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each pulse affecting Br~ and bacteria transport fate. Bacteria attachment was the dominant retention mechanism
in both soils in these conditions. Notably, the 82.4 min~! attachment rate in wettable soil was almost 10x greater
than in the water-repellent soil and it governed optimization of bacteria die-off. Physicochemical detachment
and physical release unraveled the effect of bacteria size and hydrophobicity interacting with soil wettability.
The smaller and hydrophobic R. erythropolis detached more easily while hydrophilic E. coli released; the rates
were enhanced by soil water repellency. Further research is needed to reveal the effects of surface wettability
properties on bacteria survival especially at the nanoscale.

1. Introduction

Climate change and global warming associated with rising temper-
atures, declining rainfall or erratically distributed precipitation have led
to increased drought conditions that alter soil properties (Bachmann
et al., 2021; Sepehrnia and Bachmann, 2022). On drying, wettable soils
can change to water-repellent soils due to presence of hydrophobic
materials (e.g., mainly originated from organic matters), resulting in
increased runoff, groundwater contamination, accelerated soil erosion,
and adverse effects on agricultural production (Hewelke et al., 2022;
Sepehrnia et al., 2018b). These unexpected meteorological and hydro-
logical events undoubtedly affect the colonization, survival, and
persistence of bacteria - including pathogens - in soil and water bodies
(Hellberg and Chu, 2016). The fate of bacteria thus depends on a range
of physical, chemical, biological, and hydrological conditions in the soil
(Bai et al., 2016, 2017, 2023).

Soil water repellency (SWR) affects accessibility and attachment of
bacteria to soil particle surfaces, due to localized flow rates, patchy
wetting, and interfacial interactions between water and soil particles
(Goebel et al., 2013; Goebel et al., 2011; Sepehrnia et al., 2019;
Sepehrnia et al., 2018b). Soil water repellency reduces the water film
thickness on particles, restricting access by microbes and plant roots to
water and nutrients. This affects biological activities and the fate of
bacteria (Braun et al., 2010; Goebel et al., 2013; Goebel et al., 2011).
The alterations in the bio-physicochemical features of soil due to SWR
can affect bacterial transport, a critical factor in soil and water
contamination (Sepehrnia et al., 2023; Sepehrnia et al., 2018a). Soil
water repellency has a significant effect on water flow and can change
transient water content (Bachmann et al., 2007). This can release
attached or strained bacteria from film water and immobile water zones
due to sudden shifts in soil water content, water saturation, and water
film thickness temporally and spatially (Sepehrnia et al., 2023;
Sepehrnia et al., 2018b).

Clay content also plays a crucial role in the interactions between
microorganisms and soil due to its active physical and chemical prop-
erties, such as high adsorptive capacity, surface area, structure, water
retention, and cation exchange capacity (Fomina and Skorochod, 2020).
These properties, combined with bacterial properties, can be driving
factors influencing bacteria attachment and detachment and hence
mobility, especially when soils are dry. For instance, Pseudomonas putida
attaches to the clay fraction 4 and 62 times more than the silt and sand
fractions, respectively (Wu et al., 2011). Other research finds that
positively charged pyrophyllite clay, compared to neutral sand mate-
rials, has an effective role in removing negatively charged E. coli due to
the attachment of the bacteria (Kang et al., 2013).

Survival is a further important factor affecting bacteria transport and
fate. The mortality of bacteria and pathogens in soil is crucial to envi-
ronmental health, soil health, and ecosystem function, making it useful
to understand and manage bacterial die-off and survival. Variations in
soil conditions and moisture levels significantly influence bacterial
survival rates and community dynamics (Rodrigues and de Carvalho,
2019). For instance, the attachment of bacteria to soil particles helps
maintain their viability and reduce mortality rates, as particle-attached
bacteria generally exhibit lower decay rates than their free-living
counterparts (Nakhle et al., 2021). Moisture retention, influenced by
particle size distribution and organic matter content, emerges as a

particularly significant factor affecting bacterial persistence fate
(Alegbeleye and Sant'Ana, 2023). Wang et al. (2023) noted that osmotic
pressure differences can lead to cell dehydration, membrane damage,
and protein denaturation, ultimately resulting in the death of E. coli.
Wang et al. (2023) noted that soil texture and temperature are vital for
bacterial survival and persistence. Similarly, Ghosh (2023) found that
soil texture and macronutrients significantly affect E. coli survival in
agricultural soils, with E. coli showing greater survival rates in clay loam
than silt loam soil under nutrient-free conditions. Limoges et al. (2022)
further demonstrated that nitrogen availability, especially in organic
forms like urea and protein, is crucial for E. coli survival in nutrient-rich
environments. The attachment and thus survival of bacteria to soil
surfaces (considering their cell hydrophobicity and surface macromol-
ecules such as flagella) from very dry to moist conditions, can intricately
influence subsequent transport and retention (Sepehrnia et al., 2018a,
2019, 2023).

The subject of bacteria transport has received much attention in
unsaturated and saturated conditions either through experimental or
modeling studies (e.g., 40-100 % degree of saturation (Bradford et al.,
2015; Bradford et al., 2013; Sepehrnia et al., 2014; Torkzaban et al.,
2007). However, modeling data with regards to extremely low soil
moisture, particularly with respect to inherent soil properties such as
clay, silt, and sand contents and water repellency, has received less
attention in naturally wettable and water-repellent soils (Sepehrnia
et al., 2018a, b). It is commonly accepted that in dry conditions, most
soils exhibit some level of water repellency (Bachmann et al., 2021).

Systematic modeling studies using HYDRUS software in clean bed
porous media demonstrate the responses of wettable and water-
repellent sandy media for retaining bacteria from an initially dry soil
condition through to rewetting up to saturation (Sepehrnia et al., 2023;
Sepehrnia et al., 2018a). However, a knowledge gap remains for natu-
rally wettable and water-repellent soils which is addressed in this paper.
By extension, it is not clear how bacteria transport, retention and release
mechanisms change in natural soil systems under contrasting hydraulic
conditions ranging from extremely dry to very wet in the presence of
water repellency. Therefore, the main aims of this study were: i) to
determine the dominant mechanisms of bacterial transport and reten-
tion through dry wettable and water-repellent soils; ii) to evaluate the
performance of HYDRUS in predicting bacteria fate to distinguish the
magnitude of bacteria attachment and straining with regard to abrupt
changes in soil wettability.

2. Material and methods

The main experimental measurements and data are presented in
Sepehrnia et al. (2019) and the focus of the current study is to model
bacteria transport and fate using those experimental data. Notwith-
standing, for better illustration, we have summarized them as follows.

2.1. Bacteria and soil characterization
Suspensions of E. coli (hydrophilic, 2.05 pm) and R. erythropolis

(hydrophobic, 1.47 um) at 1.00 x 108 CFU mL ™! were prepared with pH
of 7.10 and electrical conductivity of 1.41 dS m ™.
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2.2. Soil columns

Wettable and water-repellent Haplic Cambisols (IUSS Working
Group WRB, 2022) were collected from a pasture in Shahrekord (32° 19'
16” N, 50° 46' 26” E), Iran. The wettable soil had a contact angle of 0°,
while the water-repellent soil had a contact angle of 120°. Soil samples
were characterized for texture, organic carbon, EC, pH, and cation ex-
change capacity (CEC) using routine procedures (Table 1). The wettable
soil had greater sand and silt content than the water-repellent soil, but
less clay, OC, and CEC (Table 1). Soil columns (18.2 cm height, 7 cm
diameter) were prepared by uniformly packing the soils to field bulk
densities of 1.2 g cm™2 (wettable) and 0.94 g cm™3 (water-repellent)
with porosities of 0.53 (+0.12) and 0.55 (4-0.10), respectively. Param-
eterization of soil hydraulic properties data given by Sepehrnia et al.
(2019) was performed according to Durner's bimodal hydraulic model
(Durner, 1994) (Table 2).

2.3. Leaching experiments

Leaching experiments involved two pulses (I and II) of bacterial
suspensions and bromide (Br™) injected into soil columns. The injection
of two influent pulses was to differentiate the main mechanisms of
bacteria transport, retention, and release under contrasting hydraulic
conditions. The first pulse included 1.00 x 10® CFU mL™! bacteria and
10 mM Br~ under saturated flow, with effluents collected to analyse
bacterial and Br concentrations. The second pulse followed with
identical concentrations, continuing leaching for six pore volumes.
Bacterial concentrations were determined via plate-counting on selec-
tive media (Guber et al., 2007), and Br~ concentrations were measured
using an ion-selective electrode (Sepehrnia et al., 2018b). The experi-
mental breakthrough curves data (from Sepehrnia et al. (2019)) are
shown by symbols in Figs. 1-4.

2.4. Mathematical modeling of bacteria and bromide transport

Extending from Sepehrnia et al. (2019), we conducted simulations of
the transport of bromide and bacteria in two stages: (i) simultaneous
simulation of two pulses together; (ii) separate predictions for dry and
wet pulses. For Br™, inverse optimizations were performed using the
Mobile Immobile Model (MIM) with non-equilibrium physical condition
for solute transport (Eqs. 1 and 2, e.g., Siminek and van Genuchten,
2008; Simiinek et al., 2003) implemented in HYDRUS-1D (version
4.16.0110) (PC Progress, Riverside, USA). The experimental data were
optimized to simulate Br~ dispersivity (1), saturated and immobile water
contents (05 and 6;,), saturated hydraulic conductivity (K;), and mass
transfer coefficient for Br~ exchange between mobile and immobile
liquid regions (a). Bromide was not excluded from the immobile regions
due to the dynamics of sand wettability and the initial dry conditions of
the columns and thus the exchange of Br~ between the mobile and
immobile regions (a # 0).

dCrn , Cin o°C 9Cp
Ong +Om=5p = OnDom (W) ~Onvnax M
0Cim
a ) @

where C is Br~ concentration in the soil solution [M L’3], tis time [T], v
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is pore water velocity [L T’l], D is dispersion coefficient 2T yiel-
ded from dispersivity (A, [L]) and apparent pore water velocity (D = Av)
[LT1. Subscriptions m and im refer to mobile and immobile water re-
gions. The predicted hydraulic characteristics were used to optimize
bacteria transport, retention, and release mechanisms. The Two Kinetics
Sites model (Eq. 3) was applied using HYDRUS-1D to model the process
(Simiéinek and van Genuchten, 2008).

oC dS 9dS,  0°C  oC
PR S S ®

where C [N. L.73] is the bacteria concentration in the aqueous phase,
where N, is the number of colloids), S is the soil mass related concen-
tration of attached bacteria [N, M’l], pp is the bulk density of the soil
M L’3], x is the distance in the vertical direction [L], and t is the time
[T]. The subscripts 1 and 2 refer to the two different kinetics sites,
respectively. The mass transfer between soil solution and both S; and S»

sites (Siminek and van Genuchten, 2008) is quantified using Eq. (4):

2o = PSS gy o S+ 00, @
where kg and kg, are the attachment and detachment rate coefficients,
respectively [T1], y, and y, are time- or depth-dependent parameters
describing bacteria deposition due to retention by the solid phases.
Adamczyk et al. (1983) suggested Langmuirian dynamics for y; to
explain blocking phenomena and Bradford et al. (2003) proposed a
depth-dependent blocking coefficient for straining process (i), thus a
flexible function to account for time- and depth-dependent bacteria
deposition behavior (Egs. 5 and 6, respectively).

s

v, =1 75 )
d. -’
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o
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In these equations, S is the solid phase concentration [N, M1, Smax
is the maximum solid phase concentration [N, M_l] of colloids on
sorption sites, d. is the mean diameter of sand particles [L], z is the
coordination location where the straining process begins, and § was
fixed at 0.43, as an empirical factor controlling the shape of the spatial
distribution [—], suggested by Bradford et al. (2003).

The Akaike criterion (AIC) (Hurvich, 1989) and the correlation co-
efficients (R?) (Willmott, 1982) are reported based on HYDRUS outputs
to showcase the fitting performance.

2 1
AIC = nln (@> o+ el D) ®)
n n—n,—1
> (P -0
RR=1-"1 ©®
> (01— 0y)°

where RSS is the residual sum of squares, n and n, are number of mea-
surements and model parameters, respectively, O;, P;, and O; respec-
tively represent the observed, predicted, and the average of either

Table 1
Physical and chemical properties of soil in this study.
Soil type Texture Sand Clay Silt pH EC oC CEC
(%) (%) (%) (dSm™) (g100g™ (Cmol. kg™
Wettable Silt loam 30.4 4.3 65.3 7.80 0.57 0.32 14.95
Water repellent Silt loam 10.4 17.5 72.0 7.30 1.218 4.93 36.52
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Table 2
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Optimized hydraulic properties of the wettable and water-repellent soil related to E. coli and R. erythropolis columns for simultaneous simulation of dry (Pulse I) and
wet infiltration (Pulse II) together. 0,: saturated water content, K;: saturated hydraulic conductivity, A: dispersivity, 0;,: immobile water content, a: mass transfer
coefficient for Br~ exchanged between mobile and immobile liquid regions. R? denotes the correlation between the observed Br~ breakthrough curves and the fitted
ones. AIC is the Akaike criterion. The figures in the parentheses represent the standard deviation.

K, 0y Oim a i R? AIC
(em min~1) (ecm® cm™%) (em® ecm™3) (min~1) (cm)
Wettable soil
E. coli 0.823 0.638 0.01 28.6 8.25 0.92 ~180.66
(40.08) (+0.06) (£0.07) (£7.7) (£0.51) (£0.01) (440.81)
R. erythropolis 0.897 0.688 0.01 11.2 10.2 0.89 -233.9
(40.02) (+£0.03) (+0.008) (+£3.87) (£5.01) (+0.008) (43.66)
Water-repellent soil
E. coli 0.63 0.78 0.35 79.67 24.68 0.91 -273.86
(40.06) (+0.04) (£0.04) (+£51.4) (£9.75) (£0.01) (458.03)
R. erythropolis 0.77 0.57 0.27 11.66 5.58 0.89 —247.4
(40.09) (£0.11) (£0.05) (£9.96) (£3.44) (£0.01) (+30.80)
o8 simultaneous simulation of the injected pulses together (Figs. 1 and 3);
) -E(a) (ii) separate predictions for either pulses (Figs. 2 and 4). These show the
hydraulic properties and Br~ transport were well-captured. The AIC
values ranged from —80.79 to —273.86 (Tables 2 and 3). By extension,
0618 for the wettable soil, modeling of the breakthrough curves (BTCs) of Br™
O BrE in the first pulse fit well to the experimental data, with a slight deviation
- -~ Br-E-Fitted in the second pulse around the second peak (Figs. 1a-b). In contrast, for
8 0.4+ 3 g::ll:-Fitted the water-repellent soil, the simulation of Br™ transport in each pulse

Time (min)

0.8
(b)
0.6 1
@ Br-E
--- Br-E-Fitted
o @® Br-R
S 049 — Br-R-Fitted

0 25 50 75 100 125 150 175 200 225
Time (min)

Fig. 1. Bromide (Br) breakthrough curves through (a) wettable (b) and water-
repellent soil columns optimized in simultaneous simulation of two pulses (0 to
225) for Escherichia coli (E) and Rhodococcus erythropolis (R) columns, respec-
tively. Symbols are experimental data from Sepehrnia et al. (2019). The bars
represent the standard deviation.

hydraulic properties or bacteria concentration.
3. Results
3.1. Soil hydraulic properties
Further analysis of Sepehrnia et al. (2019) showed that the bimodal
pore systems of the soil fit very well with Durner's model (Durner, 1994)

implemented in HYDRUS. In Figs. 1 to 4, two simulations of Br~ and
bacteria breakthrough curves using HYDRUS are shown: (i)

separately was more accurate than simulating both pulses together
(Fig. 2).

The optimized hydraulic properties of the soils packed in the col-
umns are also presented in Tables 2 and 3. The AIC and R? values
indicated satisfactory performance of the model. In the simultaneous
optimization of the data, the values of K; in the wettable soil were
slightly higher than the water-repellent counterpart, however, the 6;,
Oim, @, and 4 values were significantly higher for the water-repellent soil
than the wettable soil (Table 2).

There was agreement in simulations whether they separated or
grouped the dry and wet pulses (Tables 2 and 3). By extension, for either
pulse in the wettable soil, similar results were found for the values of K;
and 0 if compared with the first simulation (Table 3). This was also true
for the water-repellent soil with a slightly greater variation of K; values.
However, significant differences between the soils or the bacteria were
discovered from the values of 6;,, a, and A if the simulation of either
pulse were compared. By extension of the separate simulation, the re-
sults for the wettable soil showed that the values of Ks (e.g., 1.05 cm
min~') and Oim (0.14 cm® ecm—2) were estimated to be higher in the first
pulse compared to the second pulse (0.83 cm min~! and 0.001 cm®
cm ™). But the 6 values were simulated to be higher in the second pulse.
This trend was totally inversed for the parameters of the water-repellent
soil if the pulses were compared (Table 3).

The a and X values derived from the data of the hydrophilic E. coli
columns by HYDRUS were significantly smaller than the hydrophobic
R. erythropolis counterparts in the first pulse of the wettable soil. How-
ever, in the second pulse, there were no significant differences observed
between them if the wettable soil is still considered (Table 3). Interest-
ingly, an opposite trend, with a better contrast, was obtained for the
water-repellent soil so that higher values were obtained for the
R. erythropolis columns (Table 3). The 6, value was similar for both
E. coli and R. erythropolis columns (e.g., 0.37), however, it was reduced
in the second pulse (Table 3).

3.2. Modeling bacteria transport, retention and release

The data for bacteria were similarly modeled in both pulses together
and either pulse separately. Modeling of the bacteria BTCs was suc-
cessful for both soils (AIC: —161 to —233, R% 0.70 and 0.79) when the
two pulses were simultaneously simulated (Fig. 3a-d), but the simulation
of either pulse separately was only possible for the wettable soil (AIC:
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Fig. 2. Bromide (Br) breakthrough curves through (a and b) wettable (c and d) and water-repellent soil columns optimized in separate simulations of pulse I (i.e., 0 to
100 min) and pulse II (i.e., 100 to 225 min) for Escherichia coli (E) and Rhodococcus erythropolis (R) columns, respectively. Symbols are experimental data from

Sepehrnia et al. (2019). The bars represent the standard deviation.

—117 to —181, R% 0.48) (Fig. 4 a-d).

The results for the simultaneous modeling of two pulses are pre-
sented in Table 4. The values of Spqx, kait, and kg but not kger and krele
yielded for both bacteria were significantly higher in the wettable soil
compared to the water repellent soil (Table 4). The attachment of hy-
drophobic R. erythropolis (82.37 min ") to the wettable soil was higher
than hydrophilic E. coli (46.11 min ). However, the detachment of both
bacteria (0.09 and 0.20 min’l) and the physical retention (0.20 and
0.30 min 1) were roughly the same, while the physical release of E. coli
(0.01 min~!) was greater than that for R. erythropolis (0.002 min~ D).

Unlike the Br~ data, modeling the transport of bacteria for each pulse
individually was only possible for the wettable soil, as presented in
Table 5. There were significant differences between the pulses for bac-
teria transport, retention, and release. In the first pulse, the values of kg,
and kg, but not Spay kder and ke, were significantly higher than the
second pulse, values. For instance, the kg values in the first pulse for
E. coli was 7.51 min~! and R. erythropolis was 3.17 min ", while in the
second pulse, the values decreased to 0.42 min~! for E. coli and 1.5
min~! for R. erythropolis (Table 5). Similarly, the kg, coefficient for both
bacteria were higher than those in the second pulse. However, the Sy,
Kkget, and k. values depended on bacteria strain, with an opposite trend
if the two pulses were compared (Table 5). The values of kg and kge
coefficients and the values of S,,q, coefficient obtained from the simu-
lation of either pulse (Table 5) were smaller than their corresponding
values in the simultaneous modeling (Table 4). However, the values of
kst and kyp, coefficients showed the opposite trend, with higher values in
the separate modeling compared to simultaneous modeling (Tables 4
and 5).

4. Discussion
4.1. Changes of soil hydraulic properties

Building on the unique experimental results in Sepehrnia et al.
(2019), the modeling approaches in the current study clearly showed the
effect of the initial dry conditions and the dynamics of wettability of the
two soils. The higher K and smaller 6;,, values indicated greater water
infiltration and flux into the wettable soil while the opposite trend (i.e.,
smaller K and the higher 0, values) for the water-repellent soil illus-
trated the effects of water repellency (Dexter, 1988; Nimmo, 2012).
Water-repellent soils have smaller K; compared to wettable soils,
whereas, after water repellency cessation, the K; of such soils has been
observed to increase considerably (Bachmann et al., 2007; Hardie et al.,
2011; Sepehrnia and Bachmann, 2022). Modeling captured the break-
down of repellency and, the breakdown of water repellency (particularly
in the second pulse) could cause the associated higher values of 6; and K
in the water-repellent soil (Tables 2 and 3). With this breakdown in the
repellency, the water saturation degree could have been increased due
to the higher OC content (Table 1). These findings illustrate the effect of
the simultaneous presence and absence of water repellency with a
wetting front of water advancing through the soil. The data reported in
Tables 2 and 3 are comparable with previous studies concerning bacteria
and colloids transport (Bai et al., 2023; Bai et al., 2017; Bai et al., 2016;
Eisfeld et al., 2022; Spanik et al., 2021; Zhou et al., 2023). Wang et al.
(2018) confirmed the performance of HYDRUS-1D in simulating water
movements (both horizontal and vertical infiltration) in water-repellent
soils using two types of columns. Their study showed that as the in-
tensity of water repellency in soils increased, the values of Ks, 6, and 6,
decreased. Furthermore, Diamantopoulos et al. (2013) conducted
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Fig. 3. Bacteria breakthrough curves through (a and ¢) wettable and (b and d) water-repellent soil columns optimized in simultaneous simulation of two pulses (0 to
225 min) for Escherichia coli (E. coli) and Rhodococcus erythropolis (R. erythropolis), respectively. Symbols are experimental data from Sepehrnia et al. (2019). The bars

represent the standard deviation.

multistep inflow/outflow experiments with water and ethanol on four
substrates, inducing water repellency by adding hydrophobic sand in
varying ratios. They performed these experiments under initially dry
and saturated conditions to account for hysteresis and used inverse
parameter estimation to obtain soil hydraulic properties. Their results
demonstrated that soil water repellency affects hydraulic properties on
the wetting curve, contributing to hysteresis, and that artificial mixtures
with higher fractions of hydrophobic substances exhibited a greater
impact of water repellency on hydraulic properties compared to natu-
rally repellent soils. Wang et al. (2021) used HYDRUS-1D to study
summer maize growth in water-repellent soils, analysing soil water
content and root water uptake across five levels of soil water repellency
in a two-year field experiment. While theoretically, the 6; values should
be the same for both control and water-repellent soils with similar
texture (sandy loam), minor differences were observed in the mea-
surements. They also reported that the values of Ks decreased with
increasing water repellency (measured using WDPT).

The higher values of 6, demonstrated preferential water flow and
likely formation of more stagnant water-pockets in the water-repellent
soil (Nimmo, 2012), while the effects were reduced in the second
pulse when the degree of water saturation increased, and water repel-
lency ceased or minimized (Table 3). This pattern was even observed for
the wettable soil if the values of 6;, in first and the second pulses are
compared (Table 3), which likely illustrated the effect of local prefer-
ential water flow at short distances occurs in dry conditions (Beven and
Germann, 2013; Clothier et al., 2008; Hardie et al., 2011). Furthermore,
the higher values of a but smaller 6;;, values (11.2-79.67 min~!, and
0.01-0.35 cm® cm ™3, Table 2) compared to Zhou et al.'s (2023) data for
three sandy soils profiles (4.61 x 107%-7.0 x 1072 min_l, and 0.08-0.6

cm® cm’g), indicates the importance of soil textures on bacteria mass

transfer (slit loam vs. sandy). Additionally, the higher values of A also
show that Br~ and bacteria might experience greater tortuosity in these
silt loam soils compared to previous studies focused on natural aquifer
sand materials (e.g., Eisfeld et al., 2022; Zhou et al., 2023).

Our modeling procedures also showed an excellent correspondence
between a and 4, demonstrating that hydrophobic and hydrophilic
bacterial strains respond differently to soil and initial hydraulic condi-
tions. The higher values of a and A for Br~ in the E. coli columns
compared to R. erythropolis in simultaneous modeling for the two soils
possibly illustrate the effect of flow turbulence and hydrodynamic var-
iations on bacterial size and shape (Bradford et al., 2007; Lauga, 2016;
Wolgemuth, 2008). Escherichia coli, being larger, likely exhibited greater
susceptibility to hydrodynamic torque changes compared to
R. erythropolis, particularly in the water-repellent soil (Bai et al., 2017;
Torkzaban et al., 2007). This finding is also reiterated in the separate
pulse modeling for the water-repellent soil that could also show greater
hydraulic instability compared to wettable soils (Nimmo, 2012) given
that a water-repellent soil (CA > 0°) exhibits lower soil water tension
compared to the same soil with hydrophilic properties (CA = 0°), for a
particular pore size distribution and water content (Gaj et al., 2019).
Similarly, considering the size of bacteria, Spanik et al. (2021) reported
higher A values (1.93 vs. 1.56 cm) for large microspheres (1 pm) with
amine-modified latex and anionic carboxylate-modified latex than
smaller ones (0.2 pm) under both favorable and unfavorable attachment
conditions in leaching a discrete sandstone. When soil type is consid-
ered, particularly sand content, we obtained greater values for A
(5.58-24.68 cm) compared to Spanik et al. (2021) (4: 1.51-1.93 cm).
Similarly, for the values of @ (11.2-79.67 min_l, Table 2), our results are
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Fig. 4. Bacteria breakthrough curves through wettable soil columns optimized in separate simulations of pulse I (i.e., 0 to ~90 min) and pulse I (c and d, i.e., ~90 to
225 min) for (a and b) E. coli and (c and d) R. erythropolis. The latter simulation was not achieved for water-repellent soil. Symbols are experimental data from

Sepehrnia et al. (2019). The bars represent the standard deviation.

Table 3

Optimized hydraulic properties of the wettable and water-repellent soil columns for separate simulation of dry (Pulse I) and wet infiltration (Pulse II). 6;: saturated
water content, K: saturated hydraulic conductivity, A: dispersivity, 6;,: immobile water content, a: mass transfer coefficient for Br~ exchanged between mobile and
immobile liquid regions. R* donates the correlation between the observed Br~ breakthrough curves and the fitted ones. AIC is the Akaike criterion. The figures in the

parentheses represent the standard deviation.

K, 0 Oim a 2 R? AIC
(cm min’l) (cm3 cm’3) (cm3 cm’3) (min’l) (cm)

Wettable soil
Pulse 1

E. coli 0.99 0.63 0.10 1.00 5.42 0.99 —165.1
(+0.04) (+0.03) (+0.04) (+0.65) (+£1.23)

R. erythropolis 1.05 0.69 0.14 16.69 16.51 0.99 —124.0
(£0.12) (+£0.01) (£0.11) (£2.86) (£9.27)
Pulse 2

E. coli 0.79 0.72 0.011 2.56 0.19 0.61 —123.0
(£0.01) (+0.02) (+0.01) (+4.05) (+£0.12)

R. erythropolis 0.83 0.74 0.001 2.98 0.55 0.70 -112.4
(+0.07) (+0.04) (£0.001) (+5.01) (+0.14)

Water repellent soil
Pulse 1

E. coli 0.52 0.69 0.37 260.06 23.3 0.97 —98.41
(£0.26) (£0.32) (£0.23) (£43.2) (£12.82)

R. erythropolis 0.64 0.73 0.34 11.81 7.80 0.91 —80.79
(+0.16) (£0.15) (+0.08) (£20.38) (£6.79)
Pulse 2

E. coli 1.68 0.54 0.102 61.31 1.68 0.91 —106.3
(+0.14) (+0.008) (£0.11) (£27.5) (+0.44)

R. erythropolis 0.81 0.56 0.003 0.06 0.701 0.67 —125.6
(+0.06) (+0.03) (+0.006) (+0.06) (+0.47)
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Table 4
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Transport and retention parameters (maximum solid phase concentration of deposited bacteria Sy, attachment coefficient kg, detachment coefficient kg, straining
coefficient kg, and physical release coefficient k) fitted using the effluent and the deposition concentrations of bacteria for the wettable and water repellent soil. And
AIC is the Akaike criterion. The figures in the parentheses are the standard deviation.

Soil Bacteria/parameter Smaxz Kait Kdet Kser Krete R? AIC
o) (min~1)
Wettable E. coli 0.315 46.11 0.09 0.20 0.01 0.71 —233.13
(£0.19) (+£13.00) (£0.11) (+0.052) (£0.001) (+0.046) (£28.56)
R. erythropolis 0.300 82.40 0.20 0.30 0.002 0.70 —205.26
(£0.012) (+£38.95) (£0.116) (£0.074) (£0.002) (£0.033) (£6.99)
Water repellent E. coli 0.26 4.61 6.609 0.0037 0.166 0.79 —233.53
(£0.22) (£2.57) (£7.6) (£0.001) (£0.14) (£0.11) (+£78.74)
R. erythropolis 0.021 8.318 52.924 0.032 0.046 0.54 —161.67
(£0.012) (+0.888) (£41.78) (+0.032) (£0.031) (+0.015) (£5.29)
Table 5

Transport and retention parameters for dry (Pulse I) and wet infiltration (Pulse II) (maximum solid phase concentration of deposited bacteria Sy, attachment co-
efficient kg, detachment coefficient kg, straining coefficient kg, and physical release coefficient k) fitted using the effluent and the deposition concentrations of
bacteria for the wettable and water repellent soil. AIC is the Akaike criterion. The figures in the parentheses are the standard deviation.

Wettable Soil Bacteria/parameter Smax2 Kate Kaet Kstr Krele R? AIC
- (min™1)
Pulse I E. coli 0.01 7.51 0.01 1.31 291 0.47 —169.43
(£0.01) (£6.31) (£0.01) (£0.40) (£1.19) (£0.08) (£20.23)
R. erythropolis 0.002 3.17 0.013 1.85 0.74 0.48 —17.66
(+0.001) (£1.89) (+0.01) (£0. 73) (+0.23) (+0.06) (£5.45)
Pulse II E. coli 0.15 0.24 0.044 0.001 0.74 0.47 —125.31
(£0.05) (£+0.01) (+£008) (£0.002) (£0.28) (£0.06) (+72.89)
R. erythropolis 0.013 1.51 0.002 0.74 1.34 0.49 —181.6
(£0.012) (£1.05) (£0.002) (£0.17) (£0.14) (£0.13) (£+18.10)

higher compared to Zhou et al. (2023) (a: 4.61 X 107%-7.0 x 1073
min_l), but we optimized smaller 6, values (0.01-0.35 cm® cm_3,
Table 2) compared to Zhou et al. (2023) (0;p: 0.08-0.6 cm® em™3).

In the separate modeling for the wettable soil, however, two distinct
outcomes were observed for a and A, demonstrating the influence of
bacterial type and soil type. In the initial dry condition (pulse I), the
higher wettability and thus significant capillary forces likely resulted in
the retention of the larger E. coli and restricted its dispersivity and mass
transfer. Conversely, R. erythropolis, with smaller size, was significantly
dispersed throughout the soil even by the thinner water films and
facilitating greater mass exchanges (1.00 + 0.65 vs. 16.69 + 2.86
min~!, Table 3). In the second pulse, with increases in the thickness of
water films and degree of saturation beyond the size of both bacteria, the
effect became less significant, and due to the greater stability of water
movement in the wettable soil, no substantial difference in bacterial
mass transfer coefficients (2.56 4+ 4.05 vs. 2.98 + 5.01 min~ ') was
observed, while it was still comparable with the first pulse. (e.g., E. coli:
pulse I: 1.00 + 0.65 min~* and pulse II: 2.56 =+ 4.05 min~}, Table 3).

Additionally, the smaller values of a coefficient for Br™ in both soils
illustrate that R. erythropolis, possibly due to its size, could have expe-
rienced greater preferential transport than E. coli. Similarly, studies
conducted on wettable and water-repellent sand materials by Sepehrnia
et al. (2023) showed that the values of the a coefficient for Br™ in the
first pulse were higher due to the initial dry conditions and the tendency
for solute exchange with dry pathways in the water-repellent sand. They
reported larger values of dispersivity and mass exchange coefficients for
the wettable and water-repellent sands, respectively (Sepehrnia et al.,
2023).

Overall, while simultaneous modeling of the two pulses could better
characterize the effects of soil wettability property, bacteria sizing and
hydrophobicity/hydrophilicity, separate modeling of the either pulse
clarified the importance of initial water boundary conditions on hy-
draulic behavior of soils and bacteria fate. These findings are crucial for
understanding water movement and contaminant transport in soil
ecosystems.

4.2. Consequences of soil water repellency and contrasting hydraulic
conditions on bacteria fate

Our modeling also provided new insight into attachment and
straining mechanisms depending on the hydrophobicity of either soil or
bacteria, building considerably on past research. The small values of
Smax for the water-repellent versus the similar values of Sy for the
wettable soil demonstrated the effect of water repellency phenomenon
by which fewer retention sites were provided for bacteria although it
had a higher clay content than the wettable soil organic matter in soils
favors bacterial attachment (Chen et al., 2021; Xu et al., 2019), however,
fewer retention sites in the water-repellent soil with higher OC content
demonstrated that the quality of organic matter is important in bacteria
retention. For instance, Chen et al. (2021) attributed a decrease break-
through percentage of E. coli 652 T7 (for intact and repacked samples) to
increases in organic matter quantities (from 2.5 % to 3.8 %), illustrating
that organic matter content might be an effective measure for reducing
bacterial movement in soils. Similarly, Xu et al. (2019) examined how
mineral-associated organic matter (MOM) and dissolved organic matter
(DOM) affect hydroxyapatite nanoparticle (nHAP) transport through
loamy soil under saturated flow. They found that nHAP mobility in
natural loamy soil was limited primarily due to mechanical straining
from nanoparticle aggregation and surface deposition enhanced by
MOM, while DOM facilitated nHAP transport due to electrostatic/elec-
trosteric repulsion. Interestingly, the higher S;q, for E. coli than
R. erythropolis in the water-repellent soil could indicate the effect of
hydrophobicity interactions between bacteria and soil. Flagella phases
and the methylation of the flagella can significantly affect bacteria
movement and deposition in porous media (Zheng et al., 2022). Given
that, hydrophobicity of the outer surface of the flagella might be a po-
tential reason for the increased E. coli transport (Zhang et al., 2021).

The higher values of kg (e.g., 46.11 and 82.4 min~ or 4.61 and 8.32
min~Y) compared to kg values (0.19 and 0.3 min~! or 0.004 and 0.032
min~') demonstrated that attachment was the dominant bacteria
retention mechanism for both strains. Additionally, the higher values of
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kger compared to ko, values of bacteria indicated the importance of
physicochemical attachment relative to physical straining (Bradford
et al., 2015; Bradford et al., 2013; Torkzaban et al., 2007). Researchers
have reported the kg values from 4.54 x 1075 t0 1.80 x 107! min’l,
and for kg from 1.00 x 107% t0 9.14 x 10~ min~! in leaching exper-
iments of sandy soil columns (Bai et al., 2016; Gargiulo et al., 2008;
Sepehrnia et al., 2017). In a lysimeter study on the impact of biochar and
wastewater on wettable soil under subsurface drip irrigation, HYDRUS-
2D determined that the attachment, straining, and detachment co-
efficients for faecal coliform bacteria ranged from 5.3 x 10~° to 3.08 x
1075, 0.012 to 0.038, and 0.003 to 0.01 min~", respectively (Teshnizi
et al., 2023). Chen et al. (2021) concluded that E. coli 652 T7 transport
increased through soil depths with silty clay loam texture in intact and
disturbed samples. For disturbed soils samples, the values of kg ranged
from 2.25 to 36.08 min~! and kg from 1.50 x 10> t0 1.7 x 10 * min~!
from the surface to 20 cm depth. For intact soil samples, they reported
the values of kqq between 2.00 and 24.8 min~!, with the values from
6.70 x 10°* t0 1.8 x 1072 min L. Spanik et al. (2021) evaluated the
possibility of reversible and irreversible attachment of the microspheres
(0.2 pm and 1 pm in size) through a sandstone using the two-site
attachment model (i.e., reversible and irreversible sites). For favorable
attachment scenario, Spanik et al. (2021) found irreversible attachment
(i.e., kq) were higher and reversible retention (i.e., k) was lower than
for unfavorable attachment. This result is consistent with our data for
high bacteria attachment yielded for both soils, particularly the wettable
soil in pulse I (i.e., with in initial dry condition and high hydrophilicity),
while thanks to water repellency and the wet-stated of pulse II, bacteria
attachment was less favorable and that was reflected with the high
detachment coefficient values.

Our previous systematic research with a similar experimental set-up
illustrated that in dry wettable sand medium, E. coli fate was predomi-
nantly governed by attachment, while R. erythropolis primarily relied on
straining (Sepehrnia et al., 2023). Upon wetting, the prevailing mech-
anisms between these bacteria underwent a switch; in the water-
repellent sand, both bacteria attachments significantly decreased, thus
highlighting straining as the primary mechanism for retention
(Sepehrnia et al., 2023). Gao et al. (2021) explored E. coli transport
through microplastics-affected sand columns and found that the kg
coefficients in reversible physical retention (e.g., 0.47-2.64 min ') were
generally much greater than the kg in irreversible physicochemical
attachment (0.08-1.1 min~!) with the optimized Spq values ranging
from 0.07 and 1.4 mg g~ ! in pure quartz sand columns.

Surprisingly, the changes of kg.r and k.. clearly differentiated the
processes occurring for bacteria that depended on soil wettability,
bacteria sizing, and hydrophobicity/hydrophilicity. Rhodococcus eryth-
ropolis detached more but E. coli released, and the rates were enhanced
due to water repellency (Table 4). This result proves that variations in
the air-water interface (AWI) and the solid-water interface (SWI) in both
pulses I and II coupled with the changes of water repellency and dryness
systemically impact bacteria detachment and release mechanisms,
reflecting changes in bacteria partitioning between the SWI, AWI, soil
solution phase and locations where bacteria physically retained (e.g.,
grain-grain contacts). By extension, if the strains are considered,
R. erythropolis, with a smaller size, had a greater chance to attach to the
soil particle surfaces or be entrapped due to capillary forces in pulse I
(Sepehrnia et al., 2023; Sepehrnia et al., 2018a). However, due to the
reduced capillary forces and weak surface adsorption energies of the
water repellent soil (Bachmann and McHale, 2009; Bai et al., 2017; Bai
etal., 2016; Sepehrnia et al., 2023; Sepehrnia et al., 2019), hydrophobic
R. erythropolis was highly detached. The greater release rates of hydro-
philic E. coli indicated they experienced more capillary forces, likely due
to their more hydrophilic surface than R. erythropolis, but they also
experienced greater hydrodynamic stresses due to larger size after the
breakdown of water repellency by which bacteria were more pushed to
the soil solution. Therefore, the kg and ke coefficients demonstrated
the effects of size and hydrophobicity/hydrophilicity on bacteria fate in
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the water repellent soil. These effects were also apparent for the
wettable soil (e.g., kree: 0.01 E. coli vs. 0.002 min~! R. erythropolis),
although strong adsorption forces of the wettable soil probably caused
less physicochemical detachment and also minimized the physical
release of bacteria. The data were also illustrated through the separate
modeling of either pulse for the wettable soil, with a better contrast for
the dry condition although further research is necessary to enhance the
flexibility of HYDRUS for modeling bacteria under such extreme con-
ditions of the water-repellent soils. Similarly, Bradford et al. (2015)
numerically optimized Escherichia coli D21g release from the SWI and the
AWI using sand columns (120 pm), and they found that imbibition to a
higher water content resulted in greater colloid release due to increased
flow rates and more destruction of the AWI. While Bradford et al.
(2015)’s data addresses kqe; from sand materials, it coincides with our
modeling approach for the natural soils with silt loam texture. Addi-
tionally, we could robustly differentiate the impacts of the kq.r and ke
coefficients for the bacteria and soils.

With these, it can be ascertained that the mechanisms of bacteria
retention may vary between natural soils and clean bed systems in the
lab even under similar boundary conditions. Notwithstanding, we
believe the contrast in the textures can be the main important factor (e.
g., silt loam vs. clean sand media) as it contributes to micro-scale hy-
drodynamic instability and thus complex movements of water, solute,
and bacteria when it is coupled with water repellency (Gaj et al., 2019;
Wang et al., 2018). These results therefore indicate that soil surface
wettability, mainly governed by SWI, plays a crucial role in controlling
the transport and partitioning of bacteria into soil solution. This effect
becomes especially pronounced with significant variations in AWI,
ranging from very dry to highly saturated conditions. Additionally, the
characteristics of bacteria themselves are key in influencing their
detachment and/or release.

4.3. Bacteria mortality effects

Considering the experimental duration (225 min), the possibility of
bacteria mortality and growth in water and soil systems existed, which
could have affected the performance of the HYDRUS 1-D model. We
assessed the factors by taking mortality into account in the liquid and
solid phases (i and s, respectively), however, the u value was equal to
10~* min~!. The inclusion of the mortality coefficient in either the solid
or liquid phase for estimation purposes rendered the model inexecutable
(an increased number of parameters for estimation). Nevertheless, the
R? values proved unpromising, merely amounting to 0.01. Therefore,
everything in the case of bacterial mortality and growth that occurred in
the studied systems over the duration of the experiment was assumed to
have a constant effect. Primarily, the experimental data from Sepehrnia
etal. (2019) (e.g., E. coli; 36 % in the wettable soil and 96 % in the water
repellent soil vs. R. erythropolis: 78 % and 86 %, respectively) showed
that soil wettability, initial boundary conditions, water flow character-
istics, and bacteria strains can highly affect the mass recovery rate of
bacteria and that might consequently affect bacteria survival. The values
of kg coefficients in the modeling provided a robust indication that
bacteria had been highly attached to the surfaces and interfaces
(particularly during the initial stages of the wettable soil), and the
attachment effects were likely much greater than bacterial mortality.
Similarly, Barrios et al. (2021) investigated how manure application
affects the subsurface transport of four antibiotic resistance genes in a
sandy loam soil and reported that the k4 coefficients for the treated soils
were five to six orders of magnitude higher than in the control soil, while
detachment and decay coefficients remained largely unchanged for
control and treatment columns (kge: 1.63 x 1077 t0 1.94 x 10’6, and us:
3.50 x 1077 to 2.04 x 107® min'). However, studies have demon-
strated that clays enhance bacterial survival and metabolic activity more
than silts and sands, primarily through attachment, rather than nutrient
supply from natural organic matter. And, removing Fe/Al (hydro) oxides
from soil particles improves bacterial survival, highlighting the



N. Sepehrnia et al.

importance of soil chemical composition in pathogen persistence (Liu
et al., 2017). Teshnizi et al. (2023) using modeling approach by
HYDRUS-2D concluded that the high flow rate of water forced bacteria
into the biochar pore spaces and resulted in a decrease of bacteria die-
off. Further Fexperimental studies have also shown that bacteria can
survive for long-time in soil and it is an important factor for bacteria fate
(e.g., Bradford et al., 2013; Cekic et al., 2017; Liu et al., 2017; Unc and
Goss, 2003). Cekic et al. (2017) determined the persistence of manure-
borne generic E. coli under laboratory and field conditions and re-
ported that in field trials, the longest persistence occurred during sum-
mer and fall, lasting up to 112 and 280 days, respectively. They reported
a decay rate ranging from 0.02 to 0.04 (log CFU [colony forming unit]
per day). In microcosms, E. coli lasted until day 210 at 30 °C and day 420
at 20 °C.

Finally, we believe that the high coefficients for bacteria attachment
thus suggest that bacterial mortality is of less importance, and attach-
ment was the dominant mechanism for bacteria retention in the soils.
Notwithstanding, further studies are needed to evaluate this at the soil
particle or smaller scales, e.g., to differentiate the discrepancies between
highly alive/dead attached bacteria and modeling results.

5. Conclusions

Apart from the extreme conditions of a dry pulse of water through
water repellent soil, the HYDRUS model captured the fate and transport
of different bacteria in soil well. Our data confirmed that physico-
chemical attachment was the predominant mechanism for bacteria
retention in either wettable or water repellent soils. Attachment even
remained for the wettable soil in modeling the pulses separately. How-
ever, this was not the case for the water-repellent soil, making it chal-
lenging to determine due to the high rate of mass transfer in the dry
pulse or after water repellency cessation ascertained from Br~ data.
Further research is thus necessary to enhance the flexibility of HYDRUS
for such extreme conditions. Surprisingly, the physicochemical detach-
ment and physical release clarified the effects of soil wettability, size,
and hydrophobicity/hydrophilicity of bacteria.

Overall, the results supported our recent systematic study on sandy
media and highlighted the significant roles of natural soil conditions and
properties including initial water content as well as wettability in con-
trolling or accelerating bacteria transport. Research focused on the ef-
fects of bacteria surface properties at the nanoscale could improve
understanding of bacterial macromolecule roles on their transport and
survival in very dry conditions.
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