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Abstract: Evaluating the microbial quality of irrigation water is essential for the prevention of
foodborne illnesses. Generic Escherichia coli (E. coli) is used as an indicator organism to estimate the
microbial quality of irrigation water. Monitoring E. coli concentrations in irrigation water sources is
commonly performed using water samples taken from a single depth. Vertical gradients of E. coli
concentrations are typically not measured or are ignored; however, E. coli concentrations in water
bodies can be expected to have horizontal and vertical gradients. The objective of this work was to
research 3D distributions of E. coli concentrations in an irrigation pond in Maryland and to estimate the
dynamics of E. coli concentrations at the water intake during the irrigation event using hydrodynamic
modeling in silico. The study pond is about 22 m wide and 200 m long, with an average depth of
1.5 m. Three transects sampled at 50-cm depth intervals, along with intensive nearshore sampling,
were used to develop the initial concentration distribution for the application of the environmental
fluid dynamic code (EFDC) model. An eight-hour irrigation event was simulated using on-site data on
the wind speed and direction. Substantial vertical and horizontal variations in E. coli concentrations
translated into temporally varying concentrations at the intake. Additional simulations showed that
the E. coli concentrations at the intake reflect the 3D distribution of E. coli in the limited pond section
close to the intake. The 3D sampling revealed E. coli concentration hot spots at different depths across
the pond. Measured and simulated 3D E. coli concentrations provide improved insights into the
expected microbial water quality of irrigation water compared with 1D or 2D representations of the
spatial variability of the indicator concentration.

Keywords: microbial water quality; irrigation; EFDC; 3D distribution; E. coli

1. Introduction

The microbial quality of irrigation water is a matter of public safety and concern. The World
Health Organization reported that an estimated 600 million people in the world suffer from diseases
after eating contaminated food every year [1]. The consumption of fresh produce has been increasingly
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viewed as a serious matter influencing food safety and health [2]. The microbial quality of irrigation
water is recognized as a substantial factor affecting the contamination of produce, including fresh fruits
and vegetables [3–5].

Generic Escherichia coli (E. coli) and enterococci are commonly used as fecal indicator
microorganisms for the determination of the microbial quality of irrigation water [6–8]. In the United
States, the US Food and Drug Administration (FDA) implements the Food Safety Modernization
Act (FSMA) to prevent the risk of foodborne disease [9]. As part of the FSMA, the Produce Safety
Rule sets standards on the microbiological quality of irrigation water. This rule proposes specific
standards of E. coli concentrations to evaluate the microbial water quality based on two calculated
values: the geometric mean (GM) and the statistical threshold value (STV). The STV is calculated as
an approximation of the 90th percentile of the water quality distribution and no more than 10% of
samples used to calculate the GM should exceed this value. Both the GM and STV are calculated using
20 grab samples collected over a 2 to 4-year period. Ponds, impoundments, and agricultural water
recovery basins are common sources of irrigation water [10].

The microbial quality of irrigation waters in the USA was essentially unknown until recently [3].
Since then, survey studies have been conducted in various regions of the United States, including
studies on farm ponds and agricultural reservoirs in New York State [11], Georgia [12–14], Florida [15],
Virginia [16], Mississippi [17], and California [17]. The majority of work was done by taking a single
sample from a single depth when sampling irrigation ponds or reservoirs. In many cases, the depth
was not reported. Where the sampling depth was recorded, it was either 20 cm [18] or 50 cm [13,14,16].
A depth of 1 m was also used to characterize the microbial water quality near the irrigation intake [12].

Taking more than one sample during a sampling event has been shown to result in a substantial
spatial variability of E. coli concentrations measured at the same depth across irrigation ponds.
Pahl et al. [19] took three samples across a pond on a biweekly and later weekly basis in the summer of
2009 and reported standard deviations of logarithms of E. coli concentrations between 0.25 and 0.5.
Pachepsky et al. [20] took surface samples in 34 locations across an irrigation pond on a biweekly
basis in the summer of 2016 and reported standard deviations of logarithms of E. coli concentrations
between 0.1 and 0.75. The latter authors also demonstrated that there was a spatial pattern in E. coli
concentrations during the summer months of June, July, and August, meaning that some areas in the
pond mostly had higher than average concentrations of E. coli and other areas mostly had lower than
average concentrations of E. coli.

The spatial variation of fecal indicator concentrations across a waterbody is commonly studied in
research on wastewater stabilization ponds [21–23]. In particular, it has been shown that considering
variations of microbial concentrations in three dimensions is beneficial for understanding the pond
efficiency [24]. Three-dimensional hydrodynamic modeling has been used to explain functions
of wastewater stabilization ponds, such as aerobic and anaerobic carbon and nutrient removal,
sedimentation and mixing, and algae growth, among others [25–27]. To the best of our knowledge,
no 3D information on the microbial water quality in irrigation ponds has been reported so far.

We hypothesized that information on the 3D distribution of E. coli concentrations in irrigation
ponds may be useful for explaining and predicting the temporal variation of the microbial quality of
water going to the fields. If irrigation water is taken at different times from different parts of a pond,
and the E. coli concentrations in these parts are different, then one can anticipate differences in the
irrigation water quality at different times during an irrigation event.

The objective of this work was to research the 3D distributions of E. coli concentrations in an
irrigation pond in Maryland and to estimate the dynamics of E. coli concentrations at the water intake
during irrigation events using hydrodynamic modeling.
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2. Methodology

2.1. Study Area

The study was carried out at an excavated pond located at the University of Maryland Wye
Research and Education Center (38◦54′59.2′′ N–76◦08′28.9′′ W). The pond is about 22 m wide and
200 m long, with an average depth of 1.5 m (Figure 1). The pond is surrounded by dense shrubs and
grasses, with a few small trees. There are agricultural supply storage facilities and a parking lot on
the eastern side of the pond. The crops around the pond receive chemical fertilizers in March and
animal manures are not applied. The water level in the pond between irrigation events is controlled
by precipitation, as well as by an ephemeral creek that enters through a culvert at the northern-end
inflow. This creek directs overland flow from the surrounding corn fields to the pond. The water level
is restricted by a water level-dependent orifice outflow drain that flows to a ponded marsh-like area
that drains into a small creek. The irrigation pipe is located in the pond interior and is indicated in
Figure 1. The irrigation water was drawn at a rate of 0.01 m3/s for durations ranging from 1 to 8 h.
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2.2. Data Acquisition

Water sampling was conducted between 12:15 and 13:30 on the 24 August 2017. All sampling
locations were geotagged with the handheld global positioning system (GPS) device (BE-2300; Bad
Elf, Tariffville, CT). Interior water samples were collected using the Mobile Sensing and Sampling
Hyper-Spectral Imaging Platform (MSSHIP, Figure S1). Samples were collected along three transects
of the pond, which encompassed the bottom, middle, and top portions (Figure 1). At each sampling
position, samples were collected at depth increments of 0.5 m (i.e., 0, 0.5, 1, and 1.5 m). Care was taken
to monitor the water depth at each sampling location so that interaction between the sampling pump
and the bottom sediments was avoided. For this reason, some locations only provided samples from as
deep as 0.5 m, while others provided samples collected to a depth of 1.5 m, which was the maximum
sampling depth employed in this experiment. Between each location and sampling depth, the water
pump was thoroughly flushed with pond water from the target depth of interest prior to collecting the
sample so as to minimize cross-contamination. Bank samples were collected every 20 m along the
perimeter of the pond with a 500-mL grab sampler. A total of 26 and 24 interior and bank samples were
collected, respectively. The bathymetry data were collected using a handheld digital depth sounder
(Vexilar LPS1, Minneapolis, MN). Approximately 200 depth sample points were collected in the pond.

Weather data were recorded at the Wye Research and Education Center
(38◦54′46.15′′ N–76◦09′06.75′′ W), which is less than 1 km from the study pond. The precipitation and
maximum/minimum temperature were recorded on an hourly basis, and the wind speed and direction
were recorded every 15 min. No rainfall occurred on the sampling date and the closest event consisted
of a 57 mm rainfall one week before the monitoring day. A temperature maximum and minimum of
26.4 and 17.0 ◦C, respectively, were recorded during sampling. The wind speed and direction were
1.9 m/s and northward for 12 h from 8:00 to 20:00 on the sampling date.

Membrane filtration was used to enumerate E. coli (EPA method 1603, US EPA, 2002).
Approximately 100 mL of sampled water was vacuum filtered through 0.45 um filters (Millipore Corp.,
Bedford, MA, USA), which were placed on modified mTEC agar plates (Difco, Sparks, MD, USA).
The plates were placed in a 37 ◦C incubator for 2 h and were then transferred to a 44.5 ◦C incubator for
22 h. After the incubation period, purple colonies were counted as E. coli.

3. Model and Simulation Setup

The environmental fluid dynamic code (EFDC), which was developed at the Virginia Institute of
Marine Science, is a comprehensive three-dimensional numerical model [28]. This model has been
successfully applied to a wide range of environmental studies simulating the variation of hydrodynamic
and water quality in lakes [29], rivers [30], estuaries [31], reservoirs [32], ponds [23–33], and wetlands.
Details of the EFDC have been documented by Hamrick [28]. In the EFDC model, fecal coliform
bacteria have no interaction with other state variables and only have a die-off term. The kinetic
equation is written as

∂(FCB)
∂t

= KFCB× TFCB(T−20)
× FCB +

WFCB
V

(1)

where FCB is the bacterial concentration (CFU per 100 mL), t is the time (day), KFCB is the first-order
die-off rate at 20 ◦C, TFCB is the effect of temperature on the decay of bacteria (◦C−1), WFCB represents
the external loads of fecal coliform bacteria (CFU per 100 mL m3 day−1), and V is the cell volume (m3).

The righthand side of Figure 1 shows the boundary and corresponding topography of the irrigation
pond. The water quality model was set by allocating 960 active cells in the horizontal plane and four
layers in the vertical direction. The average cell size was 4.5 m2.

The kinetic equation was approximated using the finite difference, with a five second time step
applied in each computational cell. The irrigation event was simulated by adding the negative
component of the water mass balance in the computational cell where the intake was located.
This component was equal to the intake rate multiplied by the time step. The interpolation was
performed with the EFDC explorer software interpolation routine that uses a Laplace equation filling
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technique [34]. A five second computational time step was used. Water extraction was simulated by
setting a constant sink value corresponding to the actual water extraction rate (i.e., 9.8 L s−1).

Four different E. coli concentration distribution scenarios were designed to examine the effectiveness
and necessity of 3D information in microbial water quality assessments in the irrigation pond (Figure 2).
The first scenario included data from the bank water samples and 3D interior water samples. The second
scenario was built using bank water samples and interior water samples taken at the minimal depth
(surface samples): the data obtained at the depth 0–15 cm were extrapolated down to the bottom
of the pond. The third scenario included the interpolation of nearshore data across the pond and
extrapolation of the results as constant values down to the bottom. The fourth scenario differed from
the third one by using interior samples instead of nearshore samples. Internal EFDC routines were
used for interpolation.
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Figure 2. Scenarios with the initial Escherichia coli concentration from different sources: (a) 3D sampling;
(b) surface layer data (both nearshore and interior) interpolated in 2D and extended over the whole
water column; (c) nearshore data interpolated in 2D over the surface layer and extended over the whole
water column; and (d) interior surface layer data interpolated in 2D and extended over the whole
water column.

A set of scenarios was set for the simulations to examine the temporal variation of the microbial
water quality at the intake, depending on the location of the intake pipe around the pond (Figure 3).
The scenarios of different intake locations were designed by moving the intake location at an interval
of about 16–25 m from the actual intake position shown in Figure 3. The hypothetical locations
corresponded to other sampling sites along the perimeter of the pond.

To assess the zone of influence of the intake pipe, five hypothetical spatial distributions of
initial concentrations of an inert tracer were assumed. Each of these distributions assumed a zero
concentration in the section of the pond that included the intake and a concentration equal to one in
the section that did not include the intake. The boundaries between the sections were set at locations 2,
5, 6, 7, 8, and 9 for the six scenarios, respectively.

E. coli concentrations were log-transformed prior to statistical analysis. Statistics were computed
using the Paleontological Statistics Software Program for education and data analysis (PAST) [35].
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Figure 3. Hypothetical irrigation water intake locations. Locations 1–10 correspond with the ten
hypothetical irrigation intake positions described in the text. Location 3 is the actual intake location.

4. Results

4.1. Spatial Variability of E. coli Concentrations

Figure 4 shows the lateral distributions of E. coli concentrations according to depth. A t-test
demonstrated that there was no significant difference between the average values of E. coli concentrations
near the shore and in the interior of the pond (p = 0.491). Lateral distributions of E. coli concentrations at
all depths showed higher concentrations in the southern part of the pond than the middle or northern
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part, except for at the 0.5 m depth. Concentrations of E. coli increased with an increasing depth.
The average concentrations of E. coli in the 0.5 and 1.0 m water depths were about 2 and 4 times higher,
respectively, than the average concentration at the surface (0 m). The average concentration at the
1.5 m water depth (bottom layer) was 101.7 CFU 100 mL−1, which was 21 times higher than that of the
surface water. An analysis of variance (ANOVA) on the E. coli values showed that the concentrations
significantly differed by water depth range (p < 0.001). Tukey’s pairwise testing showed that the 1.5 m
depth contained significantly higher concentrations than the 0 m (p < 0.001), 0.5 m (p < 0.001), and 1.0 m
(p = 0.043) depths. The 0 and 1.0 m depth ranges also significantly differed (p = 0.044), but comparisons
of other depth ranges were not statistically significant.
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Figure 4. Initial E. coli concentration at different depths interpolated from the 3D sampling data.
Concentrations at the surface (0 m), 0.5 m, 1 m, and 1.5 m depths are shown from left to right.

Figure 5 shows that the predictions of the temporal variation of the E. coli concentration in the
withdrawn water dependent on the different initial concentration distributions. The simulation results
based on the initial distribution using 3D information were substantially different from the simulation
results based on initial distributions using only surface water information. In the simulation involving
the actual location of the intake pipe (Figure 5. Panel 3), using the 3D dataset yielded an initial
concentration of pumped water of 27 CFU 100 mL−1 which slowly declined over the 8-h simulation.
Using the other three interpolation scenarios in this case all resulted in similar but lower results,
which consisted of roughly 5 CFU 100 mL−1 in the pumped water over the course of the simulation.

4.2. Simulations with Different Intake Locations

Figure 5 shows the temporal variation of E. coli in the withdrawn water for several irrigation
intake locations. Figure 5 panel 3 presents the change in E. coli concentrations of irrigation water taken
at the actual pumping location. The other panels represent the change in E. coli concentrations when the
location of the irrigation pipe is moved upwards along the pond according to the hypothetical locations
presented in Figure 3. Simulations involving the 3D data distributions resulted in consistently higher
E. coli concentrations than the 1or 2D information distributions in all proposed locations. This was
particularly true for locations 1–7; however, locations 8–10 contained the smallest differences between
scenarios of initial concentration interpolation. Placing the irrigation pipe at location 10 resulted in the
most similar result across scenarios.
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Figure 5. E. coli concentrations in irrigation water in different irrigation pipe locations under four initial
E. coli concentration distribution scenarios: •, 3D sampling data; #, 2D data from surface samples
extended to the bottom; H, 2D data from nearshore samples extended to the bottom; and ∆, 2D data
from interior samples extended to the bottom. Panels 1–10 correspond to the hypothetical irrigation
intake locations displayed in Figure 3.

4.3. Assessment of the Zone of Influence for the Intake

Figure 6a shows the results of setting the boundaries between sections with the tracer being
present and absent at different locations within the pond. Figure 6b shows the simulated dynamics
of the tracer at the actual intake location, depending on the different microbial contaminated area
boundaries under an actual wind direction condition. Scenarios with the boundary between sections
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at locations 5 to 8 indicated an increase in the E. coli concentration during the irrigation event. On the
other hand, scenarios with boundaries between sections at locations 2 and 9 maintained a stable
concentration during the entire irrigation event time of 8 h. Figure 6c shows the variations of the tracer
concentration in the withdrawn water with the wind blowing in the opposite direction to the observed
direction. The scenarios with the boundary between sections at locations 2, 5, and 6 demonstrated
variation of the E. coli concentration during the irrigation event. The other scenarios maintained a zero
tracer concentration during the entire 8-h event.
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Figure 6. Tracer distributions and simulation results in scenarios designed to evaluate the zone of
influence of the intake. Panel (a) shows the boundaries between pond sections with the tracer present
(red) and absent (blue). Panel (b) shows the simulated concentrations of the tracer withdrawn from the
pond at different intake locations over the 8-hour irrigation event. Panel (c) displays the same scenario
as in (b) except with the opposite wind direction.

5. Discussion

Both vertical and lateral changes in E. coli concentrations were found across the pond (Figure 4).
The lateral variations at the 0 to 15 cm depth range were demonstrated for this pond in earlier
reports [20,36]. In these works, the southern part of the pond had concentrations that were persistently
higher than other parts of the pond over the summers of 2016 and 2017. The hypothesis was that this
hotspot was formed due to the proximity to a residential property equipped with a septic system,
as well as the presence of domesticated pets [36]. Vertical gradients of E. coli concentrations were
well-pronounced in some parts of the pond. A possible reason for gradient formation is the effect
of UV radiation. Maraccini et al. [37] observed that a stronger UVB intensity significantly increased
the inactivation rate constants of E. coli in an unmixed natural freshwater marsh, a brackish water
lagoon, and a marine site. The absorbance of UVB and inactivation rates of E. coli likely decreased with
depth in this work, thus creating conditions for the formation of vertical gradients of concentrations.
The elevated levels of E. coli in the southern part of the pond may also be the result of the increased
shading that this region receives relative to the middle and northern parts throughout the day.
The amount of particulate matter present in the pond would have also likely influenced both the
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vertical and lateral concentrations of E. coli, since it has been shown that particulate and dissolved
organic matter may attenuate UV penetration and shield bacteria in water [38]. Future work may want
to investigate the results of simulations when both organic matter and UV radiation measurements are
collected and used as model inputs.

The temporal variation of E. coli concentrations in the withdrawn water based on 3D information
had significantly different patterns compared with results based on three different 2D information
scenarios (Figure 2). Under the conditions interpolated using the 3D dataset, E. coli concentrations
of the intake water were high because of vertical gradients that were detected during sampling.
All three scenarios assuming a constant concentration across the depth range gave an estimated E. coli
withdrawal concentration that was five times lower than that of the scenario using the 3D information.
Therefore, it may not be sufficient to characterize the microbial quality of irrigation water based
on E. coli concentrations measured in samples taken close to the pond water surface. Additionally,
such characterization may mask the possibility that the microbial quality of irrigation water exceeds
permitted thresholds when vertical concentration gradients are formed between rainfall periods.

Changing the intake location substantially changed the simulated E. coli concentrations and
dynamics in the extracted water (Figure 5). The simulated E. coli concentration in the extracted water
based on 3D information demonstrated higher concentrations than the results of 2D information during
irrigation events up to location 9 due to the vertical gradient of E. coli concentrations present in the
pond. With water uptake at location 10, no difference was found in the results obtained between 3D
information and 2D information. Therefore, if the location of the irrigation pipe is moved to location 10
in the studied pond, then the microbial quality of the extracted water may be improved both initially
and throughout the course of a multi-hour irrigation event.

The 3D sampling information helps to more realistically predict the temporal variation of the
E. coli concentration in the extracted water compared to using 2D survey information. However,
3D surveys have disadvantages in terms of time, costs, and labor compared with 1D survey tasks.
Therefore, reducing the area in which a 3D survey is performed would alleviate these disadvantages
while maintaining a high prediction accuracy of the microbial quality in the extracted water. We have
confirmed that the northern-most area from location 9 and the southern-most area from location 2 do
not affect the temporal variation of E. coli concentrations in the extracted water taken from location
3 under actual wind direction conditions (Figure 3). The 3D survey information from location 9 to
location 2 is sufficient to accurately predict the microbial quality in the extracted water. Furthermore,
the decreased survey area will contribute to reducing the time, costs, and labor for subsequent 3D
surveys. The results on the selection of the survey area are obviously pond shape-specific. Simulations
can be helpful in selecting the parts of a pond that should be researched in a 3D survey.

To examine the impact of the wind direction on the spread of E. coli in the studied pond,
we compared the intake influence zones which were estimated under the actual wind direction, as well
as the opposite wind direction (Figure 6). The survey area was considerably reduced as the wind
direction changed from a northerly wind direction to a southerly wind direction (data not shown).
The northerly wind encourages more movement of the microbially contaminated water from the upper
area to lower areas. Otherwise, the southern wind disturbs the movement from the northern area to
the southern area. The wind direction and speed have dramatically influenced water circulation and
the spread of microbial contamination in various bodies of surface water [39–41]. Sokolova et al. [42]
concluded that the microbial contamination from different sources was transported faster or slower
to the water intake, depending on the wind speed and direction. Therefore, these simulations
demonstrated that the wind direction should be considered when designing a 3D survey area.

We realize that our simulations with a constant inactivation rate only present a first approximation
of the fate and transport of E. coli in the pond during irrigation. A decrease in the inactivation rate
with depth is expected [37]. However, the differences between the inactivation rates at different depths
will support and may increase the vertical gradients and possibly lateral variation of concentrations.
Quantifying the effect of E. coli survival variation in space and time on the variation of the microbial
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quality of the extracted water presents an interesting research avenue. Future work should also
investigate the applicability of the EFDC model for irrigation water sources of different shapes, sizes,
and types (such as streams, rivers, or canals). Validating the model by sampling the withdrawn
water and pond water over time would also be an interesting venture, but would require intensive
3D sampling, which would be time-consuming and costly. Additionally, the simulation scenarios
presented in this work are just a few of many possible ways to configure the model and simulate the
irrigation event. Therefore, we encourage future researchers to experiment with differing sample sizes,
sampling depths, interpolation methods, wind patterns, and locations of irrigation withdrawal. Finally,
it would be interesting to incorporate other measured water quality variables into the model to assess
their dynamics during an irrigation event and examine whether levels of other water quality parameters
such as dissolved oxygen or pH influence the concentrations of E. coli in the withdrawn water.

The results of this work indicate that sampling irrigation water in the field should not be done
once. The spatial variability of the microbial concentrations in the water source translates to the
temporal variation of concentrations in the irrigation water reaching the field. The variation of the
microbial water quality in the field over time will indicate that there is a spatial variability of the
indicator concentrations in the water source. Understanding the reasons for this variability may lead
to management actions that will improve the quality of the irrigation water from the source.

6. Conclusions

Through simulations using the EFDC model, we were able to estimate the temporal dynamics of
E. coli concentrations based on hydrodynamic information, such as inflow and outflow rates, and mixing
due to wind. E. coli concentrations were measured at depth increments of 0.5 m in the interior area
and at the water surface along the bank of an irrigation pond. Albeit small, the studied pond is
not a homogeneous body of water. Both vertical and lateral changes in E. coli concentrations were
observed across the pond. Modeling confirmed that the initial 3D distribution of E. coli concentrations
significantly influenced the dynamics of the E. coli concentration in extracted water going to the field.
The simulation study confirmed that changing the intake location can change the microbial quality of
the extracted water. Moreover, simulations can be helpful in defining the pond sections for which to
collect 3D data. The delineation of this section must be done for different realistic wind conditions that
may have significant effects on the E. coli transport in the pond. The 3D spatial distributions of E. coli
in irrigation ponds appear to be an underestimated factor which may influence the microbial quality of
water by creating substantial temporal variations. Hydrodynamic modeling can be a useful tool for
improving microbial water quality monitoring strategies by considering site-specific environmental
characteristics of irrigation water sources.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/6/1708/s1,
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