required for the determination of the development of the recharged plume.

The temperature variations of the surface water in the infiltration basin, and of the
groundwater at the point REW_10, screened at 2.7 m depth under the infiltration basin, can
be seen in Figure 7. The change in temperature reflected on the groundwater point is in
direct relation with the changes in the surface-water temperature in the infiltration basin.
The temperature differences between these two points are relatively small. This relation
suggests a displacement of the native groundwater by the infiltrated one or a mix of these
two endmembers, with a dominant surface-water component.

The existing temperature in the aquifer after 2 months of MAR operations, and shortly
before the described experiment started, is shown in Figure 8 (the map of temperature dis-
tribution only is available as Supplementary Materials, Figure S2). Compared to November
2019 (Figure 3), a cold area centered in the recharge basin (REW_10 at 9.6 °C) has developed
following two main axes: one towards West and one approximately South.
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Figure 7. Recorded surface and groundwater temperature variations in the infiltration basin.
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Figure 8. Groundwater temperature distribution with MAR operations halted for the experiment.

The MAR operations slightly modify the regional groundwater flow by superimposing
two local, additional mainly East to West and North to South flow to the dominant in the
area river recharge. A high thermal gradient is detected within the first 100 m around
the infiltration basin. In our experiment, the groundwater flow perturbed the geothermal
gradient by infiltration of relatively cool water in a recharge area contrasting with an
upward flow of relatively warm water. Recharge is clearly affecting the aquifer temperature
in the infiltration basin area.

Comparing Figure 8 with Figure 3, the points located on the North—East, upstream of
the infiltration basin, hold a steady temperature above 16 °C, as seen before the recharge
activities. This shows a very slow change in their temperature with time, in contrast with
the areas directly impacted by the MAR activities. At the shallow point, REW_158, the
temperature stays high at 17.8 °C. The same applies to the deeper points, REW_444, West
of the basin, at 16.7 °C, and REW_142, at 17.3 °C, demonstrating the relevance of the
geothermal flow in this section. The colder plume depicted South of the river is a result of
the interpolation process, and no data are available to confirm these results.

Once the MAR operations restarted, on 11 February at 19.00 (CET) a cold temperature
plume further developed following the above-mentioned directions. When observing
the variation with time of the values of groundwater temperatures in Figure 9 and in
Figure 10 (maps of temperature distribution only are available as Supplementary Materials,
Figures S3 and S4), it is worth noting that the temperatures of the points located upstream
of the infiltration basin (REW_19, REW_5, REW_3, and REW_30) still maintain constant
values. This shows a minor development of the recharge bulb upstream of the MAR scheme,
and the relevance in the area of a forced convection heat transport in agreement with the
modified groundwater flow direction.

The temperature signal seems undetectable at REW_23, about 700 m West of the
recharge area, while REW_158 still maintains a temperature higher than 17 °C. In this
regard, two hypotheses may be made: (i) the recharge flow did not reach these points
during the experiment time, and/or (ii) the upward geothermal warm flow potentially
has a larger influence. In the second case, recharged groundwater would be mixing with
the geothermal flow, but the rate of recharged water during the experiment would be low
compared to the geothermal flow, then being unable to change the aquifer thermal state.
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Taking the area enclosed within the 14 °C isotherm in the northern side of the Cornia River
as a reference, this area expands with time. Starting with 110,000 m? on 11th February, the
area grew up to 138,000 m? after 7 days, and up to 174,000 m? after 14 days.
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Figure 10. Groundwater temperature distribution after 14 days of the restart of MAR operations.

Because of the imposed head gradient in the MAR area, forced convection [20] seems
to be the dominant heat transport mechanism in our experiment, while minor relevance
seems to have conduction and transport with thermal dispersivity.
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4. Conclusions

The experiment described here shows the use of heat carried by groundwater as a
tracer in order to detect the development of the recharge plume in a Managed Aquifer
Recharge scheme. As our experiment demonstrated, heat as a tracer is especially suited
for delineating small-scale flow paths monitoring temperature in the aquifers [39]. Tem-
perature, besides hydraulic head and groundwater chemistry data, is a readily available
parameter that, in particular meteo-climatic conditions, may provide cost-effective ob-
servations to conduct hydrological investigations. Results show that in the experiment
the cold-infiltrated surface water moves through the aquifer, allowing us to identify the
development and extension in the two-dimensional space of the recharge plume resulting
from the LIFE REWAT MAR infiltration basin operations. The results highlight two main
components of convective heat transport, one towards the West and one to the South,
forced by the hydraulic gradient set by the recharge operations. The upstream groundwater
flow seems to limit the cold water movement on the eastern side of the MAR scheme. The
recharge operations seem not to affect the deeper layers of the aquifer. Further analyses
are needed to evaluate the mixing between the groundwater of geothermal origins and the
recharged one.

Further works will include the assessment of heat transport in 2D along a cross-
section monitoring temperature (with other parameters) at different depths of the aquifer.
The joint use of groundwater head and temperature data in 3D groundwater modeling
applications may support the parameterization of the aquifer system under investigation
and the set-up of geochemical reactive transport models for the understanding of complex
processes occurring during recharge. Finally, we suggest that along other parameters to
be analyzed during the planning, design and investigation phase of Managed Aquifer
Recharge schemes [40,41], groundwater temperature distribution is duly considered in
order to accurately estimate groundwater flow direction and velocities prior to the modified
state and following the beginning of MAR operations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/hydrology9010014/s1, Figure S1: Groundwater temperature before
MAR operations started. From 25 November 2019 to 27 November 2019. Figure S2: Groundwater
temperature distributions with MAR operations halted for the experiment (10-11 February 2020).
Figure S3: Groundwater temperature distribution after 7 days since restart of MAR operations
(18 February 2020). Figure S4: Groundwater temperature distribution after 14 days since the restart
of MAR operations (25 February 2020).
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Abstract: Floods are the one of the most significant natural disasters, with a damaging effect on
human life and properties. Recent global warming and climate change exacerbate the flooding by
increasing the frequency and intensity of severe floods. This study explores the role of groundwater
during the floods at the Miho catchment in South Korea. The Hydrological-Ecological Integrated
watershed-scale Flow model (HEIFLOW) model is used for the flood simulations to investigate the
impact of groundwater and streamflow interactions during floods. The HEIFLOW model is assessed
by the Nash—Sutcliffe model efficiency coefficient (NSE) and Root Mean Square Error (RMSE) for the
surface water and groundwater domains, respectively. The model evaluation shows the acceptable
model performance (0.64 NSE and 0.25 m-2.06 m RMSE) with the hourly time steps. The HEIFLOW
shows potential as one of the methods for the flood risk management in South Korea. The major
findings of this study indicate that the stream runoff at the Miho catchment is highly affected by
the groundwater flows during the dry and flood seasons. Thus, the interactions between surface
water and groundwater domains should be fully considered to mitigate the water hazards at the
catchment scale.

Keywords: flood; surface and groundwater interactions; HEIFLOW

1. Introduction

Flood is one of the most significant natural disasters in the world that cause about
USD 40 billion losses in human life and properties every year [1]. Recent global warming
and climate change amplify the flooding by increasing frequency and intensity of severe
floods in the near future [2]. Flood risk mitigation is a major challenge for hydrological
scientists and civil engineers.

The traditional method of flood risk mitigation aims to at reduce the flood risks by land
surface hydraulic structures such as dams, river embankments, and reservoirs [3]. Those
hydraulic structures only focus on the surface water domain in the wet season without
considering the impacts of groundwater and groundwater flooding. The groundwater
domain in the surface floods are generally assumed to be fully saturated and most of peak
flow is caused by primarily precipitation [4]. However, the variabilities in groundwater
level can cause various flood situations. For example, the surface flood generally infiltrates
into the aquifer. The infiltration of surface water can vary according to the conditions of soil
moisture and groundwater levels. The initially wet condition of soil moisture contributes
to the fast groundwater level rise. These conditions drive the steep and rapid hydrograph
during floods. Thus, it is difficult to forecast the flood situation considering the complex
process of surface and groundwater interactions [5].

Many hydrological models have been developed for river management and flood
management, such as the Hydrologic Modeling System (HEC-1 and HMS), developed
by the US Army Corp-Hydrologic Engineering Center [6], and the Revitalised Flood
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Hydrograph (ReFH) rainfall-runoff model used for simulation of design flood events in
the UK [3,7]. HEC-HMS is one of the most utilized hydrologic modeling tools in many
countries (USA, Europe, and Asia) in order to simulate the influences of climate change [8]
and land use on stream flow [9-11]. In addition, a number of studies have focused on
the applications of data scarce catchments [3]. The conceptual hydrological model is
generally used in data scarce catchments, and it does not properly consider groundwater
flow. Recently, the hydrological data records and qualities have been improved from many
efforts (e.g., Hydrological Survey Center in Korea).

In order to simulate reliable prediction of flooding, it is necessary to consider the
interactions between surface water and groundwater domains. Nowadays, there is an
increasing need for an integrated surface water and groundwater model [12]. However, the
integrated surface water and groundwater model has been rarely used for flood assessment,
and its significance has not been widely recognized. Understanding the interactions
between surface water and groundwater is important for flood simulation, and provides
useful knowledge about the complex flood processes [13]. This study explores the role
of groundwater and streamflow interactions in the flood runoff at the Miho catchment
in South Korea. The Hydrological-Ecological Integrated watershed-scale Flow model
(HEIFLOW) model is used for the hourly flood simulations to investigate the impact of
groundwater discharge on the peak stream runoff at the flood events.

2. Study Area and Data

The Miho catchment, which is located in the northern part of the Geum River Basin
(GRB), is the largest catchment in the GRB in South Korea (Figure 1). The strategic water
management plan is continuously required in the Miho catchment because the outflows
from the Miho catchment highly affect the water quality and quantity of the downstream
of GRB. The catchment area is approximately 1800 km? and the elevation ranges from
7 m to 631 m. The average precipitation indicates that about 70% of annual precipitation
(1239 mm) is concentrated in the summer wet season [3].
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Figure 1. Digital Elevation Map of the Miho catchment with hydrological stations.
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The data set for this study requires the geological, meteorological, and hydrological
data sets for developing the HEIFLOW model. The geological data set in the Miho catch-
ment employs a 30 m spatial resolution digital elevation model (DEM), a land-use map, soil
maps, hydrogeological map, and bore hole information. Those geological data sets are ob-
tained from the ASTER DEM (http:/ /asterweb.jpl.nasa.gov accessed in 15 July 2021), Water
Resources Management Information System (WAMIS, http:/ /www.wamis.go.kr accessed
on 26 July 2021) and Groundwater information Service (GIMS, http://www.gims.go.kr
accessed on 26 July 2021). The hourly meteorological data from 2013 to 2014 are obtained
by the WAMIS and Korea Meteorological Administration (KMA). The precipitation data
sets are prepared from the eight rainfall gauging stations, the locations of which are shown
in Figure 1. The hourly weather information such as the temperature, air pressure, relative
humidity, wind speed and sunshine hours is employed from the Cheongju weather sta-
tion. The Hapgang water level gauging station, which is located in the outlet of the Miho
catchment, is selected to obtain the hourly streamflow observations (WAMIS). The hourly
groundwater level data in the study catchment are provided by the 10 groundwater level
monitoring wells in Figure 1 (GIMS).

3. Methods

This study employs Hydrological-Ecological Integrated watershed-scale Flow (HEI-
FLOW) to describe the impacts of the groundwater on flood events. HEIFLOW is a three-
dimensional distributed eco-hydrological coupling model, whose forerunner is Groundwa-
ter and Surface-water FLOW (GSFLOW). The GSFLOW generally simulates the hydrologic
process, which integrates the Precipitation-Runoff Modeling System (PRMS) [14] with the
Modular Groundwater Flow Model (MODFLOW-2005) [15] in the basin scale. However, it
has limitations for the time step of simulation, ecological processes, land use changes, and
dynamic land use. The modified version of GSFLOW was developed by Tian et al. [16] in
order to improve the limitations of GSFLOW.

The model construction of HEIFLOW requires many processes such as watershed
delineation, processing the input data sets, model parameterizations, calibration, and
analysis of model results. Thus, the visual hydrological ecological integrated watershed-
scale flow (VHF) [16] is used to construct the complex processes of HEIFLOW model for the
Miho catchment. The model domain boundary and stream networks of Miho catchment
are delineated with the uniform grids in both surface and groundwater domains to reduce
the computation errors [17].

The surface water model domain in the Miho catchment is delineated into 7220 grids,
which have a width and height of 500 m. These grids are defined as Hydrologic Response
Unit (HRU) of PRMS and MODFLOW grids. The HRUs contain the input data of surface
model domain of HEIFLOW such as elevation, basin area, aspect, latitude, longitude, land
cover type, and soil type. The input data sets of HEIFLOW are required to estimate the
initial model parameter values for the model calibration. The metrological input data
for the Miho catchment were employed from the Cheongju weather station of KMA. The
hourly rainfall data from the eight rain gauge stations were interpolated by the inverse
distance weighting (IDW) method.

The initial parameter values of HRUs are estimated from the DEM, land use, soil type
and vegetation data sets. The major surface model parameters are considered as the plant
canopy density (covden_win and covden_sum), the maximum storage of the plant canopy
for precipitation (snow_intcp, srain_intcp, and wrain_intcp), and the water contents of
soil zone (soil_moist_init, soil moist_max, soil_rechr_init, and soil_rechr_max). The initial
surface model parameter sets are further calibrated. The groundwater domain in the Miho
catchment is divided into three layers for the groundwater modeling. The groundwater
model domains of this study are represented by three layers (i.e., layer 1, layer 2 and layer 3
from top to bottom). All the layer types are set as convertible. A convertible layer means
that it can be either confined or unconfined, depending on the elevation of the computed
water table. The major parameter sets of groundwater domain contain the horizontal

103



Hydrology 2021, 8, 141

hydraulic conductivity (HK), vertical hydraulic conductivity (VK), specific storage (SS),
and specific yield (SY). Both SS and SY are applied for the three layers since they are
convertible. The parameter zone of groundwater domain is divided into 41 parameter
zones by the information of hydrogeological map and bore hole in the Miho catchment,
and the initial groundwater model parameters are adjusted by the daily GSFLOW model
in the Miho catchment in previous research [17]. The input data sets for the surface model
are generated by the VHE. In the HEIFLOW model, stream network is generally divided
into the reaches and segments. The stream network of Miho catchment model contains the
123 segments with the 1269 reaches. The adjusted model parameter sets of HEIFLOW are
represented in Table 1.

Table 1. Calibrated major parameter ranges for the HEIFLOW model in the Miho catchment [17].

Zone Parameters Minimum Maximum Unit
covden_sum 0.1 0.9 dimensionless
covden_win 0 0.1 dimensionless

Surface srain_intcp 0 0.05 inches
wrain_intcp 0.1 3 inches
snow_intcp 0.1 3 inches

soil_moist_max 5 18 inches
. soil_moist_init 0.5 9 inches
Soil soil_rechr_max 3 9 inches
soil_rechr_init 0.5 4.5 inches
HK (layer 1) 0.5 10 meters per day
HK (layer 2) 0.1 2 meters per day
HK (layer 3) 0.02 04 meters per day
VK (layer 1) 0.0083 0.33 meters per day
Groundwater VK (layer 2) 0.00014 0.0056 meters per day
VK (layer 3) 23 x107° 0.0009 meters per day
SY (layer 1-3) 0.04 0.11 dimensionless
SS (layer 1-3) 1.0 x 107° 40 % 1075 meters !

4. Results and Discussions

The HEIFLOW model in the Miho catchment was calibrated by the daily GSFLOW
modeling research from Joo et al. [17]. The HEIFLOW model was employed to verify the
hydrological processes in the Miho catchment with hourly time step in 2013. Figure 2
shows the model evaluation of the Miho catchment by the Nash-Sutcliffe model efficiency
coefficient (NSE). The gray line indicates the observed stream runoff at the outlet of the
Mho catchment at the Hapgang water level gauging station, and the black dashed line
represents the HEIFLOW model simulation. The blue bar graph in Figure 2 indicates
the hourly rainfall at the Sejong-si rain gauge station, which is the nearest rain gauge
station from the outlet of Miho catchment. The model performance of the Miho catchment
indicates appropriate simulation runoff with 0.64 NSE in hourly time step. The stream
hydrograph of the HEIFLOW model is generally underestimated in the low flow regime
and is overestimated in the peak flow regime.

Figure 3 illustrates the interactions between the stream flow and groundwater. The
gray line indicates the simulated stream runoff, and the dark dashed line represents the total
groundwater discharge out (GW_out) to the streams. The temporal variability of GW_out
shows the similar pattern with the stream runoff. GW_out in the dry season (see Figure 3)
is generally larger than stream runoff because the streamflow is lost through evaporation
and recharge to groundwater. The results in Figure 3 indicate that most of baseflow for the
downstream of Miho catchment is sourced from the groundwater. These also represent
the peak flow during flooding is highly influenced by the groundwater flow to the stream.
Figure 4 compares the simulated and observed groundwater levels at daily time scale for
two groundwater monitoring wells. The RMSE between the daily observed groundwater
levels and corresponding simulated levels for the Susin and Naedeok monitoring wells are
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equal to 1.12 m and 0.25 m, respectively, while the RMSE between the daily observed and
simulated groundwater levels for all the 10 monitoring wells ranges from 0.25 m to 2.06 m.
As shown in Figure 4, the groundwater levels at the two wells are greatly influenced by
stream-aquifer interactions. The model can capture the fluctuation pattern of groundwater
level at daily time scale.
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Figure 2. Comparison of the simulated and measured streamflow at the Hapgang stream gauging station in 2013
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Figure 4. Comparison of the simulated and observed groundwater level at two monitoring wells:
(a) Susin and (b) Naedeok.

Figure 5 indicates the surface and groundwater interactions during the flood events.
This study selects the four flood events in 2013. The details of flood events in this study
are described in Table 2. The cumulated rainfall events are shown in Table 2 and the
hourly rainfalls are illustrated as the blue bar graphs in Figure 5. Entire flood events in
Figure 5a-d show that the groundwater discharges to the stream flow are highly related to
the rainfall. In addition, the rising and falling limbs in stream hydrograph are generally
affected from the variability of groundwater discharge to the stream. The responses of
the GW_out and stream runoff indicate that stream runoff is faster response than the
GW_out from the rainfall. The flood events in Figure 5 have the multiple rainfall events
except Figure 5¢c. The GW_out in Figure 5 shows that GW_out patterns affect the peak
discharge in the stream. For example, GW_out in Figure 5a,c showa similar patterns, and
these two events have the multiple peaks in stream discharge. Both events also show
that GW_out is dramatically reduced after the first peak of GW_out. The variabilities of
GW_out are causing to mitigate the peak stream discharge and make multiple peaks in
the streamflow hydrograph. However, the event 4 in Figure 5d indicates the different
fluctuation of GW_out to the event 1 and 2. The fluctuation patterns of GW_out in event 1
and event 4 show that the peak stream discharge of event 4 is approximately 100 m3/s
larger than event 1 although the rainfall is smaller than event 1.
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Figure 5. (a—d) The interactions between the groundwater and stream flow during flood events.

Table 2. Flood events of the Miho catchment at the Hapgang gauging station.

Events No. Period of Flood Events Rainfall
Event _1 2013-06-17 22:00 to 2013-06-21 23:00 157 mm
Event _2 2013-07-04 21:00 to 2013-07-08 13:00 59 mm
Event _3 2013-08-03 15:00 to 2013-08-06 14:00 70 mm
Event _4 2013-09-13 19:00 to 2013-09-17 18:00 91 mm

5. Conclusions

This study tested the HEIFLOW model with the hourly time step at the Miho catch-
ment in South Korea. The integrated surface and groundwater model for the flood event is
successfully verified with the 0.64 NSE. The major conclusions of this study are as follows.

First, the HEIFLOW enables complex interactions to be simulated between the ground-
water domain and stream. The model verification results indicate acceptable simulation in
entire flood events. Second, the hourly flood simulation employing the HEIFLOW shows
potential as one of the methods for the flood risk management in South Korea. These also
have the advantage of understanding the interactions between surface and groundwater
domains. Finally, the results indicate that the hydrological response at the Miho catchment
is highly affected by the groundwater conditions. The interactions between surface water
and groundwater domains should be fully considered to mitigate the water hazards at the
catchment scale.

This study is the first application of HEIFLOW model in South Korea. Thus, further
study will test the HEIFLOW model in other catchments to generalize our suggestion. It is
also required to test this flood simulation into the recent historical severe flood event and
regions in South Korea.
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Abstract: Hydrochemical and geophysical data collected during a hydrological survey in September
2017, reveal patterns of small-scale hydrological connectivity in a small water track catchment in
the north-European Arctic. The stable isotopic composition of water in different compartments
was used as a tracer of hydrological processes and connectivity at the water track catchment scale.
Elevated tundra patches underlain by sandy loams were disconnected from the stream and stored
precipitation water from previous months in saturated soil horizons with low hydraulic conductivity.
At the catchment surface and in the water track thalweg, some circular hollows, from 0.2 to 0.4 m
in diameter, acted as evaporative basins with low deuterium excess (d-excess) values, from 2%, to
4%o. Observed evaporative loss suggests that these hollows were disconnected from the surface and
shallow subsurface runoff. Other hollows were connected to shallow subsurface runoff, yielding
d-excess values between 12%o and 14 %o, close to summer precipitation. ‘Connected” hollows yielded
a 50% higher dissolved organic carbon (DOC) content, 17.5 + 5.3 mg/L, than the ‘disconnected”
hollows, 11.8 & 1.7 mg/L. Permafrost distribution across the landscape is continuous but highly
variable. Open taliks exist under fens and hummocky depressions, as revealed by electric resistivity
tomography surveys. Isotopic evidence supports upward subpermafrost groundwater migration
through open taliks under water tracks and fens/bogs/depressions and its supply to streams via
shallow subsurface compartment. Temporal variability of isotopic composition and DOC in water
track and a major river system, the Vorkuta River, evidence the widespread occurrence of the
described processes in the large river basin. Water tracks effectively drain the tundra terrain and
maintain xeric vegetation over the elevated intertrack tundra patches.

Keywords: permafrost hydrology; Russian Arctic; water tracks; hydrological connectivity; stable
water isotopes; dissolved organic carbon; electrical resistivity tomography; taliks

1. Introduction

Hydrologic connectivity is a complex concept referring to water transfer in the land-
scape, or between landscapes, or, more generally, within or between the water cycle units,
and its (dis)continuity along the major water transport pathways acting on the water-
shed [1-3]. It includes both lateral water transfer along slopes, including channelized
runoff, and vertical water transfer between surface and subsurface compartments, or
between different groundwater aquifers at different depths [4]. Connectivity exists be-
tween larger domains, e.g., surface runoff and groundwater flow, landscape elements and
fluxes—structural connectivity, and between processes—functional connectivity [4,5].

Permafrost significantly alters the water cycling through the affected landscapes
compared to that in temperate catchments [6-8]. In continuous permafrost, water transport
is mostly confined to the active layer, which rarely exceeds 3 m depth, and to vertical
and lateral talik zones. Water migration in soils is partly driven by processes related to
phase transition in soils [9,10]. The hydrological system structure is simplified, and the
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existing connections between compartments are exposed to observation [11,12]. Open talik
zones are frequently detected under the largest lakes using geophysical methods [13-15]
and may serve as pathways for both upward and downward water migration, connecting
surface water to intra- and subpermafrost aquifers [16,17]. In discontinuous permafrost,
with a deeper active layer (down to 5 m), persistence of residual thaw layers, permafrost
fragmentation, and abundance of talik zones, the potential for water exchange between the
compartments is significantly higher [18-20].

Stable water isotopes, 2H (deuterium) and 80, are widely used to track water sources
and hydrologic connectivity across the compartments and ecosystem classes, including
boreal and permafrost-affected catchments [21-24]. The isotopic evaporation signal allows
the tracing of connectivity between wetlands and perennial streams and the modeling
of surficial wetland runoff contribution to streams during summer [25]. The isotope
mass balance method reveals the specifics of the permafrost thaw cycle in continuous
permafrost [26,27] and is successfully used in studies of both contemporary lakes and
lacustrine paleoenvironments [28].

In discontinuous permafrost, taliks of different kinds, i.e., vertical open and closed
taliks, connected to lateral intra-permafrost taliks and residual thaw layers, are respon-
sible for conveying water from the slopes toward the streams [29,30]. In the Northern
Yenisey region, isotopically heavier water, originating from late summer precipitation
and thermokarst lakes subject to evaporation, was found to contribute significantly to
the winter runoff through the residual thaw layer, an interface between the seasonally
freezing layer and the top of the permafrost [31]. In the Ob River basin, a strong evapo-
ration signal persists in most river samples in late autumn and around the spring freshet
peak dates, evidencing subsurface connections between lakes and rivers of the region [32].
Lake-to-river connectivity is also maintained through sub-lacustrine taliks, both open and
closed, developing even under shallow thermokarst lakes [33]. Geophysical techniques, no-
tably electrical resistivity tomography, are useful in describing the complex frozen ground
configuration in discontinuous permafrost [34,35].

The climate change presently occurring in the Arctic, followed by the deepening of the
active layer, may lead to the rebuilding of existing connectivity patterns through changes
in the saturated zone boundary, to an increase in non-frozen soil volume where water mi-
gration is possible, and to an increase in groundwater discharge on hillslopes [36], affecting
future dissolved organic carbon (DOC) and other constituent fluxes [37]. Trends in regional
climate and hydrology may also imply changes in fluvial activity [38], though the latter is
showing only minor signs in the first-order fluvial network of the region. The potential
effects of climate change and permafrost degradation on hydrological connectivity and
water and material fluxes, including biogeochemical cycling, are still poorly understood.
Recent reviews acknowledge important knowledge gaps in the subsurface hydrology of
permafrost regions, including existing water and carbon transport pathways, their rela-
tion to frozen grounds, and alterations in subsurface routing resulting from permafrost
degradation [39,40]. Ultimately, permafrost degradation is expected to alter hydrological
connectivity in affected catchments, resulting in water flow redistribution between the
surface and compartments and changes in seasonal water discharge [20,39].

This study was conceived to address these gaps and to better understand hydrological
connectivity and water and DOC transport in a discontinuous permafrost environment
at a small scale. We present new data on water stable isotope composition and DOC
concentrations from several subarctic streams and water bodies in minor tundra water track
catchments near Vorkuta, north-European Russia. These data are used to trace water origin
in these water objects under late summer conditions, close to the maximum thaw period
and to evaluate microscale hydrologic connectivity in the landscape. Geophysical survey
data are used to support the discussion on surface water interaction with groundwater.
The study region, with its mild and humid subarctic climate, may serve as a model region
for other permafrost regions in transition under observed climate change.
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2. Study Area

Fieldwork was performed in September 2017 in north-European Russia, on the margin
of the Bolshaya Zemlya tundra region, about 30 km to the south-west from Vorkuta, Komi
Republic, the closest large city (Figure 1a). The major sampling effort was concentrated
around Khanovey key study site (N 67°17.193', E 63°39.252/; Figure 1b), an abandoned
settlement for railroad workers on the right bank of the Vorkuta River, where the seasonal
permafrost research station is maintained by the Department of Geocryology, Moscow
State University [41]. The studied location occupies a typical periglacial landscape at the
southern margin of the Bolshaya Zemlya tundra, a hilly terrain with gently rolling slopes
dissected by hummocky depressions and first-order stream valleys. Permian bedrock,
exposed locally in the Vorkuta River bluffs, is overlaid with Quaternary deposits with
thickness from 10 to 15 m, mostly loams and loamy clays, with variable ice content and
cryostructure [41]. Surficial loamy clays are highly thixotropic, and easily lose structural
integrity on stress. Sandy deposits were described in shallow excavations in the adjacent
areas but were never encountered at the watershed in question. A topsoil organic layer is
omnipresent and has a thickness of 0.3-0.5 m.
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Figure 1. Geographical location of the study site, (a) in north-European Russia, (b) at the Vorkuta
River valley slope; (c) reference orthophoto image of the studied water track section, north is up, T1
and T2 denote the electric resistivity tomography profiles.

The meso-scale topography is dominated by wuwvals, a local name for smoothed hilly
chains. These hilly chains have a submeridional orientation and elevation between 170 and
200 m a.s.l. and are divided by the valleys of the Usa River and its major right tributaries, the
Vorkuta River and Seida River. The uvals” surface is an undulating plain, hosting numerous
lakes, peatlands, and a network of overwetted depressions, with mires presumably of
thermokarst origin. The hillslopes descending toward the major rivers are transformed
by the joint action of fluvial processes, thermal erosion, and linear thermokarst, with the
widespread occurrence of water tracks. This network evolves from chaotic in the interfluve
zone to a linearly shaped fluvial network hosting intermittent streams (Figure 2), then
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again becoming poorly organized toward the foot slope with fen-like features. Overwide
valleys surrounding the remaining elevated tundra patches resemble those of organic-rich
and wide water track classes described by Trochim et al. [42].

—

Figure 2. Typical midslope landscape of the study region, with minor (first-order) water tracks on the
background, a second-order water track feature crossing the image left to right, all easily detectable
by its contrasting foliage color, elevated tundra patches, and intertracks with Betula nana L. and
lichen patches.

Interfluves are scarcely vegetated because of the snow cover removal by heavy winds,
active in the region during winter, and subsequently lower ground temperatures, hence
only lichens are omnipresent at these surfaces, associated with Arctous alpinus (L.) Nied.
and crowberry (Empetrum nigrum L.). Locally, moss-dominated mires with Sphagnum spp.
occur in topographical depressions in the interfluve belt. Gentle slopes are covered by
creeping willow (Salix arctica Pall.); dwarf birch (Betula nana L.); and northern Labrador tea
(Rhododendron tomentosum Harmaja); and small deciduous shrubs and plants: blueberry
(Vaccinium cyanococcus Rydb.), blackberry (Vaccinium myrtillus L.), lingonberry (Vaccinium
vitis-idaea L.), bearberry (Arctostaphylos uva-ursi Spreng.), and crowberry. Water track
valleys are willow dominated, mainly Salix phylicifolia L., associated with Equisetum arvense
L. and Carex spp.

The studied territory occupies the interfluve area between the Vorkuta River and its
right tributary, the Lyok-Vorkuta River, and the valley slope inclined toward the east, to
the Vorkuta River valley (Figure 1b). This slope is dissected by three first-order water track
valleys, one of which was studied in detail in its middle and lower reach, downstream
from the railroad crossing (Figure 1c). The water track valley is oriented west to east. Its
headwaters are connected, via a network of wet depressions and mires, to the headwaters
of all major neighboring water tracks, so that no interfluve exists between the water track
systems draining in different directions. For this reason, the basin area of the studied water
track, is estimated, with significant uncertainty, to be around 0.901 £ 0.055 km2. This
uncertainty is not related to the digital elevation model (DEM) resolution but reflects the
fluvial network structure, as seen in Figure 1c. No clear line separating the two neighboring
water track catchments can be easily drawn, because the flow direction can hardly be
determined in the interconnected polygonal network in intertrack spaces.

The regional climate is subarctic, summer is short and cool, and winter is long and
cold, lasting over eight months from October to May (Table 1). At the same time, the period
without negative daily temperatures is only 70 days in an average year. Mean annual
daily temperature observed at Vorkuta meteorological station (N 67°29.52', E 63°58.53') is
—5.6 °C. Precipitation is approximately 530 mm, of which from 50% to 70% falls as snow,
which can occur at any month of the year.
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Table 1. Mean monthly air temperature (T, °C) and precipitation (P, mm), observed at Vorkuta
meteorological station (1927-2019).

Jan Feb Mar Apr May Jun Jul Aug  Sep Oct  Nov  Dec

T -199 -197 -154 -93 22 7.1 12.7 9.7 4.2 -42 =129 -17.0
P 22 18 20 24 32 48 59 59 54 40 30 25

Permafrost is continuous, with thickness varying from 50 to 100 m, and mean annual
ground temperatures between —0.5 and —1.0 °C, at zero annual amplitude depth, around
12 m. A residual thaw layer occurs annually between the base of the seasonally freezing
layer, ca. 2 to 3 m, and the top of permafrost at depths of 3.5 to 4.0 m. The prevailing
permafrost cryostructure is massive; within the active layer, distinct traces of melted
segregation ice lenses can be found—small lenticular unconformities parallel to the ground
surface, which were filled by ice during winter and melted later in summer. Important
cryogenic processes include thermokarst and fluvial thermal erosion. Frost boils are
common cryogenic features, mostly occurring in a narrow belt surrounding the water
track valleys.

3. Materials and Methods

Field observations were performed from the 5-19 September 2017. Water samples for
the analyses of stable water isotope, 2H and 80, were collected regularly, once in 2-3 days,
from the Vorkuta River and the stream at the water track thalweg, draining into the river
near the base camp at the Khanovey station, near its mouth (Figure 1c). Multiple samples
were taken along the water track thalweg in its lower reach, downstream from the railroad
crossing. Several samples were taken from natural hollows, circular depressions from 0.2 to
0.4 m in diameter, occurring on the ground surface in the water track valley and on slopes.
Several soil pits, 40 to 90 cm deep, were dug at various locations in the water track valley
and in the open tundra to sample shallow subsurface groundwater. Rainwater was sampled
in Vorkuta, from an intense rain shower occurring on 11 September 2017. Subpermafrost
groundwater was sampled from an artesian well, No.39-B, near the Khanovey railway
station, feeding from a regional aquifer at a depth of around 80 m. Water samples were
collected in 15 mL conical centrifuge tubes, sealed with Parafilm®©, and stored at 4 °C
before they were transported to the lab.

Stable water isotope samples (1 = 35) were analyzed by multiflow-isotope ratio mass
spectrometry (MF-IRMS, with instruments from Elementar, Germany) at SHIVA Isotopic
Platform, EcoLab, Toulouse, France, in December 2017. The internal standard was Vienna
Standard Mean Ocean Water (VSMOW?2), and resulting values were expressed in 6 notation
relative to this standard [43]. The analytical precision of the method is +0.1%. for §!80,
and +1.0%o for §>H. Each water sample was measured in duplicate and averaged, so each
5180/8?H value presented in the paper is a mean value. Deuterium excess (d-excess, or
dex, %0) was calculated as dex = 82H — 8-5180.

Dissolved organic carbon (DOC) samples (1 = 33) were collected in 20 mL LDPE
bottles, pre-washed with weak sulfuric acid and rinsed with MilliQ water. All samples
were acidified in the field directly after collection with two drops of 30% H,SO4 to suppress
biological activity and stored at 4 °C until transported to the lab. The analyses were carried
out at VNIRO (All-Russian Research Institute of Fisheries and Oceanography, Moscow), on
a Shimadzu TOC-Vcph analyzer (Shimadzu, Japan), and are precise to £0.1 mg/L.

Electric resistivity tomography (ERT) surveys were performed with ‘SKALA-64" ERT
station (NEMPHIS, Russia), using a combined three-electrode protocol (AMN-MNB) with a
remote electrode installed at a distance of 600-800 m from the profile, which was considered
as infinity. The ERT surveys were done at currents between 35 and 70 mA, and survey
data were treated with Res2dInv (Geotomo Software, Malaysia, https:/ /www.geotomosoft.
com/, accessed on 13 July 2021) and X2ipi (Aleksey Bobachev, Moscow State University,
http:/ /x2ipi.ru/en, accessed on 13 July 2021) software.
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Three shallow boreholes around the study area were instrumented with ground
temperature sensors and dataloggers: one borehole was equipped with a Hobo 2-sensor
datalogger at 0.5 and 2.0 m depth, and two boreholes had Hobo 4-sensor dataloggers at
0.5,1.0,2.0, and 5.0 m depths. The ground temperature readings are accurate to 0.1 °C.
Ground temperatures from —0.2 to —0.5 °C at 5 m depth were observed in two of them,
and around +0.8 °C in the third borehole, in the water track thalweg.

4. Results
4.1. Water Stable Isotopes

The closest stations of the IAEA Global Network for Isotopes in Precipitation (GNIP) [44]
network, providing baseline data for the isotopic composition of meteoric waters, are
located in Pechora and Salekhard, several hundreds of kilometers from the studied location
(Table 2). Their data show the effect of different vapor sources and the transformation of
isotopic composition of regional precipitation as air masses cross the Polar Ural Mountains.
At the Pechora site, more than 800 km to the SW from Vorkuta (N 65°07.30’, E 57°08.98"),
the local meteoric water line (LMWL) is close to the global one (GMWL). In Salekhard
(N 66°32.20', E 66°37.94"), ca. 300 km to the SE from Vorkuta on the eastern side of the Ural
Mountains in the Ob’ River estuary, the LMWL plots below the GMWL with an intercept
b=1.83(£1.79).

Table 2. Isotopic composition of the major water sources in the studied region and at closest
GNIP stations.

18 2
Station Ssi::fcl: nl Data Source %ogM?)’W %DSSM%W ey, %o
Pechora Rain (VIII) 7/3 [44] —12.09 £ 1.76 —80.3 +£25.0 111+ 8.6
Rain (IX) 7/3 [44] —12.97 +£2.10 —87.0 +£20.0 8.7 +35
Salekhard Rain (VIII) 5 [44] —13.18 £ 0.68 —100.1 £ 6.0 54+3.0
Rain (IX) 5 [44] —13.35 £ 1.71 —102.4 +£11.1 45+4.0
Khanovey Rain (IX) 1 This work —-14.7 —105 12.3
Bog 1 “ —12.72 —92.89 8.9
Groundwater 1 “ —15.8 —110 16.1
Hollows 6 “ —11.46 £ 0.84 —83.53 £+ 2.62 8.14 +49
Lake 1 “ -10.3 —82.9 -0.7
River/stream 20 “ —12.61 £0.33 —86.48 £+ 3.04 144 £33
Soil pits 4 “ —13.33 £1.40 —9491 £9.21 11.7 £ 44

! 1 is number of samples; where separated by a slash, first value refers to number of 580 samples, second value,

to the number of §*H and d-excess values.

The local meteoric water line (LMWL), plotted using all data except the most enriched
samples subject to evaporative loss, is close to the global one (GMWL) and plots slightly
above GMWL (Figure 3). The LMWL equation is

§?H =7.65 x 680 + 9.8 (%), (1)

The single precipitation event during the field campaign occurred on 10 September
2017 and was sampled in Vorkuta city (N 67°28.92’, E 64°01.48'), about 30 km to the north-
east from the Khanovey study site. It shows a more depleted isotopic signature compared
to long-term September averages for Pechora (Table 2), and a relatively high d-excess value,
evidencing significant kinetic fractionation and distant moisture sources.

The local evaporation line (Figure 3) is drawn through a rain sample point at the
bottom left of the plot, and across the field of points corresponding to samples with a high
degree of evaporative loss. An evaporation effect is clear in a thermokarst lake sample
that has a negative d-excess value and isotopically enriched composition, as well as in
several samples from microtopographical hollows, where the d-excess was low positive
(Table 2). The slope of the local evaporation line is around 5.0, when connecting rainfall to
the highly enriched thermokarst lake point, and around 6.2 when only hollows and soil
pits are considered; the averaged evaporation line, shown on Figure 3, yields a slope of 5.7.
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Figure 3. Local meteoric water line for water samples, collected in the Khanovey study area, in
relation to the global MWL and the potential evaporation line.

The isotopic composition of sampled rivers and streams departs significantly from the
GMWL toward higher d-excess and §'30 (Table 2 and Figure 3) and plots uniformly above
the other end member points on the d-excess—5'%0 diagram (Figure 4), evidencing various
degrees of water fractionation in surface and shallow subsurface compartments [23]. It
is presumably closer to the average isotopic composition of July and August rains, in
accordance with the lower relative humidity of these summer months.
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Figure 4. The d-excess—5'80 diagram of sampled water bodies in the Khanovey study site.

Below the point cloud comprised mostly of surface waters, two separate end members
are plotted in the opposite corners of the d-excess—5'80 diagram (Figure 4). In the top
left corner, a single sample of deep subpermafrost groundwater is plotted, depleted in
heavy 80 isotope, with high d-excess and isotopic signature consistent with that of a
confined groundwater aquifer [45]. In the bottom right corner, samples that have undergone
substantial evaporative loss are plotted, as discussed above, including the lake and several
hollows (Figure 4).
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4.2. Dissolved Organic Carbon

The DOC concentration measured at the Khanovey study site, is relatively low, aver-
aging 10.4 £ 5 mg/L across the dataset. However, it is highly variable across water body
types (Figure 5). In general, the highest DOC content is observed in standing water, i.e.,
bogs and hollows, whilst it is significantly lower in streams and rivers. The most variable
DOC content was in hollows, while for other compartments it was more stable.
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Figure 5. The dissolved organic carbon (DOC) concentrations across different water bodies in the
Khanovey region.

4.3. Electric Resistivity Tomography (ERT)

The ERT surveys show a highly diverse distribution of high- and low-resistivity
grounds in the studied sections (Figure 6), in most cases correlating closely with the
hydrographic network’s features.

L L L 1§ Iesjosjes) jJosimmyesies] § § | |
.0 2 741 202 549 1496 4072 11086
Resistivity in ohm.m

7s.0' N I I 0 [ [ I [ ) [ ) .
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Figure 6. Electrical resistivity tomography profiles across the transects T1 (top) and T2 (bottom), Figure 1c for geographical
reference. Vertical axis is altitude, in m a.s.1.; the lateral distance from the starting point, in m, is given along the profile.

Geophysical evidence suggests a relatively thick and steady permafrost, exceeding
30 m, persisting under raised non-dissected tundra patches and peat plateaus; a shallow
and thin permafrost under a recent mire on the left side of T1 transect (see Figures 1c and 6);
and open taliks under bogs, fens, or hummocky depressions. In all cases, the talik walls are
subvertical, with thaw bulbs slightly expanding downward. This underscores the vulnera-
bility of contemporary permafrost and also suggests significant groundwater circulation in
the talik zones [29].
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5. Discussion
5.1. Hydrological Connectivity at a Catchment Scale
The available data on water stable isotopes and their variability, presented in Table 2

and Figure 7, allow a generalized description of hydrological connectivity at a scale of a
minor water track catchment.
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Figure 7. Boxplots of stable water isotope and d-excess values in the water track catchment in the
Khanovey study site; median, 25%, and 75% probability of exceedance shown as bars, highest and
lowest as whiskers, and outliers as separate points (see also Table 2).

Elevated tundra patches underlain by sandy loams were detached from the hydrologi-
cal system at the time of observations. The upper part of their soil profile, above 0.6-0.9 m,
was unsaturated. The saturated zone groundwater was sampled in a soil pit and had
5180 = —10.55%0, 62H = —81.52%0, and dex = 2.9%o (Figure 4), showing signs of evapo-
rative loss and representing the isotopically heavier precipitation of preceding summer
months. Other soil pits were opened in the water track and secondary drainage network
thalwegs and contained water, intermediate between sampled September rainfall and
stream/river water, with 5180 = —13.3%o ... —13.4%,, °H = —89.9%, ... —95.2%0, and
dex =9.9%o ... 13.1%o. One soil pit sample appeared close to the subpermafrost groundwa-
ter, potentially evidencing upward groundwater migration and discharge through the talik
zones. This will be discussed in Section 5.4 in more detail.

On the tundra surface, multiple hollows were sampled, which were expected to
show signs of evaporative loss. Biological fractionation from photosynthetic plant and
algae activity and preferential evaporation of lighter oxygen isotope '°O could potentially
result in enrichment in heavy oxygen isotope, but this process is not expected to play an
important role in late autumn, when the plants are in the end of their annual lifecycle.
Surprisingly, only three out of six sampled hollows were evaporative basins, with mean
3180 = —10.6%0 + 0.6%0 and deyx = 3.23%0 + 0.39%.. The other three hollows contained
water that was isotopically similar to stream and river water, with 8180 = —12.4%0 4 0.4%o,
82H = —87.1%0 £ 5.1%0, and dex = 11.7%0 £ 3%o, assuming their direct connection to
shallow subsurface groundwater and the water track stream. This connection can be
assured by the transmissivity feedback effect [46], occurring widely in the organic topsoil
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outside the elevated tundra patches on better drained soils. Heavily silted and clayey soils,
observed locally in the catchment, are saturated and highly thixotropic. At rest, a stiffened
thixotropic layer is expected to show barrier functions for water migration [47], barring
water infiltration, leading to quick saturation of the overlying soil, and initiating rapid
water drainage through the organic topsoil.

Multiple open-surface bogs in the drainage network depressions exist in the region,
and one of them was sampled for water stable isotopes. This water object shows an isotopic
signature intermediate between the hollows and the closest water track stream, which is
consistent with the local buffer role of such bogs on the microscale slopes [48], transforming
pluvial runoff and isotopic signal and conveying it to streamflow.

5.2. Temporal Evolution of Water Isotopic Composition

Paired samples were taken in the Vorkuta River and at the water track mouth to
follow the coevolution of their isotopic composition (Figure 8). In the major stream, the
Vorkuta River, it was gradually shifting toward lighter §'%0 and §2H values, reflecting
the autumn flow recession and increasing groundwater input and also a potential change
in rainwater isotopic signature (Figure 8a,b). No similar variation in 5§80 values was
observed in the water track stream, but at the same time, a progressive depletion in §°H
was recorded (Figure 8c).
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Figure 8. Temporal evolution of isotopic composition (a,c), d-excess and dissolved organic carbon
(DOC) concentrations (b,d) in the Vorkuta River (a,b) and the water track (c,d). Numbers denote
changes in variables shown (1) on the left axis and (2) on the right axis of each graph.

Deuterium excess values were highly variable with time in the Vorkuta River, jumping
from 12%o to 18%. over the time span of several days (Figure 8b). Runoff inputs from
sources adjacent to the observation point were responsible for the first peak, which co-
incided with the same d-excess peak in the water track stream (Figure 8d), while more
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distant sources could potentially contribute to the second peak. The Vorkuta River has
a large basin, around 4000 km? at the sampling site, and smoother variations in water
chemistry are expected. However, the water isotopic signal of the river could be reset by
human activities upstream, i.e., the dam of the Heat Production Station No. 2 upstream
of Vorkuta, where the flow is almost ceasing during low-flow periods. In this case, our
samples reflect the changes in the isotopic composition of major Vorkuta River tributaries,
including Ayach-Yaga River and Yun’-Yaga River, as well as numerous minor tributaries
and water tracks. The low temporal resolution of the survey may add to the lack of smooth
variations on the graph.

A DOC peaks follows the d-excess peak with a three-day lag in the water track stream
(Figure 8d). The origin of these peaks is unclear, as is their causal relation. We may
hypothesize that the d-excess peak at a small catchment scale could have been produced
by rain events, when first, pre-event water yielding high d-excess values is pushed from
the water storage within the catchment. The DOC-rich event waters from the subsurface
compartment reach the fluvial network several days later, inducing hysteretic behavior of
DOC, when its values are lower on the rising limb and higher on the falling limb of the
stormflow hydrograph [49].

This effect is significantly better expressed and occurs twice in the larger Vorkuta
River runoff most probably because its large catchment effectively integrates hydrological
signals from numerous rain events in its different parts. It is important to note that the
d-excess variability during the peak is comparable in the small water track and in the larger
Vorkuta River, while the DOC increase is significantly higher in the smaller stream.

5.3. DOC Export from the Catchment

The DOC concentrations are relatively low and only slightly vary within each water
object type, except the small water track stream (Figure 5). Its variability in pits and
hollows follows the variability detected in the isotopic signature. The hollows subject to
evaporative loss and disconnected from subsurface flow (Figure 4), also yielded lower DOC
values, 11.8 &= 1.7 mg/L on average. The pits and hollows connected to fast subsurface
flow had DOC concentrations about 50% higher than disconnected ones (17.5 = 5.3 mg/L),
showing the important role they play in the DOC lateral fluxes. Lower DOC content in
disconnected hollows may reflect multiple processes, from photodegradation to aerobic
microbial degradation, with complex interaction between them [50].

The water track stream discharge is estimated to vary between 2 and 4 L/s, this
estimate is based on occasional hydrologic observations from previous years, performed
around the same dates in early September and in comparable weather conditions. Using the
average DOC concentration in the water track, 9.45 mg/L, and an average daily discharge
of around 3 L/s, the daily DOC export from the water track catchment for an average day
in late autumn equals 2.4 kg/km?.

5.4. Subpermafrost Groundwater Input

An 80 m deep artesian well sampled during the course of the study intercepts sub-
permafrost groundwater with a distinct isotopic signature (Table 2, Figure 4). Isotopically
similar water, highly depleted in 130 (8180 = —15.8%0) and with d-excess above 15%., was
sampled from a soil pit near the borehole located in a water track thalweg, between 48
and 72 m from the start point of the ERT T2 profile (see Figures 1c and 6 for reference).
This soil pit exposed sandy loams down to 0.9 m and, when opened, remained almost
dry for 2 to 3 h, until the water level at the pit slowly settled at a 0.6 m depth from the
surface. The water source in this soil pit, located in the topographical depression can be
either from the surrounding elevated tundra patches or from the subsurface compartment,
including intra- and subpermafrost groundwater. The ERT data suggests the existence of a
thin relict permafrost layer, underlain by non-frozen ground and interrupted by subvertical
talik zones. We suppose that water observed in this soil pit originates from the deep
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groundwater aquifer, close in isotopic composition to the groundwater from the artesian
well (see Table 2).

The elevated tundra patches are shown to yield significantly isotopically heavier
water, and we cannot propose any viable mixing mechanism or end member that could
change the isotopic composition of this water in a way that brings it close to the discussed
soil pit water. The occasional evaporation of the water sample during storage would lead
to heavier isotopic composition of this sample, and not a depleted one, so this possibility
can also be ruled out. From this, we can conclude that, even if the single sample is not an
entirely convincing evidence, when combined with geophysical data, it is highly likely that
there exists an important connection between shallow subsurface groundwater in water
track valleys with deeper groundwater aquifers through upward water migration.

5.5. Water Tracks: Current and Future Development

Water track are widespread periglacial features of the Russian Arctic, and they dom-
inate the slope topography in studied region of north-European Arctic Russia. Unlike
Western Siberia and north-eastern Russia, the water track drainage network is highly devel-
oped, with deeply incised water track valleys overgrown by willows, and intertrack areas
with a polygonally shaped secondary drainage network resembling thermokarst-related
patterns of permafrost degradation.

Hydrological connectivity in the water track landscape controls surface and subsur-
face water fluxes and is, as such, an important ecohydrological factor of the vegetation
community structure. Linear thermokarst features of the Bylot Island, Nunavut, were
recently reported to control tundra landscapes by promoting the transition from wet to
mesic tundra vegetation in areas adjacent to thermo-erosional gullies [51]. At the Khanovey
study site, and generally in the north-European Arctic Russia, water tracks appear to play
a comparable role, sustaining drier habitats on the tops of elevated tundra patches and
moist habitats in the water track thalwegs.

Contemporary climate in the Khanovey region is capable of maintaining wet tundra
habitats, as evidenced by the abundance of fens in the water track channels on the inter-
fluves of major rivers of the studied region, at slope summits, shoulders, and partially
on backslopes. At these positions, slope steepness is insufficient to rapidly convey water
downslope even through water tracks, which leads to the persistent waterlogging of such
locations. At footslope positions with steeper slopes, water tracks are increasingly efficient
to drain the adjacent tundra. Surface subsidence accompanied by permafrost degradation
(linear thermokarst) increases the local height difference between the elevated tundra
patches and the water track thalwegs and enhances drainage of these patches. As a result,
the intertrack elevated tundra hosts mostly xeric communities, with dwarf shrubs and
ericaceous species, i.e., red bearberry, crowberry, Labrador tea, and dwarf birch. Water
tracks lower the groundwater table and drain the surrounding tundra effectively enough
to maintain xeric habitats.

The water track network in the study site and adjacent territories is still developing,
both vertically and laterally. The studied water track valley (Figure 1c) is supposedly
freshly incised, because its longitudinal profile is not in equilibrium and hosts several
waterfalls, up to ca. 1.5 m high. The evolution of the drainage network at the intertrack
surface continues. The dominant local slope is directed toward the water track valley,
rather than toward the base level of the Vorkuta River. Because of this, we observe the
development of new linear depressions on the left side of the water track valley, with depth
between 0.15 and 0.30 m, associated with terrain highly disturbed by hummocks.

Climate change is expected to alter the functioning of the water track system of the
region, but the direction of future change is unclear. Permafrost degradation is expected to
promote the gradual lateral thawing of elevated tundra patches now frozen [52]. Visual
inspection of satellite imagery shows that there is significant difference between water
track networks on the south- and north-facing slopes; hence, increasing insolation and
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air temperature in the future climate are expected to produce a significant geomorphic re-
sponse.

6. Conclusions

The hydrological snapshot of a small tundra catchment in North-European Russia
provides several insights into the hydrological connectivity within its limits. Elevated
tundra patches appear to be disconnected from the stream, while the slopes and the riparian
zone contribute actively, though locally, to the stream runoff. Minor hollows are found to
be either connected to the shallow subsurface runoff or disconnected from it. The difference
in connectivity is traceable via d-excess; the disconnected hollows act as evaporative basins
and have lower d-excess values. The connected hollows also serve as important DOC flux
conveyors, with DOC concentrations up to 50% higher than in disconnected hollows.
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Abstract: The highest part of the Nera River basin (Central Italy) hosts significant water resources
for drinking, hydroelectric, and aquaculture purposes. The river is fed by fractured large carbonate
aquifers interconnected by Jurassic and Quaternary normal faults in an area characterized by high
seismicity. The 30 October 2016, seismic sequence in Central Italy produced an abrupt increase in river
discharge, which lasted for several months. The analysis of the recession curves well documented
the processes occurring within the basal aquifer feeding the Nera River. In detail, a straight line has
described the river discharge during the two years after the 2016 seismic sequence, indicating that a
turbulent flow characterized the emptying process of the hydrogeological system. A permeability
enhancement of the aquifer feeding the Nera River—due to cleaning of fractures and the co-seismic
fracturing in the recharge area—coupled with an increase in groundwater flow velocity can explain
this process. The most recent recession curves (2019 and 2020 periods) fit very well with the pre-
seismic ones, indicating that after two years from the mainshock, the recession process recovered to
the same pre-earthquake conditions (laminar flow). This behavior makes the hydrogeological system
less vulnerable to prolonged droughts, the frequency and length of which are increasingly affecting
the Apennine area of Central Italy.

Keywords: groundwater; Nera River; carbonate aquifer; recession curves; seismic sequence

1. Introduction

The interaction between groundwater (GW) and surface water (SW) influences river
water quantity and quality. The understanding of the processes and dynamics of GW-
SW interactions are fundamental for the accurate assessment, integrated management,
and environmental protection of water resources [1-5]. Although the anthropic pressure
on many river basins is increasing [6], climate change is negatively impacting the river
discharge, especially in regions characterized by a reduction of snow and rainfall during
the recharge periods [7].

The Nera River in Central Italy represents a hydrogeological system where SWs are
mainly provided by GWs, thanks to a set of permanent linear springs, the water of which
comes from large fractured and karstified basal carbonate aquifers [8-11]. Aquifers hosted
in the upper part of the Nera River supply water to a multipurpose system (drinking water,
hydropower energy production, and fish farming). The study area is located in a region
affected by a decrease in rainfall during the recharge period, which occurs from autumn
to early spring [12-17]. A recent review of rainfall trends published by Caporali et al. [18]
reveals a more pronounced negative trend in winter periods in Central Italy than in
Northern Italy. This general trend is coupled with the increase in length and frequency of
drought periods in the last two decades [15,19,20]. Moreover, as reported by Diodato and
Bellocchi [21], the number of snowy days declined in peninsular Italy from the end of the
Little Ice Age (LIA) and, markedly, after the 1940s. Since snowmelt and rainfall affects the
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groundwater recharge, river and spring discharges increasingly suffer from the reduction
of these two fundamental components.

Considering the high seismicity of the Apennine ridge of Central Italy, locally GW-
SW interaction can change due to co-seismic effects produced by earthquakes. The 2016
seismic sequence in Central Italy deeply affected the GW circulation, the changes of
which had implications for the management of water resources [22-26]. In general, the
seismic sequence induced changes to aquifer permeability and pore water pressure, with
consequent variations of hydraulic gradient, which in a few months or years, tend to
recover to close to what they were before the earthquake, producing transient effects on
river discharge [27,28]. Rojstaczer et al. [29] highlighted that changes in the river regime
can persist over time, indicating that the GW circulation feeding the river is changed;
i.e., earthquakes can breach the seals between neighboring compartmented aquifers [30].
Aquifer breaching allows water mixing, which can be faster than other mechanisms (e.g.,
release of deep-seated fluids) and the anomaly can be long or even permanent [31].

A pre-and post-earthquake river recession curves analysis can help understand
changes in the groundwater reservoir feeding rivers. Di Matteo et al. [24] reported that
the 2016 seismic sequence changed the recession processes of the Nera River discharge
recorded at the Visso gauge station. During the two years after the 2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>