Environmental Technology & Innovation 39 (2025) 104228

[ ]
Contents lists available at ScienceDirect et &I

environmental
TECHNOLOGY &
INNOVATION

Environmental Technology & Innovation

oot S
I.SEVIER journal homepage: www.elsevier.com/locate/eti

Nature-based stormwater management for aquifer recharge:
Exploring bioclogging-induced challenges

Yuhui Wu ™", Ying Lu™", Zihan Yan“, Min Shi®, Qiandan Wang', Tao Lyu® ",
Ruoyu Jia®, Ling Huang ¢, Zhiliang Chen ¢, Jianyu Chen ¢, Xiaoming Song ",
Yuesuo Yang*

2 Key Lab of Groundwater Resources and Environment (Jilin University), Ministry of Education, Changchun 130021, China

Y Key Lab of Eco-restoration of Regional Contaminated Environment (Shenyang University), Ministry of Education, Shenyang 110000, China

¢ South China Institute of Environmental Sciences, MEE, Guangzhou 510535, China

4 Key Laboratory of Surficial Geochemistry, Ministry of Education, Department of Hydrosciences, School of Earth Sciences and Engineering, Nanjing
University, Nanjing 210023, China

€ School of Environmental Science and Engineering, Southern University of Science and Technology, Shenzhen 518055, China

f Heilongjiang Provincial Water Conservancy and Hydroelectric Power Investigation, Design and Research Institute, Harbin 150080, China

8 Faculty of Engineering and Applied Sciences Cranfield University, Bedfordshire MK43 0AL, UK

ARTICLE INFO ABSTRACT
Keywords: Utilising excess urban stormwater to recharge groundwater can effectively mitigate the problems
Advanced stormwater management caused by the over-exploitation of subsurface environments while simultaneously making full use

Biological clogging
Groundwater recharge
Water reuse

Nature-based solutions (NbS)

of valuable water resources. However, bioclogging can significantly reduce the efficiency of
recharge projects in practical applications. This study is distinguished by its comprehensive
consideration of unsaturated hydraulic conditions during stormwater recharge, which can in-
fluence microbial activities and the evolution of bioclogging, setting it apart from the predomi-
nant focus on saturated conditions in previous research. Microbial activity in the media became
more vigorous under unsaturated conditions, and the cell volume decreased to 33-50 % of that
under saturated conditions. Under unsaturated conditions, microbial EPS exhibited a curled
morphology. At 60 % saturation, the contents of LB-EPS and polysaccharides increased by 141.23
and 187.47 pg/g sand, respectively, compared to saturated conditions. The reduction in satura-
tion weakened microbial migration, promoted their deposition on the media surfaces, and
reduced the non-uniformity of interlayer distribution. Simultaneously, unsaturated seepage
conditions attenuated the effect of flow velocity (0.5-2 mL/min) changes on microbial migration
and deposition. Bioclogging under unsaturated seepage conditions was governed by both EPS
action and the EPS-bacterial interaction, with EPS secretion significantly influencing the degree of
internal bioclogging development. This work contributes to a more comprehensive understanding
of the bioclogging mechanisms under the unique hydrodynamic conditions of stormwater
recharge, enabling more precise prevention and control of bioclogging during artificial storm-
water recharge.
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1. Introduction

The escalating impacts of urbanisation and climate change have triggered environmental disasters such as extreme rainfall and
frequent flooding, intensifying the urgent need for sustainable water management solutions (Lebon et al., 2023; Marazuela et al.,
2022). Nature-based solutions (NbS), particularly natural flood management (NFM), have attracted significant attention and
deployment for leveraging natural processes to mitigate flood risks while offering additional benefits such as improved water quality
and ecosystem restoration (Badjana et al., 2023). With the efforts of such green infrastructure, including wetlands, rain gardens, and
infiltration basins, nature-based stormwater management enables the capture, treatment, and infiltration of stormwater (Luthy et al.,
2019; Moreno et al., 2023; Rathay et al., 2018; Xu et al., 2022). Such approaches not only alleviate flood risks but also facilitate aquifer
recharge, addressing critical water resource challenges, particularly in water-stressed regions (Cui et al., 2023).

Despite their promising outcomes, stormwater infiltration through permeable green infrastructure faces a key challenge of media
clogging, which can significantly reduce infiltration rates and stormwater management efficacy (Escalante, 2015). Amongst the
physical, chemical, and biological clogging processes (Jeong et al., 2018), bioclogging is considered the most prominent after
removing suspended matter from the stormwater, and is particularly difficult to control and remediate once established (Pavelic et al.,
2011; Yang et al., 2021). Bioclogging in the permeable substrate primarily arises from excessive microbial growth and the extracellular
polymeric substances (EPS) secreted by microorganisms (Abukhanafer et al., 2021; Li et al., 2021; Xia et al., 2020). During artificial
recharge, biofilms can draw nutrients from the flowing water and create potential adsorption sites for dissolved substances by pro-
ducing hydrophilic EPS (More et al., 2014). Concurrently, the production of EPS mucus matrix provides structural support for biofilms,
which largely determines their overall structure (Zhao et al., 2015). These interactions are influenced by system design and flow
dynamics, leading to distinctive bioclogging behaviours due to varying rates of EPS development (Mauclaire et al., 2004). Thus,
understanding the composition and dynamics of bioclogging in porous media is crucial to support the successful implementation of
nature-based stormwater management strategies.

Previous studies on bioclogging in stormwater artificial recharge have primarily been conducted under saturated flow conditions
(Cui et al., 2023; Wang et al., 2023; Xia et al., 2018). Nevertheless, stormwater recharge exhibits different hydrological cycles (Lebon
et al., 2023), resulting in discontinuous, unsaturated seepage conditions with alternating wet and dry phases. The infiltration profile
comprises two types of infiltration flow zones that vary with depth: the water distribution zone (saturated zone) and the water
conduction zone (unsaturated zone) (Fig. 1). The saturated zone is typically 3-5 cm deep (Darnault et al., 2004), with most of the
infiltration area remaining in an unsaturated state (Morales et al., 2010). Consequently, microorganisms often grow and reproduce
rapidly in the unsaturated infiltration zone during the recharge process (Greskowiak et al., 2005; Morales et al., 2010), which needs to
be comprehensively assessed.

Compared to saturated systems, unsaturated porous media exhibit lower water content, greater shear forces, and distinct flow
pathways. The moisture content decrease will limit nutrient diffusion to microorganisms (Cruz-Paredes et al., 2021), and Roberson and
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Fig. 1. Schematic diagram of bioclogging in stormwater artificial recharge.
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Firestone (1992) have observed that the morphology of EPS changes with water content using electron microscopy. EPS appears soft
and spongy under moist conditions but becomes hard and flattened when dry. The presence of EPS also enhances cell deposition in
porous media (Tong et al., 2010). Microbial activities are also closely related to hydrodynamics in porous media (Ke et al., 2021).
Previous studies have shown that higher shear forces can result in thinner and denser biofilms (Paul et al., 2012) and influence the
composition and quantity of EPS secreted by microorganisms, promoting stable biofilm under specific water flow shear forces (Liu and
Tay, 2002). On the other hand, increased shear forces can enhance biofilm detachment, allowing biofilms to travel through the media
before redepositing in the pores, altering pore size and connectivity in deeper media layers. This idea is also considered as one of the
main factors causing the reduction of the permeability coefficient of deep media (Metcalf, 2002). However, most studies on the
response of microbial activity to changes in moisture content and water flow shear forces have only focused on the role of single factors
(Pan et al., 2022; Shan et al., 2020; Wang et al., 2020b). The characteristics of microbial growth and the morphology and structure of
EPS, as well as their migration and deposition characteristics, under the combined action of multiple factors under unsaturated seepage
conditions are still unclear. The series of microbial metabolic processes inside the medium will further affect the formation and
development of bioclogging in the me dium, which is the key constraint in the prevention and control of the stormwater bioclogging.

To address these knowledge gaps, this study aims to investigate the response of microorganisms and their EPS-induced bioclogging
under the combined influences of unsaturated seepage characteristics during stormwater recharge (Fig. 1). The study evaluated the
migration and deposition characteristics of microorganisms in porous media under unsaturated seepage conditions, as well as the role
of flow velocity in this process. The changes of patterns in terms of morphology and composition of EPS secreted by microorganisms
were also assessed. Moreover, the overall evolution process of bioclogging was also determined. The findings of this study provide new
insights into the prevention and control of bioclogging in practical stormwater recharge engineering, enabling more efficient uti-
lisation of stormwater resources.

Experimental conditions for
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2. Materials and methods
2.1. Experimental setup

To elucidate the mechanisms governing vertical stormwater infiltration during artificial recharge of the aquifer, two series of
laboratory-scale column experiments were systematically conducted. The experimental setup primarily consisted of an organic
simulation column, inlet solution, peristaltic pump, and fully automated collector (Fig. 2). The columns with a height of 4 cm and a
diameter of 9 cm were used to assess microbial growth dynamics (Figs. 2a and 2b). For the microbial migration experiments, columns
were designed with a height of 20 cm, an effective fill height of 10 cm during the experiments, and an internal diameter of 2.5 cm
(Figs. 2c and 2d). 2). Considering that highly permeable zones are commonly targeted in artificial recharge engineering practices, this
study adopted natural river sand with a particle size of 0.35-0.50 mm as the porous medium, following the lithological characteristics
of the recharge formations reported by Zheng et al. (2014). The sand was sterilised by autoclaving at 121 °C for 30 minutes over three
consecutive cycles, with a one-day interval between each cycle, to effectively remove native microorganisms and minimise interfer-
ence with the experimental results (SiiBmuth et al., 2024).

Three saturation levels (60 %, 80 %, and 100 %) were selected to represent a range of hydrological conditions from unsaturated to
fully saturated states within the infiltration zone. A saturation level of 100 % reflects fully saturated conditions typically associated
with continuous or high-intensity recharge events. In contrast, saturation levels of 60 % and 80 % represent moderately to weakly
saturated states, which are more representative of conditions encountered during intermittent recharge or in highly permeable sub-
surface media. Preliminary trials and experimental observations revealed that maintaining a stable and controlled saturation level
became increasingly challenging when the saturation dropped below 60 %, thus establishing the lower bound for the experimental
design. Separate experiments were conducted to analyze microbial growth and migration in porous media under these varying degrees
of saturation (Fig. 2). All experiments were performed at 25 °C.

2.2. Experimental operational conditions for microbial growth

2.2.1. Influent water preparation

The simulated stormwater solution was prepared by mixing tap water with appropriate nutrients (Xia et al., 2014). The nutrient
solution consisted of 2.5 g/L glucose and 1.1 g/L potassium nitrate. Additionally, 1 mL of micro-nutrient element solution was added
per litre, with the following specific components (unit: g/L): FeS04-7H20 (0.01), CuSO4-5H20 (0.01), MnSO4-6H20 (0.02), ZnSO4-7H20
(0.025), Na=Mo0s-2H-0 (0.01), NaSeO4-2H20 (0.01), CoCl2-6H20 (0.05), NiCl>-6H20 (0.01). The pH of the nutrient solution was
adjusted to 7.0 and sterilised by autoclaving at 121 °C for 30 minutes.

2.2.2. Preparation of bacterial solution

To accelerate the stabilisation of the newly established infiltration system, Pseudomonas aeruginosa, a commonly used model
microorganism in the study of artificial recharge bioclogging (Cui et al., 2021b; Ye et al., 2022), was introduced into the system. This
strain was obtained from the China General Microbial Strain Preservation and Management Centre (CGMCC 1.10452, original number:
GIM32) and inoculated into Luria-Bertani (LB) sterile liquid medium. The culture was incubated under constant temperature and
agitation for 24 hours (30 °C, 120 rpm). The bacterial solution was then centrifuged at 8000 rpm for 5 minutes, and the cells were
washed three times with PBS solution. The optical density of the bacterial suspension was adjusted to ODeco = 1.0 using PBS.

2.2.3. Operation of the columns

The sand was packed into the columns using the wet method with the bacterial suspension, resulting in an initial porosity of 0.37.
The sand columns were then left to stand for 4 hours to allow stable adhesion of the model microorganisms to the media. The saturated
group was directly fed with nutrient solution from the bottom to the top. In the unsaturated groups, the target saturation levels were
adjusted using a drainage method. After the column was fully saturated, a defined volume of solution was extracted from the bottom
using a peristaltic pump to ensure that the remaining pore water corresponded to 80 % and 60 % of full saturation, respectively.
Subsequently, influent solution was supplied from the top while effluent was simultaneously withdrawn from the bottom. By fine-
tuning the relative flow rates of the influent and effluent peristaltic pumps, the internal saturation level of the column was stably
maintained throughout the entire experiment. The procedure was adapted from the method described by Gargiulo et al. (2007). After
the setup was completed, the unsaturated group was supplied with nutrient solution from the top to the bottom. Two recharge periods
were established: columns G1-G3 were recharged for 8 days, while columns G4-G6 were recharged for 14 days (Fig. 2). The automatic
sampling interval was set to 30 minutes. After the experiment, the media in the column were sampled layer by layer at one-centimetre
intervals to determine changes in organic matter content. Simultaneously, the EPS on the sand surface was extracted and analysed,
while microbial growth and EPS morphology were characterised and examined.

2.3. Procedures of microbial migration

According to the measured chemical properties of stormwater and the water quality standards for stormwater recharge, a 5 mM
NaHCO:s solution was selected as the background solution, with its pH adjusted to 7.5 for the experiment. Different saturation degrees
(60 %, 80 %, 100 %) and flow rates (0.5, 1.0, 2.0 mL/min) were set in the experiments (Fig. 2). The flow rates were specifically
designed to simulate rainfall-controlled infiltration rates of approximately 1.5, 3.0, and 6.0 m/day within the column. These hydraulic
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conditions were selected to match both the seepage characteristics of the chosen river sand particle size and the established experi-
mental parameters employed in previous studies investigating clogging phenomena during artificial aquifer recharge (Cui et al.,
2021a, Ramazanpour Esfahani et al., 2020). These hydraulic conditions were selected to match both the seepage characteristics of the
chosen river sand particle size and the established experimental parameters employed in previous studies investigating clogging
phenomena during artificial aquifer recharge (Cui et al., 2021a, Ramazanpour Esfahani et al., 2020). The pretreatment of the bacterial
solution was consistent with the method described in Section 2.2.2.

The supplied bacterial solution was adjusted to an ODggg of 0.5 with the corresponding background solution of each group for the
relevant experiments and changed every 2 hours to minimize the interference of bacterial sedimentation on the results of experiments.

The columns were filled by dry method with a bulk density of 1.67 g/cm®. The peristaltic pump slowly supplied the background
solution from the bottom up for 12 hours and the pore volume (PV) was 17 mL. The unsaturation adjustment of columns was the same
as the growth group experiments. Subsequently, 1.5 mM NaCl solution (238 mL, 14PV) was injected into the column for the tracer
experiment, and samples were collected at intervals of 0.25 PV to determine the Cl- concentration. At the end of the rinsing of the
tracer experiment, bacterial solution (357 mL, 21 PV) was supplied to each column, and then switched to NaHCOj3 solution (374 mL,
22 PV) under the conditions of the corresponding experimental group for rinsing. The effluent was collected by the automatic collector,
with samples taken at intervals of 0.5 PV to determine the microbial content. After the experiment, the columns were sampled in layers
by centimeter to measure the organic matter content on the surface of the media.

2.4. Analytical methods

2.4.1. Measurement of effluent parameters and media characterization analysis

The ODeoo values were determined using a UV spectrophotometer (UV-1900i, SHIMADZU, Japan). Chloride concentrations were
quantified with an ion chromatograph (930 Compact IC Flex, Metrohm, Switzerland). Organic matter content was assessed using the
loss on ignition method (Farmer et al., 2014). The morphology of biofilms and EPS on the sand surface from the growth column
experiments was characterised and analysed using scanning electron microscopy (JSM-6700F, JEOL, Japan).

2.4.2. Extraction and quantification of polysaccharides and proteins in EPS

The formaldehyde-NaOH method, recognised for its efficacy in EPS extraction (Hong et al., 2017; Liu and Fang, 2002), was chosen
for this purpose (Fig. S1). The procedure followed Xia et al. (2014), with slight modifications. Protein quantification was conducted
using an improved Folin-phenol method, with bovine serum albumin as the standard (Shen et al., 2013). Polysaccharide analysis
employed the anthrone-sulphuric acid colourimetric method, with glucose as the standard (Wei et al., 2019). The total quantities of
LB-EPS and TB-EPS were calculated as the sum of their respective protein and polysaccharide components, with the overall EPS content
encompassing the combined LB-EPS and TB-EPS.

3. Results and discussion
3.1. Pattern of microbial growth under different saturation conditions

During the initial 90 minutes of operation, a significant bacterial concentration (ODsoo up to 0.42) was observed in the effluent
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(Fig. 3a), which can be attributed to the washout of unestablished microbial strains with the influent water. The microbial community
in the media appeared to have stabilized and adhered to the sand particles, leading to a noticeable reduction in bacterial concentration
in the effluent after 300 minutes (Fig. 3a). Notably, differential stabilization patterns emerged among the experimental columns. As
microbial growth entered the stabilization phase, the ODeoo values in the effluents of columns G1 and G2 stabilized at lower levels,
whereas column G3 exhibited continued dynamic fluctuations. The rapid decline in effluent pH from 7.0 to 4.5 (Fig. 3b) could be
attributed to microbial metabolism under unsaturated conditions, where the nutrient solution with an initial pH of 7.0 (Section 2.2)
likely underwent acidification due to the production of organic acids and other metabolic by-products.

Changes in organic matter content, primarily driven by microbial growth and reproduction in this study, served as a key indicator
of microbial enrichment within the columns (Fig. 3c). Reducing saturation levels at the same recharge time significantly increased the
organic matter content in each layer. Furthermore, the organic matter content in all columns exhibited a significant increase with
prolonged recharge time. Notably, the difference in organic matter accumulation between saturated and unsaturated conditions
diminished as the recharge time increased.

Due to prior extraction treatments applied to the unsaturated group, the initial bacterial solution volume in the columns at the same
recharge time followed the order: G1 > G2 > G3. Calculations of the bacterial content in the effluent, based on data from Fig. 3a,
revealed the following trend: effluent bacterial content was highest in G3, followed by G2 and G1 (G3 > G2 > G1). However, as
illustrated in Fig. 3c, the increase in organic matter content followed a similar trend: G3 > G2 > G1. These findings indicate that
microbial activity was more vigorous under unsaturated conditions, and that the intensity of this activity increased as saturation levels
decreased.

3.2. Responses of microbial EPS and cell morphology

After the experiment, the sand from the surface layer (0-1 cm) and the middle layer (2-3 cm) of each column was analyzed using
SEM (Fig. 4). To address potential heterogeneity in the distribution of unsaturation within the media, samples from the unsaturated
columns were collected separately from both central and peripheral regions, thereby minimizing data variability and enhancing the
reliability of the results.

The morphology of biofilms and EPS on the column media varied significantly with decreasing saturation at the same recharge
time. After 8 days, the G1 column surface exhibited ripple structures under water flow shear (Fig. 4a), with EPS appearing smooth, flat,
and densely packed, featuring localized small pores. As saturation decreased, these ripple patterns disappeared and EPS adopted a
curled morphology (Figs. 4b and 4c). At 60 % saturation, G3 displayed curled EPS bands (Fig. 4d) and a fibrous three-dimensional
network formed by intertwined bacteria and EPS in certain regions (Fig. 4e). These morphological adaptations were likely driven
by decreased moisture availability and increased shear forces. In response, microorganisms contracted and curled the reticular EPS
structure, slowing the drying of embedded bacterial cells, prolonging metabolic regulation, and enhancing survival (Flemming and
Wingender, 2010; Or et al., 2007). Additionally, biofilms mitigated elevated shear stress through irreversible deformation and

(c) G2-1 (Perimeter zone); (d) G3-1 (Middle area);
(e) G3-1 (Perimeter zone); (f) G4-1;

(9) G5-1 (Middle area); (h) S5-1 (Perimeter zone);
(i) G6-1 (Middle area); (j) G6-1 (Perimeter zone);

Fig. 4. SEM images of the surface layer (0-1 cm) sand from different groups after recharge: (1) G1-G3 represent groups with saturation levels of
100 %, 80 %, and 60 %, respectively, under 8-day recharge; (2) G4-G6 represent corresponding saturation levels under 16-day recharge.
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structural rearrangement (Pechaud et al., 2024).

Biofilm thickness on the column surfaces increased significantly with extended recharge time. However, the effects of recharge time
on EPS morphology and biofilm distribution varied with saturation levels. Under saturated conditions, EPS morphology on the media
surface remained largely unchanged with increasing recharge time (Fig. 4f). In contrast, as saturation decreased, EPS distribution
became increasingly heterogeneous. In the G5 column, large pores formed by curled EPS were evident, with some areas exhibiting
distinct mucus-like stripes (Figs. 4g and 4h). Similarly, in the G6 column, bacterial cells were enveloped by EPS films characterized by
numerous small surface pores (Fig. 4i) and a branching pattern (Fig. 4j).

EPS morphology also varied with distance from the inlet. At 2-3 cm from the inlet of the G1 column, biofilm thickness was reduced
compared to the surface layer, with abundant bacterial cells visible in SEM images. EPS appeared as flat or banded films with smooth
surfaces (Fig. S2). Under unsaturated conditions, biofilm and EPS distribution within the media was highly heterogeneous, with
localized aggregation observed in some areas (Fig. S2).

EPS morphology under different saturation conditions significantly influenced nutrient transport within the media, thereby
affecting microbial growth. In saturated columns, surface biofilms were smoother, with fewer and smaller EPS pores, which hindered
nutrient migration and led to surface biomass accumulation. In contrast, under unsaturated conditions, curled EPS and larger pores
facilitated nutrient transport inward. Additionally, increased shear forces caused biofilm detachment, enhancing internal biomass as
biofilms migrated with water flow. This explained the higher internal biomass observed in unsaturated columns (Fig. 3c).

In addition, bacterial cells continuously altered their morphology to adapt to unsaturated conditions. Based on SEM images (Fig. 4),
the estimated sizes of bacterial cells in the surface layer were 2.2-2.83 pm for G1, 0.91-1.82 pm for G2, and 0.93-1.09 pm for G3. These
findings align with previous studies, such as Lin et al. (2014), which demonstrated that microorganisms can resist adverse environ-
mental conditions by reducing their cell volume. When saturation decreased to 80 %, bacterial cell size was reduced by 45.72 %
compared to saturated conditions. A further reduction in saturation from 80 % to 60 % resulted in a smaller decrease of 14.12 %,
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suggesting that the influence of decreasing saturation on bacterial morphology diminished once saturation dropped below 80 %.

3.3. Characterization of the EPS

3.3.1. EPS content and composition under different saturation levels

Microorganisms adapt to environmental changes by modulating the composition and content of EPS (Lin et al., 2014). After 8 days
of recharge, surface EPS content increased by 164.17 ug/g sand as saturation decreased from 100 % (G1) to 60 % (G3) (Fig. 5a). This
increase in EPS production was a stress response, enhancing the structural integrity of biofilms (Flemming and Wingender, 2010; Jara
et al., 2020). Additionally, EPS created a protective microenvironment for microbial cells, retaining moisture and slowing the drying
rate under reduced environmental water availability (Or et al., 2007). Thus, under decreasing saturation, microorganisms increased
EPS secretion as a defensive adaptation.

The content of LB-EPS increased by 141.23 pg/g sand in G3 columns compared to G1, significantly higher than the increase in TB-
EPS (22.94 pg/g sand) (Fig. 5a). This suggested that microorganisms preferentially secreted more LB-EPS under unsaturated condi-
tions, consistent with findings by Ye et al. (2011) that unfavorable conditions stimulated LB-EPS production.

From a compositional perspective, microorganisms responded to unsaturated conditions by reducing protein secretion and
increasing polysaccharide content (Fig. 5b). As the saturation decreased from saturated to 60 %, the polysaccharide content in LB-EPS
increased by 164.62 pg/g sand, while the polysaccharide content in TB-EPS increased by 22.85 pg/g sand. At the same time, the
protein content in LB-EPS decreased by 23.38 pg/g sand, with no significant change in protein content in TB-EPS. Since poly-
saccharides possess higher hygroscopicity and greater adhesive properties compared to proteins (Harimawan and Ting, 2016; Man-
zanera, 2021), their increased presence likely contributed to enhanced microbial survival and adaptability in unsaturated
environments.
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Fig. 6. Characteristics of microbial migration and deposition in columns: (a) Breakthrough curves of CI" and microbial under different saturation
conditions; (b) Deposition of microbial from the inlet to outlet under different saturation conditions; (c) Breakthrough curves of microbial under
different flow rates; (d) Deposition of microbial from the inlet to outlet under different flow rates.
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3.3.2. Spatial and temporal variations in EPS secretion

The influence of internal water content and flow shear force on EPS secretion was less pronounced in the interior layers compared
to the surface (Figs. 5c and 5d). In all columns, surface EPS content was higher than that in the interior, where microbial metabolic
activity was more pronounced due to the abundance of nutrients and oxygen near the inlet. Although the total EPS content in the
interior of G3 was slightly higher than in G1, the difference was minimal.

As recharge time increased from 8 to 14 days, microorganisms adapted to the environment, entering a stable growth phase. EPS
secretion gradually declined toward a stable level, with EPS content decreasing in most columns (except for a slight increase in G6). In
the G5 column, total protein content in surface EPS increased by 43.2 % compared to G2, while in G6, it increased by 125.6 %. Proteins
played a critical role in maintaining cellular structural integrity and stability (More et al., 2014). As microorganisms adapted to
unsaturated conditions, they reallocated energy from polysaccharide synthesis to protein production, facilitating stable growth.

3.3.3. Implications for bioclogging

Previous studies indicated that polysaccharides were the primary contributors to bioclogging (Wang et al., 2020a), with the
heightened LB-EPS content identified through structural analysis being the primary cause (Xia et al., 2016). Consequently, microbial
activity on the surface under unsaturated conditions intensified, resulting in elevated EPS secretion, including higher levels of LB-EPS
and polysaccharides, rendering it more susceptible to bioclogging.

3.4. Microbial migration and deposition under different saturation conditions

Based on the tracer experiment described in Section 2.3, the Cl~ breakthrough curves provide insights into solute transport behavior
under different flow conditions. Reductions in saturation levels did not significantly affect the maximum effluent concentration of CI’
during penetration but advanced the time to reach equilibrium (Fig. 6a). Notably, a decline in saturation from 100 % to 80 % cor-
responded to an advancement in penetration time from 2 pore volumes (PV) to 1.5 PV, whereas a subsequent decrease from 80 % to
60 % only yielded a marginal advancement of 0.25 PV. This indicated that once saturation decreased to 80 %, further reductions had a
diminishing influence on Cl" penetration.

Initially, substances on the sand surface migrated with the water flow, causing errors in the measured microbial concentration,
which diminished after 2 PV (Fig. 6a). Following microbial liquid injection, the C/Cy values in the effluent under different saturation
levels increased rapidly. As more microbial cells occupied surface adsorption sites, the adsorption rate decreased notably, resulting in a
slow increase in bacterial concentration in the effluent. After 21 PV, a sterile background solution was injected, causing a slight in-
crease in bacterial counts in the effluent before a rapid decrease. This phenomenon could be attributed to the detachment of loosely
attached bacterial cells under the shear force of water flow during flushing, followed by aggregation during outflow. In the later stages,
effluent concentrations under all saturation levels were extremely low, approaching zero, with no tailing observed.

Reducing saturation delayed the time for microbial penetration to reach the plateau phase and decreased the maximum effluent
ratio. When saturation was reduced to 60 %, the time to reach the plateau phase was extended by 2 PV, and the maximum efflux ratio
dropped from 0.86 to 0.75. Similar conclusions were reported by Gargiulo et al. (2007) and Bai et al. (2017). Integral calculations of
the penetration curves (Fig. 6a) were conducted to determine total microbial retention during the injection phase and total microbial
efflux during the flushing phase (Table S1). In contrast to saturated conditions, an air-liquid interface existed under unsaturated
conditions. Bacteria exhibited a greater affinity for the air-liquid interface than for the solid interface (Cui et al., 2021a), making them
more inclined to attach to the air-liquid interface (Flury and Aramrak, 2017). Therefore, under unsaturated conditions, bacteria were
more likely to attach to the surface of the media and remained more firmly attached after adhesion.

Under unsaturated conditions, the deposition of microbes did not exhibit a monotonic decrease in distribution characteristics
(Fig. 6b). Moreover, the non-uniformity of microbial distribution within the column decreased as the saturation decreased. Microbial
deposition was concentrated in the surface layer of 0-5 cm, with a certain monotonic decrease in the range of 5-10 cm as depth
increased, but with a relatively small decrease in magnitude under saturated conditions. As the saturation decreased from 80 % to
60 %, the proportion of microbial deposition within the 0-5 cm depth range dropped from 50.92 % to 44.10 % of the total deposition.
Gas-liquid interfaces existed in unsaturated media, and these interfaces were mobile boundaries, where colloids attached to it through
capillary action could move freely under the influence of shear forces from water flow, Brownian motion, or surface tension (Aramrak
et al., 2014; Lazouskaya et al., 2011). Therefore, microorganisms attached to the gas-liquid interface within an unsaturated porous
media were further migrated and deposited by water flow.

Therefore, under the same recharge conditions, the presence of gas-liquid interfaces in unsaturated media significantly inhibited
bacterial migration and promoted bacterial deposition, increasing the likelihood of internal bioclogging. However, the inhibitory
effect of unsaturated conditions on bacterial migration did not continue to increase with further reductions in saturation. Once
unsaturation reached 80 %, further reductions had a diminished influence on bacterial migration.

3.5. Microbial migration and deposition under different flow rates

Increasing the flow rate significantly enhanced microbial transport through porous media and reduced overall deposition (Fig. 6c,
Table S2). At low flow rates (0.5 mL/min), microbial migration showed no significant difference between saturated and unsaturated
conditions. However, as the flow rate increased, its effect became more pronounced under saturated conditions. When the flow rate
increased from 0.5 mL/min to 1 mL/min, the time to reach the plateau phase under saturated conditions decreased by 2 PV, and the C/
Co value increased by 0.05. In contrast, microbial penetration under unsaturated conditions showed no significant change. As the flow
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rate further increased to 2 mL/min, the time to reach the plateau phase under saturated conditions decreased by 4 PV, and the C/Cy
value increased to 0.91. Under unsaturated conditions, the time to reach the plateau phase shortened by 3 PV, with the C/Cy value
rising from 0.77 to 0.86. In unsaturated media, capillary forces at the gas-liquid interface caused some water to flow into smaller pores,
creating low-speed zones (Sen, 2011; Torkzaban et al., 2006). Within this range, changes in flow rate had minimal impact on colloid
migration. Since microorganisms were a type of biological colloid, flow rate changes within a certain range under unsaturated con-
ditions reduced the influence of flow rate on microbial migration.

Overall microbial deposition decreased with increasing flow rates, but deposition unevenness became more pronounced (Fig. 6d).
The impact of flow rate on microbial distribution was more significant under saturated conditions. When the flow rate increased from
0.5 mL/min to 2 mL/min, the proportion of deposition in the 0-5 cm surface layer of saturated columns increased by 22.7 %,
compared to only 1.12 % in the 60 % saturation column. This suggested that unsaturated conditions significantly dampened the effect
of flow rate on microbial deposition patterns.

3.6. Influence of seepage state on the evolution of bioclogging

The seepage state significantly influences microbial growth, EPS secretion, and the migration and deposition of microorganisms in
porous media, thereby governing the evolution of bioclogging during artificial stormwater recharge, as illustrated in Fig. 7.

Our previous studies have demonstrated that under saturated seepage conditions, bioclogging in porous media progresses through
three distinct stages: (1) the bacterial action stage, (2) the bacterial and EPS co-action stage, and (3) the EPS-dominated stage (Wang
et al., 2022). However, during stormwater artificial recharge, the low nutrient content of stormwater created a nutrient-poor envi-
ronment, which suppressed microbial activity (Fig. S3 and S4). This study revealed that under unsaturated seepage conditions, mi-
croorganisms adapted by reducing their cell volume and rapidly secreting large quantities of LB-EPS and polysaccharides (Fig. 7b).
Both LB-EPS and polysaccharides have been widely recognized as critical contributors to bioclogging formation (Xia et al., 2016).
Consequently, the initial phase of bioclogging was primarily driven by the massive secretion of EPS by microorganisms.

As the recharge process continued, microorganisms gradually adapted to unsaturated seepage conditions. During this phase, the
proportion of LB-EPS and the polysaccharide content in the secreted EPS decreased, while the total EPS content exhibited a slight
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Fig. 7. Evolution process of bioclogging in stormwater artificial recharge:(a) Response of EPS content to saturation reduction; (b) Development of
bioclogging within the media under different saturation conditions.
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increase. At this point, bioclogging within the media was predominantly governed by the combined action of bacteria and EPS.
Therefore, under unsaturated conditions during stormwater artificial recharge, bioclogging can be categorized into two stages: (1) the
EPS-dominated stage and (2) the bacterial and EPS co-action stage (Fig. 7b).

The development of bioclogging under unsaturated seepage conditions is depicted in Fig. 7b. The secretion of EPS enhanced the
moisture retention capacity of the media, shifting solute transport mechanisms toward diffusion-dominated processes (Wang et al.,
2022). As the biofilm in the surface layer matured, some bacteria detached and migrated deeper into the media, facilitated by water
flow and enhanced diffusion. This migration led to a further reduction in the internal permeability coefficient. Simultaneously, the
unsaturated seepage conditions stimulated microorganisms to secrete additional EPS, rapidly increasing the moisture retention ca-
pacity in the affected regions. This exacerbated the uneven distribution of moisture near the surface layer, intensifying the unsaturated
state in the lower regions and creating a positive feedback loop that promoted further EPS secretion and bioclogging. Moreover, a
decrease in the seepage rate of recharge water caused bacterial aggregation in specific zones, further aggravating bioclogging.

In practical engineering applications, several management strategies can be derived from the findings of this study. For infiltration
facility design, the incorporation of the establishment of oxidation zones in critical areas may effectively mitigate the synergistic
clogging effects between extracellular polymeric substances (EPS) and bacteria under unsaturated conditions. Regarding operational
management, dynamic adjustment of recharge strategies in response to seasonal variations is advised. For instance, dynamic saturation
control combined with intermittent saturated flushing can promote the periodic removal of accumulated EPS, thereby achieving a
balance between recharge efficiency and bioclogging mitigation.

4. Conclusion

This study investigated the effects of variable seepage conditions on microbial growth, migration, and EPS secretion, as well as the
evolution of bioclogging during urban stormwater artificial recharge. The findings highlight significant differences in microbial
behavior and bioclogging development under saturated and unsaturated conditions. Under unsaturated conditions, microorganisms
exhibited heightened sensitivity to external disturbances, leading to increased EPS secretion, particularly LB-EPS and polysaccharides,
which played a critical role in biofilm formation and microbial adaptation. The secreted EPS curled, resulting in uneven biofilm
distribution and reduced bacterial volume. A decrease in saturation inhibited microbial migration, promoted deposition, and reduced
interlayer distribution non-uniformity. When saturation dropped to 80 %, further reductions had a diminishing effect on microbial
migration. The influence of seepage velocity on microbial breakthrough varied with saturation levels but became negligible at low
infiltration rates. Unsaturated conditions weakened the impact of flow rate on microbial breakthrough and deposition, even at higher
velocities. Increased flow velocity enhanced bacterial penetration, reduced deposition, and increased deposition non-uniformity.
Bioclogging under unsaturated conditions progressed through two stages: (1) the EPS-dominated stage and (2) the EPS-bacterial
coaction stage. Enhanced dispersive effects and moisture retention from EPS secretion, combined with reduced flow velocity,
significantly influenced bioclogging development. While this study has certain limitations, such as the use of idealized porous media
and a limited selection of microbial strains, it nonetheless provides foundational insights into the mechanisms of bioclogging under
unsaturated conditions. The results contribute to the theoretical understanding of microbial behavior during stormwater recharge and
offer practical implications for the optimization of recharge system design and operation.
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